Cellulose (2018) 25:4639-4652
https://doi.org/10.1007/s10570-018-1892-2

@ CrossMark

ORIGINAL PAPER

The effect of chemical modification of wood in ionic liquids
on the supermolecular structure and mechanical properties

of wood/polypropylene composites

Slawomir Borysiak - Aleksandra Grzabka-Zasadzinska - Majka Odalanowska -

Andrzej Skrzypczak - Izabela Ratajczak

Received: 21 December 2017/ Accepted: 5 June 2018 /Published online: 13 June 2018

© The Author(s) 2018

Abstract Effects of chemical modification of wood
with innovative ionic liquid on the supermolecular and
morphology of wood/polypropylene composites were
investigated using X-ray diffraction, hot stage optical
microscopy, and differential scanning calorimetry. For
the first time the chemical treatment of wood was
conducted solely with newly synthesized ionic liquid,
didecyldimethylammonium  bis(trifluoromethylsul-
fonyl)imide. The modification was found to be
responsible for significant changes in nucleating
abilities of wood in polypropylene matrix. These
findings were confirmed by crystallization tempera-
ture, crystal conversion, crystallization half-time
parameters, as well as observation of transcrystalline
structures. Ionic liquid treatment of wood influenced
also formation of polymorphic forms of polymer
matrix. In contrast to composites with untreated wood,
in composites with modified wood filler formation of
B-phase of polypropylene was observed. This fact was
discussed in view of differences in nucleating activity
of lignocellulosic filler, resulting from chemical
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treatment with ionic liquid. Moreover, a relationship
between mechanical properties of composites and the
phenomena taking place at the polymer-filler inter-
face, controlled by chemical modifications of ligno-
cellulosic components, was evaluated.
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Introduction

In recent years, a growing interest in thermoplastic
composites reinforced with a natural component, such
as wood, sisal, jute, hemp, and flax fibre can be
noticed. The lignocellulosic materials are biodegrad-
able and their annual biosphere production was
estimated to be 90 x 10° metric tons. Thus, they
represent the most obvious, renewable resource for
production of biocomposites (Feifel et al. 2015; Kalia
et al. 2011; Michalska-Pozoga et al. 2016). Moreover,
lignocellulosic fibres, due to the strong cellulose
backbone structure and high strength/weight ratio, are
at an advantage when compared with many conven-
tional reinforcing materials. What is also crucial, they
cause less abrasion to the processing machines as do
glass fibres, which also give a large amount of ash on
combustion (Joseph et al. 1999).
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The key problem in producing composite materials
is to achieve good interphase adhesion between the
polymer matrix and the lignocellulosic filler (Thakur
et al. 2013). Moreover, the unmodified lignocellulosic
components show a tendency towards aggregation,
which is a consequence of the intermolecular interac-
tions (H-bonds) between the molecules of the filler.
This tendency is reflected by poor dispersion of the
filler in the polymer matrix and deterioration of the
mechanical properties of the product (Khoshkava and
Kamal 2014; Oksman and Clemons 1998; Zhang et al.
2009b). For this reason many researchers have been
searching for methods of chemical or physical mod-
ifications of the components. Literature (Burley et al.
2004; Hill 2007; Thakur et al. 2014a) provides
numerous methods of chemical modification of lig-
nocellulosic constituents that have been developed.
The following derivatives are known: acetates, car-
boxymethylates, benzoylates, urethanes, (meth)acry-
lates, carbonates, sulfates, sulfonates, phthalates,
tritylates, furorates, maleated esters, isocyanates or
ester resins (Bagheri et al. 2008; Edgar et al. 2001;
Klemm et al. 2005; Kohler and Heinze 2007; Thakur
et al. 2014b; Wu et al. 2004). These modification
methods enable improvement of mechanical proper-
ties and dimensional stability of the composites
(Dominkovics et al. 2007; Faruk et al. 2012; Harper
2009; Zafeiropoulos et al. 2001).

Although there have been quite a number of studies
on the chemical modification of lignocellulosic mate-
rials, so far, little attention has been paid to the use of
ionic liquids for treatment of these fillers. Ionic liquids
(IL) are organic salts consisting of organic cation and
organic or nonorganic anion with melting temperature
below 100 °C (Wasserscheid and Welton 2008). They
are characterized with an ability to dissolve organic
and nonorganic matter and therefore they are being
called solvents of new generation, “green solvents”
(Brandt et al. 2013). Currently, chemical modification
of lignocellulosic fillers is most commonly realized
with use of concentrated, toxic reagents. There is also
a necessity to separate particles of the filler from such
solutions. Therefore, the great advantage of using
ionic liquid in modification process is the fact that this
reagent can be easily recovered, purified, and used
multiple times. However, it is important to bear in
mind that recycling of ionic liquid regards only
defined, individual process (e.g. extraction of specific
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impurities and, or, unreacted substrates with tradi-
tional solvents).

