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Abstract.1 Ecologically friendly composites have been 
made on the basis of wood sawdust and sillylated styrene 
as the binder. That binder acts simultaneously as a 
reinforcing agent. The surface structures were studied by a 
scanning electron microscopy and energy dispersive  
X-ray microanalysis. The bending strength increases with 
the increase in temperature from 453 to 493 K at the 
constant pressure of 15 MPa. Likely we have heterogene-
ous reactions between active groups of triethoxysilylated 
styrene and sawdust, which lead to increasing of the 
spatial (per specific volume) concentration of chemical 
bonds. Impact viscosity increases in the same temperature 
range from 14.6 to 25.8 kJ/m2. Water absorption 
determined after 3 and 24 h varies over a wide range in 
the function of the composition. The lowest value is 
4.1 wt% water after 24 h.  
 
Keywords: sawdust composites, binders, low water 
absorption, thermogravimetric analysis, differential scan-
ning microscopy.  

1. Introduction 
There is a significant interest in the development of 

new composites derived from thermoplastic polymer 
matrices reinforced with wood fillers due to their 
environmental and economic benefits.1,2 The benefits 
include renewability, biodegradability, low density, high 
stiffness and relatively low prices.3 Using wood sawdust 
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involves another important advantage: sawdust does not 
go as the waste into city dumps. Among thermoplastic 
matrices used in the manufacture of such composites is 
polystyrene,4 which is popular due to its easy proces-
sability and ability to provide good electrical insulation.5  

The use of lignocellulosic fibers has certain 
disadvantages such as degradation at low temperatures 
and also poor compatibility between the polar ligno-
cellulosic filler and the non-polar polymer matrix.6 Due to 
the strong intermolecular hydrogen bonding between the 
lignocellulosic fibers, which tend to agglomerate during 
mixing with the polymer matrix in the compounding 
process, the resulting composites have relatively poor 
mechanical and thermal properties.7  

Improvement of the interface compatibility 
between thermoplastic polymers and lignocellulosic fillers 
has attracted significant attention.8 Several modifications 
of the fiber surfaces such as by reactions with acid 
compounds,9,10 alkali treatment11,12 and the incorporation 
of compatibilizer such as a malleated polymer13,14 or 
treatment with coupling agents15,16 have been reported.  

Among different coupling agents, organosilanes 
(R-Si-(OR’)3) are often used. These bifunctional mole-
cules with their alkoxysilane groups are used to modify 
the surfaces of natural fibers. After hydrolysis reactions of 
the fibers, surfaces rich in OH– groups can be created. 
Chemical bonds on the surfaces of the fibers are formed 
through siloxane bridges; organofunctional groups bond 
to the polymer matrix. These groups improve the com-
patibilization between the fibers and the matrix by the 
formation of covalent bonds. The silane coupling agents 
provide bridges between the fibers and the matrix.17-19  

Boussehel20 prepared composites of polystyrene 
(PS) with 3-(trimethoxysilyl) propyl methacrylate grafted 
on the olive pomace flour as a coupling agent to enhance 
the interfacial bonding between that flour and PS – and 
thus to improve morphological, thermal and mechanical 
properties of PS. Composites of PS with fillers such as 
silica and carbon black were created using coupling agents 
such as fluorine substituted styrene compounds and 
styrene compounds containing triethoxy(4-vinylphenyl-
ethyl) silane functional groups.21-23 
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We have decided to impregnate lightweight and 
permeable solid woods by monomers with a low 
molecular weight, low viscosity and/or high reactivity 
capable to fill intra- and/or intercellular spaces in wood 
and/or chemically bond themselves to certain polysaccha-
rides and lignin present in the wood cell walls. We have 
studied the effects of surface modification on morpho-
logical, thermal and mechanical properties of sawdust 
reinforced triethoxysilylated styrene composites. 

2. Experimental 

Materials. Following earlier work,24 we have 
created composites based on dry pine sawdust with 
silylated styrene as a binder and a reinforcing agent.  

