
Chem. Listy 105, s233s416 (2011)                       PMA 2011 & RubberCon 2011                                                                  Posters 

s397 

P-51 
THE PHYSICAL MODIFICATION OF PP FIBRES 
FOR THE TECHNICAL APPLICATIONS 
 
ANNA UJHELYIOVÁa, JOZEF RYBAa, PETER 
MICHLÍKb, ĽUBA HORBANOVÁa, PETER  
KRAJŇÁKb, and JÁN LOKAJa 

 
a Faculty of Chemical and Food Technology, Slovak Univer-
sity of Technology in Bratislava, Radlinského 9, 812 37 Brati-
slava, b Research Institute for Man-Made Fibres, a. s., 
Štúrova 2, 059 21 Svit, Slovakia 
anna.ujhelyiova@stuba.sk 
 
 
Introduction  

 
Concrete is the most widely used construction material 

in the world. Its need and use will increase in the future. Con-
crete is use in different areas from civil to engineering con-
struction. Different methods of material preparation of con-
crete composite with improved special properties are devel-
oped and used nowadays. Reinforcing concrete with fibres is 
one of the methods to improve its specific properties1. Differ-
ent types of fibres are used as the reinforcing components – 
steel (metal), glass, polymer (synthetic and natural  polyeth-
ylene (PE), polypropylene (PP), polyvinyl alcohol (PVA), 
polyamide (PA) and polyester (PES)) and their mixtures. 
Application of these fibres depends on improving of required 
specific properties of concrete24. 

Dispersed fiber reinforcements in the matrix of concrete 
have significant influence upon general properties of concrete. 
The properties that the dispersed fibre reinforcements influ-
ence negatively are workability of concrete, rheological prop-
erties, extending the mixing and blending period. By using 
fibers in concrete, it becomes more resistant to sudden tem-
perature changes and the impermeability of concrete is in-
creased. Good dissipation of reinforcements leads to increase 
the fire resistance and life cycle of construction, improvement 
of frost resistance, chemical resistance, the speed of carbona-
tation and waterproofing3,5,8,9. 

The addition of PP fibers into concrete is very interest-
ing from construction point of view which includes the effect 
of reinforcement and concrete microarmouring, thereby elimi-
nating the creation of micro cracks within hardening building 
materials3. Polymer fills pores and micro-cracks created in the 
concrete and reduce porosity, stop the spread of micro-cracks 
and thus improve the internal tensile strength and adhesion 
ability5,6,10. The hardening and setting of concrete, which is 
related to hydration is accompanying by significant evapora-
tion of water7. Fibers in the matrix of concrete provide higher 
porosity and therefore better evaporation of water and also 
decrease stress during hardening. This effect also provides 
higher destruction resistance by burning (eg in tunnels). Fire 
melts PP fibers which melting temperature is about 165 °C 
and by this dense net is created this leads to leak of the water 
vapor. 

The disadvantages of using pure PP fibers for reinforce 
concrete is that no molecular bond occur between the cement 
matrix and fibre reinforcement. Low affinity of PP fibers to 
silicate matrix is result of non-polar, physically (low specific 

surface area, smooth surface), and chemically inactive poly-
olefinic character of the material. The ability to absorb defor-
mation energy by tensile and flexural straining of silica com-
posites is reduced because of statistic possibilities of releasing 
(pulling) fibers from composites instead of deformation fi-
bers8. 

This article deals with influence of the modifdication of 
PP fibres by inorganic fillers or by change of their cross-
section profile on their macromorphological structure and 
mechanical properties as well as on the end-used properties of 
concrete composite prepared with PP fibres. 

 
 

Experimental 
 

 Materials used 
 
For the preparation of non-modified (PP) and modified 

PP (mPP) fibres was used polypropylene Tatren HT 1810 
with MFI = 20.9 g/10 min from Slovnaft a.s., Slovakia and 
micronized inorganic filler (8.4 wt.%). From these materials 
were prepared undrawn fibres with circle shape cross-section 
without (sample 001) and with (sample 002) inorganic fillers 
and with five pointed star shape cross-section without inor-
ganic fillers (sample 003) on the laboratory spinnig machine. 
Next, the undrawn PP fibres have been drawn to the drawing 
ratio λ = 3 and to cut on the length of 12 mm. 
 