Moreover, IL have many attractive properties,
including chemical and thermal stability, non-flamma-
bility, and immeasurably low vapor pressure (Zhu
et al. 2006). Nevertheless, the ionic liquids were firstly
synthesized as reagents enabling dissolution of cellu-
lose. They have also been used as solvent for a wide
range of modifications of cellulose. Acrylate, benzoy-
late, carbamate, and choline acetate derivatives of the
biopolymer were successfully prepared in many ionic
liquids (Bagheri et al. 2008; Liu et al. 2007; Ninomiya
et al. 2017; Schenzel et al. 2014; Wu et al. 2004; Xie
et al. 2007; Zhang et al. 2009c). It should be stressed
that up to now no method of hydrophobization of
lignocellulosic fillers with ionic liquids has been
developed. Application of newly synthesized ionic
liquid enables chemical modification of wood without
need to use any other, classical wood modifiers.

It is a well-known fact that the natural fillers can
cause changes in morphology and crystallinity of the
interphase regions. Some fillers can initiate hetero-
genic nucleation and significantly influence the course
of crystallisation of polymers. Modification of the
filler changes its nucleation abilities, leading to
alterations in the interactions between the filler and
the polymer matrix. However, the character of the
change can be also different. According to some
authors (Joseph et al. 2003; Lee et al. 2010; Lenes and
Gregersen 2006; Son et al. 2000; Zafeiropoulos et al.
2001), chemical modification of the filler leads to a
decrease in its nucleation abilities, while according to
others (Joseph et al. 2003; Zafeiropoulos et al. 2001),
it increases nucleation ability of the filler. A detailed
analysis of literature data regarding the influence of
the chemical modifications of lignocellulose fillers on
supermolecular structure of polypropylene is given in
(Borysiak 2013a). Finding a relationship between
development of the nucleation ability of lignocellu-
losic filers and the mechanical properties of the
composites is especially important from the applica-
tion point of view. It is known that the interphase
surface transfers the stress appearing in the system.
Weak interphase interactions are responsible for
appearance of cracks and delamination of the com-
posites, leading to considerable deterioration of the
mechanical strength.

Another issue is the influence of polymorphism of
the polypropylene matrix (Keith 1959). Interesting
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question that needs to be considered is the effect of
changes in the interphase adhesion induced by the
filler modification on formation of polymorphic
structures in PP matrix in the composite systems.

This work is a part of the comprehensive investi-
gation of the influence of chemical modification of
wood on the interfacial phenomena, as well as on the
properties of lignocellulosic-polypropylene composite
materials. The aim of this study was to evaluate the
effect of innovative chemical surface treatments of
wood with ionic liquid on the supermolecular structure
of polypropylene matrix. Moreover, it is expected that
the results will enable better understanding of the
relationship between the mechanical properties and
the nucleation ability of the treated and untreated
wood. In order to resolve this issue, the effect of the
wood treatment on the properties of the composites
must be clearly defined.

Experimental
Materials

Isotactic polypropylene (PP), Moplen HP500 N
(MF1230 °C/2.16 kg_2'4_3'2 g/lO min, isotacticity—
95%, T, = 163-164 °C) produced by Basell Orlen
Polyolefins (Plock, Poland) was used as a matrix. The
pine wood (Pinus sylvestris L.), supplied by For-
estry—Kaminska (Poland). Wood samples were cut
and screened by the FRITSCH Cutting Mill Pul-
verisette 19 with rotor speed of 2.800 rpm. Particle
characteristics were determined by analysis of SEM
micrographs. The average particle size was
0.5-1.0 mm and aspect ratio of the particles (L/D)
was in range 5-6. Some irregular particles were also
observed but they were not used for determining the
particle size distribution.

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 wt%. The
unmodified wood was subjected to the process of
chemical modification.

Synthesis of innovative ionic liquid
In this work, the innovative method of modification

was used. Ionic liquid was prepared by the ion
exchange reaction. To aqueous solution of

didecyldimethylammonium chloride aqueous, solu-
tion of LiN(SO,CF;3), was added (1:1.1) and mixture
was stirred at room temperature for 2 h. The aqueous
phase was decanted and the product was washed with
distilled water until chloride ions were no longer
detected using AgNOj;. Final product, dide-
cyldimethylammonium bis(trifluoromethylsul-
fonyl)imide, was used for the modification of wood.
Scheme of the synthesis is shown in reaction 1.