Processing. The composites were prepared by a hot 
pressing of highly dispersed (50 µm) components under 
pressures up to 15 MPa and temperatures up to 493 K in 
molds for 15 min. We have created two types of samples: 
cylindrical (for investigation of water absorption) and 
rectangular (for mechanical testing). 

Fourier transform infrared spectra were deter-
mined with a Varian 660-IR FT-IR Spectrometer. The KBr 
pellets of samples were prepared by mixing (1.5–2.0) mg of 
samples, finely grounded, with 200 mg KBr (FTIR grade) 
in a vibratory ball mixer for 20 s. 

SEM and EDS observations were conducted. 
Measurements were performed under a microscope 
(Tescan Vega 3, LMU, LaB 6 cathode). Maximum 
accelerating voltage was 30 kV, resolution 2.0 nm. The 
microscope was also equipped with an energy dispersive 
spectrometer of X-ray-induced electron beam specimens 
(EDS, Oxford Systems). EDS was used to analyze the 
sample compositions.  

Bending testing (also known as a flexural testing) 
was performed on parallelepipeds with the length of 
10 cm and the vertical square cross-section of 1 cm2. Each 
specimen was placed on two prisms, with the distance of 
8.0 cm between the prisms. The indenter was a metal 
cylinder with the diameter of 10 mm applied from above 
to the midpoint of the specimen. Bending strength (or 
flexural strength) is defined as the stress needed to create 
a breaking point (a crack) in the outer surface of the test 
specimen.25 

Impact viscosity determination, also called shock 
viscosity determination, is a technique applied to soft 
solids26,27 and is essentially a drop impact test. The drop 
height h is the vertical distance between the upper surface 
of the tested material (h1) and the bottom surface of the 
drop hammer at the end of the impact event (h2). With the 
sample mass m and the acceleration g, the work W 

performed by the falling hammer normalized with respect 
to the horizontal cross-section of the specimen is: 

W = m g(h1 – h2)              (1)  

Vicat softening depth consists in the determination 
of the depth of the indentation with respect to the top 
surface caused by a flat ended indenter with the cross-
section of 1 mm2. The load applied is 10 or 50 N and the 
cross-section of the indenter end is circular. The term 
Vicat hardness is also in use – quite confusing since larger 
values correspond to a lower hardness.  

Water absorption is determined simply as the 
percentage weight change of the sample after submersion 
in water. We have performed such measurements after 3 h 
and 24 h exposition to water. 

3. Results and Discussion 

As noted above, the aim of our work is the creation 
and development of new composites on the basis of 
sawdust and ecologically friendly triethoxysilylated 
styrene. 

It is known that the sawdust contains cellulose 
derivatives and lignin structural rings with hydroxyl 
groups. In our binder triethoxy(vinylphenethyl) silane we 
also have ethoxyl groups as well as vinyl groups. Those 
groups were expected to participate in the etherification 
reaction with a binder through inter-molecular and intra-
molecular reactions, with the possible vinyl group in-situ 
polymerization.  

The triethoxysilylated styrene was stirred with 
benzoyl peroxide (1 wt%) and this homogeneous mixture 
(3, 5, 10, 15, 20 %) was added to a predefined weight ratio 
of pine sawdust. Then the mixture was stirred for 5 min 
until it became homogeneous, placed in a press form and 
pressed at several temperatures. During hot-pressing, the 
initiator existing in the mixture may initiate the 
polymerization reaction of vinyl groups of 
triethoxysilylated styrene.28,29 Wood sawdust impregnated 
with triethoxysilylated styrene, at the moment of hot 
pressing, forms chemical bonds with the hydroxyl groups 
of cellulose. Active filler is likely formed, then 
etherification and polymerization reactions take place. In 
particular, one expects formation of hydrogen bonds 
before the onset of the polymerization reaction with 
triethoxysilylated styrene and also formation of ethyl 
alcohol.  

The monomer triethoxysilylated styrene reacts with 
the cellulose hydroxyl groups in the filler to form donor-
acceptor bonds. The etherification reaction results in 
creation of new covalent bonds between the filler and the 
binder – proceeding according to Scheme 1: 
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Scheme 1. Interaction and etherification reactions of triethoxysilylated  

styrene and cellulose  
 

According to the above Scheme, reinforcement 
processes should take place. Polymerization of the vinyl 

groups according to Scheme 2 is also possible  
(Scheme 2). 