Method used 

 
Evaluation of surfaces was provided using microana-

lyzer JXA-840A with EDS and WDS system, produced by 
JEOL, Japan. Measurement conditions were following: accel-
erating voltage 15 kV, sample current 11010 A. 

Mechanical  properties  were  measured on INSTRON 
1122 and evaluated according to STN EN ISO 1973, 5079, 
2062  standard methods for evaluation of mechanical pa-
rameters. 

Evaluation of end-used properties of concrete compos-
ites in accordance with STN EN 12350-6:2009 – volume 
mass, rheology of fresh concrete: Reometer Brio and STN EN 
14651+A1: 2008 Measurements of strength in tension in flex-
ure (flexural strength). 

 
 

Results  
 
The evaluation of macromorphological structure of the 

surfaces of prepared nonmodified and modified PP fibres with 
circle shape cross-section without and with inorganic filler 
and with five pointed star shape cross-section without inor-
ganic filler was provided using microanalyzer. These obtained 
pictures are shown at Fig. 1. Surface of nonmodified PP fibers 
with circle shape cross-section without  inorganic filler  is 
smooth (Fig. 1a). Surface of modofied PP with circle shape 
cross-section  with  inorganic  filler  can  be  seen  roughage 
caused by participation of inorganic filler particles (Fig. 1b).  
On the Fig. 1c it is shown of changed profile of the modified 
PP fibre with five pointed star shape cross-section without 
inorganic filler. 
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Mechanical properties of non-modified and modified PP 
fibres are shown in Table I. Although the macromorphologi-
cal structure of prepared modified PP fibres had been changed 
the mechanical properties  tenacity (σ) at the break and 
Young‘s modulus (E) are practically unchanged. The low 
decrease of tenacity can be provided by minor decrease of 
fineness. The Young‘s modulus (E) of modified PP fibres is 
higher than the nonmodified PP fibre. The higher Young‘s 
modulus (E) of modified PP fibres had been caused by inor-
ganic fillers which effects as the reinforcement additive. Over 
the way the inorganic filler had been induced the decrease of 
elongation of the modified PP fibre because the particles of 
filler decrease the sufficiency of drawing of polymer matrix. 
This confirms the theoretical knowledge, that the addition of 
micronized filler to the oriented polymer matrix decreases 
their mechanical properties. 

The prepared nonmodified and modified PP fibres had 
been used to preparation of concrete composites. There had 
been evaluated the some end-used properties of these compos-
ite with PP fibres. The obtained results can be shown on the 
Fig. 2 and 3. 

The nonmodified PP fibre used in the concrete compos-
ite had increased the rheological properties of the fresh con-
crete (Fig. 2). It makes worse its processability. The rheologi-
cal properties of fresh concretes with the modified (by inor-

ganic filler or change of profile) PP fibres are practically on 
the level of rheological properties of fresh concrete without 
fibres. 

The modification of PP fibres by inorganic filler or by 
change of their cross-section profile improves the flexural 
strength of concrete composites prepared using those fibres  
in comparison with the flexural strength of concrete compos-
ite with nonmodified PP fibre (Fig. 3). 

 
 

Conclusion 
 
The experimentally obtained results can be concluded as 

follows: 
 The particles of inorganic filler are situated on the PP 

fibre surface. These particles can improve the adhesion 
of PP fibres to concrete matrix. 

 The mechanical properties of modified PP fibres are 
practically same as the mechanical properties of non-
modified PP fibres. 

 The concrete composites with nonmodified or modified 
PP fibres have improved end-used properties in com-
parison with the concrete composite without fibres.  
 

This work was supported by the VMSP-P-0007-09 and VEGA 
1/0444/09.  
 