Characterization of ionic liquid

Newly synthesized ionic liquid (Fig. 1) was subjected
to nuclear magnetic resonance and rheology tests.

The 'H nuclear magnetic resonance (NMR) and B3¢
NMR spectra were recorded on a Brucker spectrom-
eter at 600 MHz with tetramethylsilane as standard for
'H NMR and 150 MHz for '>C NMR. The results of
NMR measurements are as follows:

'"H NMR (600 MHz, temp. 298 K, DMSO-d;,
TMS): o [ppm] = 0.85-0.88(t, J = 6.9 MHz, 6H);
1.26-1.32(m, 28H); 1.63-1.65(q, J = 3.9 MHz, 4H);
2.98(s, 6H); 3.20-3.23(m, 4H);

3C NMR (150 MHz, temp. 298 K, DMSO-d,,
TMS): 8 [ppm] = 13.77; 21.60; 22.03; 25.68; 28.38;
28.61; 28.73; 28.83; 31.23; 49.91; 62.89; 116.26;
118.40; 120.53; 122.66.

Shear rheology data of didecyldimethylammonium
bis(trifluoromethylsulfonyl)imide was collected on an
Haake RheoStress 150 rheometer, with a cone and
plate geometry and controlled rate mode. The samples
were subjected to a steady shear test over a velocity
shear rate range of 1-200 s, at different tempera-
tures (range 10—60 °C). The measurements were made
in both heating and cooling modes. Viscosity of IL as a
function of temperature at shear rate of 100 s~' (for
heating and cooling mode) is shown in Fig. 2.

Chemical modification of wood with ionic liquid

The dry wood flour was treated at room temperature in
ethanol solution of didecyldimethylammonium bis(tri-
fluoromethylsulfonyl)imide (1:0.2) for 3 h. Vigorous
stirring of the slurry was achieved using mechanical
stirrer at a rate of 100 rpm. When the time of the
reaction expired, the slurry was filtered and the
modified wood was extracted with ethanol in the
Soxhlet apparatus for 4 h, to eliminate the unreacted
ionic liquid. Finally, the wood was dried in the air at an
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Reaction 1 Scheme of didecyldimethylammonium bis(trifluoromethylsulfonyl)imide synthesis

Fig. 1 Optical image showing synthesized didecyldimethy-
lammonium bis(trifluoromethylsulfonyl)imide
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Fig. 2 Viscosity of IL as a function of temperature at shear rate
of 100 s™' (for heating and cooling mode)

elevated temperature (ca. 110 °C) until a constant
weight. The effectiveness of the modification process
of wood was confirmed by the FTIR spectra. For this
purpose wood samples were mixed with KBr (Sigma-
Aldrich, Germany) at a 1/200 mg ratio. Spectra were
registered using an Infinity spectrophotometer by
Mattson with Fourier transform at a range of
500-4000 cm ™" at a resolution of 2 cm™ ", registering
64 scans.
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Moreover, Weight Percent Gain (WPG) values
were obtained in order to quantitatively follow the
modification efficiency of the wood.

Preparation of composite materials

The composites of PP and wood (40 wt%) were
produced in a two-stage process. In the first stage,
feeding of pellets was performed using extruder with a
length-to-diameter ratio L/D = 25. The temperature of
the processing zones I (solid conveying zone), II
(melting zone), III (pumping zone), and the die were
140, 180, 195 and 195 °C, respectively. The extruder
screw speed was 40 rpm. The cooled strands were
subsequently pelletized into granules and dried in an
oven for 2 h at 105 °C. In the second stage, composite
test specimens were injection moulded at 200 °C. The
mould temperatures of 30 °C, injection speed of
110 mm/s, and cooling time of samples in injection
mould of 30 s were applied. Specimens were prepared
according to ISO standard procedure for tensile and
impact testing.

X-ray diffraction

The supermolecular structures of composites filled
with untreated and treated wood were analysed by
means of wide angle X-ray scattering (WAXS) using
Cu K o radiation at 30 kV and 25 mA anode
excitation. The X-ray diffraction patterns were
recorded for the angles in range of 2@ = 10-30° with
step of 0.04°/3 s. Deconvolution of peaks was per-
formed by the method proposed by Hindeleh and
Johnson (Hindeleh and Johnson 1971), improved and
programmed by Rabiej (Rabiej 1991). After separa-
tion of X-ray diffraction lines, the crystallinity index
(X.) of wood after chemical treatment was calculated
by comparison of areas under crystalline peaks and
amorphous curve. Moreover, the changes in the
supermolecular structure of composite materials were
investigated. The relative fraction of the B-phase of PP
(k) was determined by the Turner-Jones equation
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(Jones et al. 1964) and analysed as a function of wood
treatments.