 

 
Scheme 2. In situ polymerization reaction  
of triethoxysilylated styrene with fillers 

 
As already mentioned, the use of benzoyl peroxide 

during hot pressing facilitates the polymerization reaction of 
triethoxysilylated styrene that should increase the mechanical 

strength of the composites. We also expect that a polymer 
that forms during in-situ polymerization according to 
Scheme 3 will interact with the cellulose surface: 

 

 
Scheme 3. In situ polymerization  

of triethoxysilylated styrene in a matrix 
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Then the likely reaction proceeds according to Scheme 4: 
 

 
 

Scheme 4. Etherification and intermolecular interaction reactions  
of triethoxysilylated polystyrene with sawdust;  

where R = –C2H4C6H4– 
 
The experiments were performed in the following 

sequence. Triethoxysilylated styrene was taken in the ratio 
of 3, 5, 10, 15 and 20 % of the sawdust mass at a pressure 
between 5–15 MPa; we also used benzoyl peroxide which 
inhibits triethoxysilylated styrene polymerization during 
hot compression. We have performed experiments in 10 K 
intervals from 413 to 493 K. The best results were 
obtained at 493 K, while above that temperature carboni-
zation was visible. 

3.1. Fourier Transform Infrared 
Spectroscopy (FTIR) 

For brevity we do not include the spectra here. In 
the FTIR spectra of composite materials one can see the 
adsorption bands for the asymmetric valence oscillations 
characteristic of the ≡Si–O–Si≡ bond, up to a maximum 
of 1026 cm-1, corresponding to siloxane bonds. The 
absorption band around 1150 cm-1 corresponds to the 
asymmetric absorption bands characteristic of the Si–O–C 
and C–O–C bonds – where the absorption bands overlap. 

Absorption bands at 1262, 1370, 1419, 1507, 1600–1650, 
1720, 2800–2950 and 3346 cm-1 correspond respectively 
to the methyl groups, CH bond absorption in (–C / C– 
/CH3), CH2 cellulose – lignin, C=C aromatic, C=C alkene, 
(C=O ester bond), phenyl groups and –OH groups. 

3.2. SEM and EDS investigations 

The surface morphology of the composites was 
studied by a scanning electron microscopy (SEM). In Fig. 
1a showing the composite III bright colors indicate pores, 
indentations and inserts with the sizes in the range of 30–
40 μm. Pink spots indicate the presence of aluminum in 
the composite, blue spots indicate silicon, green spots 
oxygen, and red spots carbon. 

Fig. 2 shows the energy dispersion X-ray 
microanalysis of composites III and VII. Peaks represent 
the elements present and their relative concentrations. 
From the spectra in Fig. 2 we infer that the main elements 
in the composites are C, O, Si, F and Ca, while C appears 
in the highest quantities. 

 

  
a) b) 

Fig. 1. Scanning electron micrograms of the composite III (a) and composite VII (b) 
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a) 

  
b) 

Fig. 2. Energy dispersion micro X-ray spectral analysis  
of composite III (a) and VII (b) 

 

3.3. Mechanical Testing 

Testing was performed at several temperatures and 
binder concentrations. Bending strength was determined 
according to a standard for wood + polymer composites.29 
From three-point testing results, the flexural strength σf 
can be calculated as following:  

σf = 3F·L/2wd2    (2) 

where F is the maximum force applied; L is the length of 
the sample; w is the width of the sample; d is the depth of 
the sample.  

Thus, to calculate the flexural strength σf, we 
multiply the force by the length of the sample, and then 
multiply this by three. Impact viscosity was determined 
with an apparatus of the Charpy type; Table 1 provides 
the results. 