Hot stage optical microscopy

Polarized optical microscope Labophot-2 (Nikon)
equipped with Linkam TP93 hot stage was used for
observation of PP crystallization in the presence of
filler. It was connected to Panasonic CCD camera and
to a computer. Small pieces of composites film placed
on a microscope slide were heated to 200 °C and kept
in that temperature for 5 min in order to eliminate their
thermal history. The samples were then rapidly cooled
to 134 °C, since in this temperature the crystallisation
process took place.

The growth of the transcrystalline layer was
determined based on observations of PP crystallisation
in the presence of pure and modified wood. Nucleation
ability of fillers in PP matrix was determined by
relationship between transcrystalline thickness and
crystallization time. The slope of the straight line
represents the crystal growth rate.

Differential scanning calorimetry

The experiments of differential scanning calorimetry
were performed with Netzsch DSC 200 calorimeter
under dynamic conditions. In stage I samples were
heated from room temperature to 200 °C at a rate of
10 °C/min under a nitrogen atmosphere and held for 5
min to destroy any residual nuclei. In stage II samples
were cooled to room temperature at a cooling rate of
5 °C/min. This procedure was repeated two times and
data recorded during the second segment were used for
calculations. The kinetic parameters of crystallization
of PP in pure wood and treated wood like the crystal
conversion (o) and the half-time of crystallization
(to.5) were determined. The crystallization temperature
(T.) of the composite materials were determined as the
highest temperature of the exothermic peaks. The
enthalpy of the endothermic transition was defined as
the area below the curve of the transformation. Based
on the calculated values for the enthalpy of crystalli-
sation (H), the extent of crystallisation (crystal con-
version), oo was calculated in accordance to Eq. 1:

) [

where T, is the onset temperature, 7 is the temperature
at time ¢, T, is the temperature when crystallization
completes, dH is the enthalpy of crystallization.

The half-time of crystallization was obtained from a
plot of crystal conversion (o) against time (t). At least
three specimens of each composite were tested,
standard deviations were determined as well.

Mechanical testing of composites

The tensile properties were measured according to
ISO 527 standard. Tensile tests were carried out using
a Zwick (model Z020) universal mechanical testing
machine with a load cell capacity of 20 kN at a cross-
head speed of 1 mm/min for modulus determination
and of 50 mm/min for tensile strength and elongation
at break measurements. The tensile strength and
modulus were determined from the stress—strain
curves. Charpy impact strength tests were conducted
on notched samples according to ISO 179 standard
with a Zwick 5102 impact test device. At least ten
replicates were tested for each property under each
formulation.

Results and discussion

Analysis of chemical modification of wood filler
with ionic liquid

Figure 3 shows FTIR spectra of pine wood after the
reaction with didecyldimethylammonium bis(trifluo-
romethyl sulfonyl)imide in different wavenumber (a
(4000-500 cm™") and b (1600-1000 cm™"). The
presented spectra showed changes in the structure of
wood filler treated with the ionic liquid (spectra B) in
comparison to untreated wood (spectra A). Spectra of
wood after the reaction with ionic liquid contain a
band at 1350 cm ™" characteristic of the S = O and —
O-N bonds, a band at 1195 cm™" characteristic of
S=0, a band at 1140 cm_l, which indicate the
presence of stretching vibrations of the CF; bonds as
well as a band at 1060 cm ™' characteristic of the C-N
bond. It is worth emphasizing that not only the
presence of these bands in spectra of wood after the
reaction with ionic liquid and after leaching with water
but also chemical interactions between hydroxyl
groups from wood and the ammonium group from
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Fig. 3 FTIR spectra of untreated wood (A) and wood treated with ionic liquid (B) a (4000-500 cm™") and b (1600-1000 cmfl)

the ionic liquid were confirmed in a study by Wozniak
et al. (2017). In this work chemical interaction
between wood and didecyldimethylammonium bis(tri-
fluoromethylsulfonyl)imide was confirmed by ele-
mental analysis. Additionally, our data indicate
modification of wood with ionic liquid cause increase
in the WPG (ca. 7%). These results were also
confirmed in a study by Lee et al. (2014).

FTIR and elemental analysis indicate chemical
interaction between wood and ionic liquid. The
proposed interaction between hydroxyl groups of
wood and the ammonium groups from the ionic liquid
occurring during the modification process is illustrated
in Fig. 4.

The WAXS tests conducted on wood fillers show
changes in their supermolecular structures. In Fig. 5
characteristic diffraction peaks at 2@ ca. 15°, 17°, and
22° coming from polymorphic form of cellulose I were
observed.