 
Table 1. Dependence of the values of bending strength and impact viscosity of composites containing sawdust on the 
conditions (temperature, binder concentration) of sample preparation (exposition time 15 min) 

Composite Binder, % Pressure, MPa Temperature, K Bending strength, MPa Impact viscosity, kJ/m2 
III 15 453 17 15 
IV 15 463 38 21 
V 15 473 40 17 
VI 15 483 44 17 
VII 

3% TESSt + 1% BP 

15 493 55 20 
X 15 453 19 15 
XI 15 463 40 16 
XII 15 473 51 20 
XIII 15 483 44 19 
XIV 

5% TESSt + 1% BP 

15 493 50 21 
XVIII 15 453 31 23 
XIX 15 463 36 25 
XX 15 473 37 25 
XXI 15 483 41 21 
XXII 

10% TESSt + 1% BP 

15 493 39 26 
 

Notes: TESSt is the binder, that is triethoxysilylated styrene; BP is a benzoyl peroxide. 
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Inspection of Table 1 leads us to several conclusions. 
The bending strength increases with increasing of 
temperature (453–493 K) at the constant pressure of 15 MPa. 
Likely we have heterogeneous reactions between active gro-
ups of TESSt and sawdust, which lead to increasing the spa-
tial (per specific volume) concentration of chemical bonds. 
We recall that polymer flexibility Y has been defined30 as: 

Y = Vsp/
n

bi
i

U∑                          (3) 

Here Vsp is the specific volume in cm3/g at a given 
temperature while the summation is performed over the 
strengths of bonds in the monomer of a given polymer. 
Polymer rigidity is defined as 1/Y.31 We find that the 
bending strength values are inversely proportional to the 
flexibility. If we exceed 5 wt% of the binder, the bending 
strength decreases; apparently the binder has a relatively 
high flexibility.  

 

Table 2. Water absorption of sawdust and TESSt composites prepared at different temperatures  
and the pressure of 15 MPa 

Composite Binder, % Temperature, K 

Weight of 
composite after 
3 h exposition in 

water, g 

Weight of 
composite after 

24 h exposition in 
water, g 

Water absorption 
after 24 h exposition 

in water, wt% 

I 433 4.486 Decomposed - 
II 443 3.921 4.145 8.9 
III 453 3.953 4.064 7.1 
IV 463 3.963 4.062 5.1 
V 473 3.746 3.871 5.3 
VI 483 3.727 3.850 5.2 
VII 

3%TESSt + 1% BP 

493 3.785 3.898 5.1 
VIII 433 3.90 Decomposed - 
IX 443 3.88 Decomposed - 
X 453 3.96 4.307 13.9 
XI 463 3.89 4.072 5.7 
XII 473 3.85 4.000 4.4 
XIII 483 3.81 3.952 4.6 
XIV 

5% TESSt + 1% BP 

493 3,80 3.930 4.5 
XV 423 4.252 Decomposed - 
XVI 433 4.049 Decomposed - 
XVII 443 3.779 4.631 28.0 
XVIII 453 3.723 3.938 7.7 
XIX 463 3.505 3.700 7.9 
XX 473 3.503 3.680 7.0 
XXI 483 3.522 3.718 78 
XXII 

10% TESSt + 1% BP 

493 3.468 3.627 6.5 
XXIII 423 4.079 6.528 92.0 
XXIV 433 3.581 5.405 55.9 
XXV 443 3.677 5.008 42.8 
XXVI 453 3.539 3.754 8.4 
XXVII 463 3.475 3.650 6.2 
XXVIII 473 3.453 3.619 5.8 
XXIX 483 3.449 3.582 4.1 
XXX 

15% TESSt + 1% BP 

493 3.503 3.630 5.6 
XXXI 423 3.397 4.522 37.6 
XXXII 433 3.367 4.701 45.3 
XXXIII 443 3.422 3.855 15.9 
XXXIV 453 3.527 3.840 18.1 
XXXV 463 3.341 3.548 8.4 
XXXVI 473 3.36 3.460 7.5 
XXXVII 483 3.237 3.404 6.3 
XXXVIII 

20% TESSt + 1% BP 

493 3.157 3.293 5.5 
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We consider now the impact viscosity at constant 
pressure. The increase in temperature from 453 to 493 K 
leads to increasing the impact viscosity from 14.6 to 
25.8 kJ/m2. The explanation provided above for the 
bending strength may be applied here too. An analogical 
process takes place at increasing of the technological 
pressure in the range of 5–15 MPa at the constant 
temperature, although the effect is less pronounced. 
Apparently increasing pressure leads to compressing the 
ingredients and consequently to increasing the interactions 
between them per unit volume. 

3.4. Water Absorption 

Water absorption is quite important for wood 
composites since they are often used under high humidity 
conditions. The results of water absorption experiments 
are presented in Table 2. We do not imply the accuracy of 
±0.001 g. 

We see in Table 2 the effects of composition and 
the temperature of preparation. Relatively low values in 
the last column reflect low volumes of the empty 
intermolecular spaces. Exceptions are samples XVII, 
XXIII, XXIV, XXV, XXXI and XXXII. The common 
feature of the high values seems to be relatively high 
concentrations of TESSt and also sample preparation at 
low temperatures. Apparently at lower temperatures the 
‘squeezing out’ of empty spaces by compression is less 
successful than at higher temperatures. 

Water absorption is also presented graphically in 
Fig. 3 as a function of the temperature at which pressing 
was performed. We see that the lowest water absorption is 
characteristic for composites containing the optimal 
(5 wt%) of the binder and created at high pressing 
temperatures – in agreement with some results reported 
earlier.28,29 

In Fig. 4 we show the dependence of water absorp-
tion on the binder concentration.  

 

  
 

Fig. 3. Dependence of water absorption on the pressing 
temperature for composites containing 5 wt% (1), 3 wt% (2), 10 

wt% (3), 15 wt% (4) and 20 wt% (5) wt% of the binder 

 
Fig. 4. Dependence of water absorption on the binder 

concentration, for composites obtaining at 443 K (1), 453 K (2), 
473 K (3) and 493 K (4) 

 
The results seen in Fig. 4 might be explained as 

follows. At low binder concentrations the addition of 
binder creates some empty spaces between the main 
components; we recall our discussion above in terms of 
flexibility. However, at higher binder concentrations the 
binder might be ‘binding to itself’ and the free volume 
decreases. Free volume is discussed by Brostow et al.32  

Table 2 shows the lowest value of water absorption 
after 24 h of 4.1 wt% for the sample XXIX. For instance, 
Hashim et al.33 report the water absorption of particle 
boards made from oil palm biomass in the range from 20 
to 130 wt%.  

3.5. Vicat Results 

The results of determination of the softening 
temperatures of the composites are shown in Figs. 5-7. 

Temperature dependence of the softening of composites 
shows first a monotonic increase and then a maximum or 
else approaching a horizontal asymptote.  

Inspection of the last three figures is instructive. 
First, increasing the temperature we see higher h values, 
that is more softening. In general, increasing the 
temperature we get more free volume Vf. The effect is 
more pronounced at low temperatures since the atoms, 
molecules and polymer chain segments get more space to 
move around their equilibrium positions. While we are 
dealing with amorphous materials, recalling the simple 
model of Albert Einstein of crystals as harmonic 
oscillators seems instructive. At higher temperatures, 
polymer chain segments and other entities present will not 
need more space; their movements are limited by primary 
chemical bonds.  
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Fig. 5. Dependence of the softening of the sample on temperature 
for composites with 3 % TESSt + 97 % sawdust obtained at 

15 MPa. Curve (1) corresponds to 453 K; (2) to 463 K; (3) to 
473 K; (4) to 483 K and (5) to 493 K  

 

 
Fig. 6. Dependence of the softening of the sample on 

temperature for composites with 5 % TESSt (5) + 95 % 
sawdust obtained at 15 MPa. Curve (1) corresponds to 453 K; 

(2) to 463 K; (3) to 473 K; (4) to 483 K and (5) to 493 K 
 

 
 

 
Fig. 7. Dependence of the softening of the sample on temperature 

for composites with 10 % TESSt + 90 % sawdust obtained  
at 15 MPa. Curve (1) corresponds to 453 K; (2) to 463 K; (3)  

to 473 K; (4) to 483 K and (5) to 493 K 

 
Fig. 8. Thermogravimetric curves of composite materials: 
composite III (1); composite IV (2) and composite VII (3) 

 
We now turn to the TGA results presented in Fig. 