It can be seen that intensities of these peaks
originating from untreated wood are higher than for
treated wood. Calculations have shown that ionic
liquid treatment was responsible for lowering degree
of crystallinity of wood down to 48% (for unmodified
wood X, = 64%). The observed decrease of crys-
tallinity degree can be ascribed to limitation of inter-
and intra-molecular hydrogen bonds within the cellu-
lose crystalline region. It results from the reaction of
the ionic liquid with the hydroxyl groups of the
cellulose, which in consequence led to a decrease in
the crystallinity. Decrease of crystallinity degree,
caused by change in mobility of cellulose chains,
was also observed for other cellulosic fillers and
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modifiers, e.g. 1-allyl-3-methylimidazolium chloride
and dimethylsulfoxide (Xu et al. 2008). Moreover, the
results of X-ray photoelectron spectroscopy (XPS)
confirm changes in the H-bond network of cellu-
lose after ionic liquids treatment, too (Zhang et al.
2009a).

Effect of treatment on the nucleation ability
of wood in polypropylene matrix

Research on defining the nucleating abilities of the
filler surface is crucial since fillers can play an
important role in process of polymer matrix crystal-
lization and in consequence, define the mechanical
properties of composites. An additional factor requir-
ing consideration is the fact that the surface of the
wood filler can be also modified. It should be
emphasized that until now ionic liquid treatment was
not applied in order to enhance the adhesion in wood
composite materials.

Differential scanning calorimetry tests were carried
out to examine the influence of the chemical treatment
of wood on its nucleating abilities. In Fig. 6 typical
exothermic behavior of PP and PP/wood composites
are presented.

Peaks in thermograms show the crystallization
process of PP. Addition of wood filler to polymer
matrix caused the peaks to shift towards higher
temperatures. A relationship between the crystalliza-
tion temperature and filler type can be observed.
Incorporation of unmodified wood into PP matrix
resulted in significant increase of T, (by 9 °C). On the
other hand, ionic liquid treatment induced less
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Fig. 5 X-ray diffraction pattern of pure wood and wood
modified with ionic liquids

significant increase of T.—only by 4 °C. The obtained
T, values indicate that pine wood treated with IL used
as a filler for PP is characterized with lower nucleating
abilities.

112

116

PP+wood-IL

121

EXOTHERMIC

PP+wood

T T T T T T
60 80 100 120 140 160 180 200 220
Temperature, °C

Fig. 6 DSC exotherms of PP and composite materials

In order to confirm the influence of ionic liquid
modification on nucleating abilities of the wood filler
the crystal conversion and crystallization half-times
were defined. Figure 7 shows crystal conversion
curves for composites and unfilled PP.

The shape of crystal conversion curves confirms the
significance of chemical modification of the wood—

@ Springer



4646

Cellulose (2018) 25:4639-4652

100 H l"I.A..A A A
A

X 804

c

S

®

0>-> 60

c

S

(8]

©

5 404

>

6] —&— PP+wood

20 4 —e— PP+wood-IL
—&— PP
2 A
0_ T T T T T
0 1 2 3 4 5
Time, min

Fig. 7 The crystal conversion of PP matrix and composite
materials

the highest crystal conversion rate was observed for
composites with unmodified wood. Chemical treat-
ment with IL was responsible for lowering the crystal
conversion rate. However, values obtained for such
composites were still higher than for PP matrix.
Moreover, in comparison to unfilled PP, incorporation
of each type of the wood filler caused a decrease of
crystallization half-times (Table 1). Composites with
modified wood were characterized with higher values
of crystallization half-times (tp5 = 2.1 min) than
composites with unmodified wood (typ.5 = 1.6 min).

The determined kinetic parameters unambiguously
show that chemical treatment of wood with dide-
cyldimethylammonium bis(trifluoromethylsul-
fonyl)imide decreases the nucleating abilities of
surface of the filler.

The obtained result are in line with other papers
(Amash and Zugenmaier 2000; Arbelaiz et al. 2006;
Borysiak 2007; Lee et al. 2010; Lenes and Gregersen
2006) in which decrease of nucleating abilities of the
modified lignocellulosic fillers was noticed. These
changes were discussed in terms of numerous factors

Table 1 The half-time of crystallization of PP and the com-
posite materials

Sample Half-time of crystallization (min) (SD)
PP 2.7 (£ 0.18)
PP + wood 1.6 (£ 0.11)
PP 4 wood-IL 2.1 (£ 0.14)

@ Springer

such as topography of the surface, polymorphism,
chemical composition, and thermal conductivity. It is
worth emphasizing that there is no unambiguous data
regarding the characteristics of surfaces that are active
in heterogeneous nucleation process. However the
mechanism of this process is still not fully understood.

In Fig. 8 the crystallization process of PP in
presence of two types of filler, at 136 °C, is presented.

In Fig. 8a formation of transcrystalline structures of
polymer matrix in presence of untreated wood filler
can be observed. Such phenomena, called transcrys-
tallization, is related to the surface of the filler that has
a lot of active sites which are potentially responsible
for high density nucleation. As a consequence, crys-
tallites in polymer matrix tend to grow in a direction

A B

Fig. 8 Optical micrographs of PP morphologies obtained in the
presence of: A crude wood, B wood modified with ionic liquid
after (a 1 min, b 2 min, ¢ 4 min, d 6 min)
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perpendicular to the surface of the filler. The tran-
scrystallization can take place only if energetic
conditions of the nucleation process are more favor-
able on the surface of the filler than in bulk of the
polymer (Karger-Kocsis 1994).

The crystallization process is completely different
in presence of ionic liquid treated wood (Fig. 8b). In
this case, formation of large amounts of small
spherulites in polymer was observed. The transcrys-
talline layer was formed, too, but its density was very
low. That means that the chemical modification of the
filler decreased the nucleating activity of its surface.
Moreover, the crystal growth rate of transcrystalline
layer for composite with untreated wood was 14.4 um/
min. Composite systems containing wood after mod-
ification with ionic liquid were characterized by lower
growth rates (ca. 4.2 pm/min).

Even though transcrystalline structures are an
important factor that needs consideration during
formation of composites, mechanism of their forma-
tion is still not fully understood. Furthermore, rela-
tions between the chemical treatment of
lignocellulosic fillers and formation of transcrystalline
structures are very divergent. Nonetheless, literature
studies have shown that different types of chemical
treatment have a distinct influence on the nucleating
abilities of surface of the filler. An analysis of
published papers shows that chemical modification
can either decrease nucleating abilities of lignocellu-
losic filler (Amash and Zugenmaier 2000; Arbelaiz
et al. 2006; Borysiak 2013a, b; Gray 1974; Lee et al.
2010; Lenes and Gregersen 2006; Quillin et al. 1993)
or on the contrary, enhance its nucleating abilities
(Joseph et al. 2003; Zafeiropoulos et al. 2001). Based
on literature data, it is known that transcrystallization
results from molecular interactions between PP and
cellulose (Felix and Gatenholm 1994). Proper config-
uration provides interactions between methyl groups
of PP and glycosidic bonds present on surface of the
cellulose. Electron density around methyl group is
high enough to enable formation of van der Waals
interactions with atom of oxygen present in glycosidic
bond. Distance between two methyl groups (along c
axis) is 0.65 nm and is comparable to the distance
between oxygen atoms in glycosidic bond (0.66 nm).
This compatibility of dimensions may be a reason for
transcrystalline structures formation abilities. Also
Quillin (Quillin et al. 1993) stated that there is a strong
dimensional adjustment between cellulose chains

(0.82 nm) and methyl groups of PP (0.84 nm). Such
molecular compatibility is believed to determine the
epitaxial growth of transcrystalline layers on the
surface of cellulose. It is likely that the chemical
modification of wood, caused some changes in
molecular sizes of cellulose, and thus had a negative
influence on crystallographic adjustment of cellulose
and PP. The conducted WAXS studies have shown
that a decrease of crystallinity degree of wood
modified with IL is a result of restrictions in inter-
and intramolecular hydrogen bonds within the cellu-
lose crystalline region. Consequently, a crystallo-
graphic adjustment between cellulose chains and
macromolecules of PP becomes impaired. Moreover,
another aspect that needs to be taken into considera-
tion is surface and topography of the wood particles.
Based on literature (Borysiak 2009) it is known that
chemical modification of lignocellulosic fillers causes
smoothing of their surface and, in result, lowering
their nucleating activity. Greater roughness of the
native wood surfaces causes thermal stress concentra-
tion and enhances the nucleating process. On the other
hand, modification of wood with ionic liquid causes
smoothing of wood surface, and in consequence the
thermal stress that is responsible for transcrystalliza-
tion is sufficiently small.

Effect of chemical modification of wood
on the supermolecular structure of composite
materials

The aim of WAXS studies was to analyze the influence
of chemical modification of wood on formation of
supermolecular structure of composites obtained in
typical processing conditions. An important factor
determining formation of hexagonal form of PP during
extrusion and injection molding processes are shearing
forces (Garbarczyk et al. 2002; Leugering and Kirsch
1973; Varga and Karger-Kocsis 1996).