8. The TGA technique is described in detail in some 
studies.31,32 At 373 K we see 5–7 % mass losses – likely 
due to elimination of moisture and ethyl alcohol. The 
main degradation processes proceed in the temperature 
range of 523–623 K. The composite VII is characterized 
by the high thermal stability if compared with composites 
III and IV. This can be explained by the fact that in the 
composite created at 493 K the esterification reactions 
between sawdust hydroxyl and ethoxyl groups of binders 
proceed more extensively, with the formation of more 
chemical bonds. 

Differential scanning calorimetry (DSC) exa-
minations were also performed for our composites. We do 
not include the curves for brevity. In some composites the 
so-called glass transition temperature Tg ≈ 192 K. As 
discussed by Kalogeras and Hagg Lobland,34 representing 
a glass transition region, for instance 30 K wide, by a 
single number is not only an uphill battle, but provides a 

confusing image of the situation. The softening tempe-
ratures are in the range from 243 to 313 K.  

We would like to mention other approaches to 
creation of wood + polymer composites. Iulianelli et al.35 
have created wood flour + PVC composites by comp-
ression molding using sapwood and heartwood from 
Angelin Pedra as a filler. The composites specimens were 
subjected to water immersion and impact tests. A sap-
wood composite containing 10 phr of wood flour exhi-
bited the water absorption in 63 days of 0.58 % weight 
gain. The impact property was affected by a wood content 
and less by a wood type. Composites containing 10 phr of 
wood showed the higher impact strength than those 
prepared with 25 and 40 phr of wood flour. We also note 
the work by one of us and coworkers36 of combustion of 
wood studied by thermogravimetry. Pinus monticola, 
Acer saccharum, Quercus rubra, Diospyrus spp., Ta-
bebuia spp. and Guaiacum spp. were chosen to provide a 
wide range of hardness values and densities. Quercus 
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rubra burned to the hottest temperature of the samples, 
and also left the least amount of ash behind. There seems 
to be no connection between the wood density and the 
parameters characterizing the burning process. Finally, we 
note the work of Pyshyev et al.37 on creation of charcoal 
from wood and also from agricultural wastes.  

It is pertinent to note the importance of wetting38 – 
in this case between sawdust and the polymer.  

4. Conclusions 

We have created composites on the basis of 
sawdust and triethoxysilylated styrene as a new binder at 
several temperatures via hot pressing method. Good 
properties are achieved at relatively low concentrations of 
the binder and at thermal treatment temperatures up to 
473 K.  

As expected, changes of pressure and temperature 
affect the microstructures of our composites. The largest 
effects are seen in the water absorption. 
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ДЕРЕВНА ТИРСА ПЛЮС СИЛІЛЬОВАНІ 
СТИРОЛЬНІ КОМПОЗИТИ З НИЗЬКИМ 

ВОДОПОГЛИНАННЯМ 
 
Анотація. На основі деревної тирси та силільованого 

стирену як в'яжучого, що діє одночасно і як зміцнюючий агент, 
виготовлені екологічно чисті композити. Досліджено струк-
туру поверхні композитів за допомогою скануючої електронної 
мікроскопії та енергодисперсійного рентгенівського мікро-
аналізу. Встановлено, що міцність на згин збільшується з 
підвищенням температури від 453 до 493 К при постійному 
тиску 15 МПа. Показана можливість перебігу гетерогенних 
реакцій між активними групами триетоксисилільованого 
стирену та тирсою, які призводять до збільшення просторової 
(на питомий об’єм) концентрації хімічних зв’язків. Ударна 
в'язкість збільшується в тому ж діапазоні температур від 
14,6 до 25,8 кДж/м2. Поглинання води, визначене через 3 і 24 
години, змінюється в широкому діапазоні. Найнижче значення 
становить 4,1 мас.% води через 24 години. 

 
Ключові слова: тирсові композити, в'яжучі, низьке 

водопоглинання, термогравіметричний аналіз, диференціальна 
скануюча мікроскопія. 

 