The X-ray diffraction patterns show the crystalli-
sation of PP in the presence of unmodified and
modified with IL wood (Fig. 9).

In the diffraction curves a peak coming from (-
phase of PP (at 20 = 16.2°) and peaks coming from
monoclinic o-PP can be distinguished. There was a
great divergence in intensity of peak coming from
hexagonal form of PP. Unfilled PP was characterized
with the lowest, 5%, content of B-phase. Introduction
into polymer matrix with 40% of untreated wood led to
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Fig. 9 X-ray diffraction patterns of PP matrix and composites
with various fillers

formation of high amounts, ca. 36%, of hexagonal
form of PP. The value calculated for composite filled
with modified wood turned out to be surprising, since
there was only 8% of B-PP, which is comparable to the
result obtained for unfilled polymer matrix.

This interesting result should be discussed in terms
of two aspects. Firstly, it can be seen that composites
with the ionic liquid modified wood are characterized
with lower amount of B-PP. It can be presumed that
decreased roughness of the modified wood filler
resulted in presence of lower shear forces which are
known to be responsible for B-PP formation. Similar
results were reported by Xie (2002), who studied PP
composites filled with sisal fibers. An enhanced
adhesion, resulting from addition of SEBS compati-
bilizer, was found to decrease the content of hexagonal
form of PP. Authors state that the chemical treatment
changed the topography of surface of cellulosic fillers.
This idea is also confirmed by other authors, who
tested PP composites with flax (Zafeiropoulos et al.
2002) and Kevlar fibers (Wang and Liu 1999). Also in
our previous research (Borysiak 2009) chemical
modification of wood with acid anhydrides was found
to be responsible for decrease of content of B-form of
PP. Moreover, SEM studies have shown that applied
modification introduced significant changes in topog-
raphy of wood. Untreated wood was characterized
with the highest roughness of the surface, whereas
chemically treated sample was definitely smoother.

The second possible explanation of the variation in
the amount of the hexagonal form versus kind of fillers
may be related to the kinetic aspect of formation of
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both polymorphic structures of isotactic PP. In com-
parison with the composites containing the untreated
wood, the chemical modification of wood with IL
decreased its abilities to form B phase of PP. Trans-
formation from B-PP to more stable form of a-PP is
known to be a characteristic feature of the polymor-
phism of PP (Lezak et al. 2006; Lotz 1998; Varga
1986). The observed differences in amount of each
polymorphic form of PP are a result of chemical
modification of the wood filler and can be interpreted
in terms of changes in nucleating abilities of the
surface of the wood, which was already discussed in
part 3.2.

It can be stated that deterioration of the nucleating
abilities of the lignocellulosic filler after chemical
modification facilitates the B — o phase conversion.
It was noted that for composites containing filler with
low nucleating abilities (ionic liquid treated wood),
not only the speed of formation of the transcrystalline
structures, but also crystal conversion rate was slower.
In such composites also crystallization half-times
were longer. That may promote relaxation processes
and B — o phase conversion.

Effect of treatment on the mechanical properties

It is believed that chemical treatment of the filler
enhances the mechanical properties of composites
containing such modified filler. Our findings are in line
with this hypothesis. Table 2 presents tensile strength
(Rg), Young’s modulus (E), elongation at break (¢),
and impact strength parameters obtained for tested
specimens.

The results show that the use of both, modified and
unmodified filler influences the mechanical properties
of PP composites. However, composites with ionic
liquid treated wood were characterized with higher
values of all tested parameters than composites with
untreated wood.

In comparison with matrix, addition of untreated
and treated wood caused the tensile strength to
increase to 34.5 and 38.6 MPa, respectively. The
possible explanation of this behavior may be enhanced
stress transfer between the wood and the polymer
matrix. It should be noted that the modification of
wood was responsible for changes in values of tensile
strength parameter. That is a result of improved
interfacial adhesion between polymer matrix and
wood fillers.
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Table 2 Tensile mechanical properties and impact strength of PP and composite materials

Sample Rg (MPa) E (GPa) & (%) Impact strength (kJ/m?)
PP 30.40 £ 0.08 1.58 + 0.11 487.00 &+ 22.10 56.40 £ 0.77
PP + wood 34.50 + 0.41 241 +£0.22 3.10 + 0.72 25.90 £+ 1.65
PP + wood-IL 38.60 + 0.19 2.63 + 0.13 9.40 + 0.11 29.70 £+ 1.89

Similar relationship was observed for Young’s
modulus, however the highest value of Young’s
modulus, 2.63 GPa, was noted for composite contain-
ing modified wood. The explanation is similar to that
of the tensile strength. The tensile modulus increased
with the use of modified fillers, which is believed to be
due to better interfacial bonding between the modified
filler and matrix.

As expected, the incorporation of wood fillers in
polymer matrix was responsible for a major decrease
of ductility. Elongation at break for PP reached value
of 487%, whereas for composite with untreated wood
the value of this parameter dropped to ca. 3%. For
composites with ionic liquid treated wood the elon-
gation at break was found to be 9.4%. Stronger
interphase interactions resulting from modification of
wood with ionic liquid are responsible for increase of
elongation at break in such composites. As opposed to
materials with unmodified wood that were character-
ized with brittleness, materials with ionic liquid
treated wood had definitely wider range of elastic
deformations.

Values of all mechanical parameters obtained for
PP are consistent with literature (Borysiak 2013a).
Composites containing wood were characterized with
slightly higher values of tensile strength and elastic
modulus than matrix. This strengthening effect
observed for samples with ionic liquid treated wood
may be attributed to better adhesion between compo-
nents of the composite (Croitoru et al. 2018). The
increased adhesion, enabling more efficient stress
transfer in composite system, is most likely a result of
increased wettability of the wood fibers. This hypoth-
esis is also supported by the research of Mahmood
et al. (Mahmood et al. 2015), who investigated
composites fabricated from lignocellulosic biomass
pretreated with ionic liquids.

The impact strength of unfilled polymer matrix
reached the value of 56.4 kJ/m”. Results show that
addition of wood flour, both untreated and treated,

caused the impact strength to decrease to 25.9 and
29.7 kJ/m”.

The decrease of impact strength noted for compos-
ites with wood can be associated with introduction into
polymer matrix weak interfacial regions in which
stress concentration occurs (Nygard et al. 2008).
Presence of the filler is also known to be responsible
for enhanced formation of holes and voids leading to
lower impact strength values (Adhikary et al. 2008).
The fact that ionic liquid treatment reduces the
roughness of wood was described by Croitoru et al.
(2011). Therefore, it can be stated that chemical
modification of wood not only enhanced the adhesion
between matrix and filler, but also limited the amount
of voids present in composites, and thus had an effect
on its mechanical properties.

It ought to be stressed that even though composites
with unmodified wood contained higher amount of -
PP form its impact strength was not increased. This
may be due to the fact that not only polymorphism but
also phenomena taking place at the polymer-filler
interface, which is controlled by chemical modifica-
tions of lignocellulosic filler, should be taken into
consideration. Chemical modification of wood was
found to enhance adhesion and formation of small
spherulitic structures and thus increase impact
strength of this composite.

Conclusions

Application of newly synthesized ionic liquid—dide-
cyldimethylammonium bis(trifluoromethylsul-
fonyl)imide—was proved to be an effective method
for pine wood modification, resulting in preparation of
polypropylene/wood composites with good mechani-
cal properties. It should be emphasized that for the first
time ionic liquid was applied for hydrophobization of
surface of lignocellulosic filler. So far ionic liquids
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were used only as solvents for already known chem-
ical modifiers.

The results of FTIR and XRD analyses indicate
reactivity of ionic liquid with wood. The characteristic
bands of the sulphur-oxygen, nitrogen—oxygen, and
nitrogen-carbon bonds originating from ionic liquid
molecule were observed in the spectra of treated
wood. Ionic liquid chemical modification of wood
resulted in lowering of nucleating abilities what was
manifested by lower crystallization temperatures,
decrease of crystal conversion rate, and higher crys-
tallization half-times of polymer matrix. Moreover, a
reduction in tendency to form transcrystalline layer
was observed. Instead of transcrystalline layer a phase
of small spherulites with high density was formed.

In comparison with composites containing
untreated wood, composites with modified wood filler
were characterized with completely different super-
molecular structure. Materials filled with untreated
wood contained a high amount of B-phase of
polypropylene, whereas introduction into polymer
matrix the ionic liquid treated wood decreased the
amount of this hexagonal phase to level comparable to
unfilled polypropylene. This interesting fact can be
interpreted in terms of changes in nucleating abilities
of wood, controlled by its chemical modification and
B — o polymorphic transformation as well.

In view of obtaining proper, assumed properties of
composite materials understanding the relationship
between the nucleation ability of lignocellulosic filler
and the content of polypropylene polymorphs is
crucial. It should be stressed, that due to the fact that
each polymorphic form is characterized by different
properties their presence in the polymer matrix
influences the physicochemical properties of the
produced materials.

Based on the results obtained in this paper it follows
that the mechanical properties of wood composites are
a resultant of two factors: the polymorphic structure of
polymer matrix and nucleation ability controlled by
chemical modifications of lignocellulosic
components.
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