Fig. 1. Surfaces PP fibres with circle shape cross-section without 
(a) and with (b) inorganic filler and with five pointed star shape 
cross-section without inorganic filler (c) with draw ratio λ = 3 

a     b 

    c 

Sample Td 
[dtex] 

σ 
[cN/dtex] 

ε 
[%] 

E 
[cN/dtex] 

001 6,2 3,6 204 22,3 
002 6,1 3,3 152 23,1 
003 6,1 3,5 174 27,0 

Table I 
Fineness (Td), tenacity (σ) and elongation (ε) at the break, 
Young‘s modulus (E) of the non-modified and modified PP 
fibres 

Fig. 2. The effect of non-modified and modified PP fibres on the 
rheological properties of fresh concrete 
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Fig. 3. The effect of non-modified and modified PP fibres on the 
flexural strength of concrete composites 
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 In this work, a diffuse coplanar surface barrier dis-

charged (DCSBD) plasma generated by atmospheric pressure 
has been used to modify fabrics (PES, PES-cotton) followed 
by the treatment with sol-gel silane solution. Modified sur-
faces were conditioned at 180 °C during 5 minutes.  The 
plasma discharge was applied to ensure washing resistance of 
fabrics. The hydrophobicity was characterised through wet-
ting-angle measurements. Fabrics treated with solutions con-
taining fluorsilane portion reached significantly higher hydro-
phobicity than those ones modified by alkylsilane only. The 
highest hydrophobicity was obtained for PES-cotton fabric   
where   the contact angle of distilled water before washing 
was 154° and 151° after standardised washing.  Surfaces were 
also analysed by XPS, FTIR and SEM. 

 
The research was supported by the Scientific Grant Agency of 
the Ministry of Education of Slovak Republic and the Slovak 
Academy of Sciences (project No. 2/0063/09) and by Science 
and Technology Assistance Agency under the contract VMSP-
P-0023–09. 
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Introduction 
 

The presence of scale on a wool fibre surface introduces 
a number of problems such as felting and a surface barrier to 
dyestuffs in the wool industry. In the past, chemical methods 
were the major treatment for eliminating those problems1. 
Plasma surface modification does not require the use of water 
and chemicals, resulting in a more economical and ecological 
process. The enormous advantage of plasma processes con-
cerns the drastic reduction in pollutants and a corresponding 
cost reduction for effluent treatment, so it can be considered 
as an environmentally benign technology2. 

As a result, a low temperature plasma (LTP) method 
developed rapidly over the last decade has been introduced to 
the textile industry1. Plasma modification of textiles repre-
sents great opportunity for improvement of older, energeti-
cally demanding, slow and sometimes not very eco-friendly 
treatment technologies. Application of plasma is ecological 
and friendly for production costs due to energy savings and 
reduction of processing times. Compared to other scientific 
works describing increase of hydrophilicity of hemp, wool or 
PP textiles or decrease of felting shrinkage of wool3. 
Low temperature plasma is a partially ionized gas with elec-
tron temperatures much higher than ion temperatures. The 
high-energy electrons and low-energy molecular species can 
initiate reactions in the plasma volume without excessive heat 
causing substrate degradation. Low temperature plasmas are 
particularly suited to apply to textile processing because most 
textile materials are heat sensitive polymers. In addition, it is 
a versatile technique, where a large variety of chemically 
active functional groups can be incorporated into the textile 
surface. The possible aims of this are improved wettability, 
adhesion of coatings, printability, shrink resistance, dyeing 
properties, induced hydro- and/or oleophobic properties, 
changing physical and/or electrical properties, cleaning or 
disinfection of fibre surfaces etc. Moreover, non-thermal 
plasma surface modifications can be achieved over large tex-
tile areas2,4. 

Plasma can be used to modify different types of textile 
products. It has been used to modify the fibre surface such as: 
increase the failure stress and strain of carbon fibre and to 
improve shrink resistance of wool fabric. It has been reported 
that exposure of cotton yarn to the plasma of an electrical 
glow discharge resulted in an increase in breaking strength of 
the yarn. Plasma treated wool top offers a number of process-
ing benefits at different stages of the wool pipeline including 
significant improvements in spinning performance and dyeing 
properties. The production of woven fabrics from plasma 
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treated tops offers considerable potential for the production of 
machine washable products minimising the conventional wet 
oxidation techniques. With the reference to previous research, 
exposure natural fabrics to a plasma environment can produce 
more reactive surfaces3. 

In addition to plasma processing is a clean (dry) and 
sustainable technology that generates minimal amounts of 
waste. It is also characterized by much lower materials and 
energy consumption in comparison to wet chemical-based 
finishing methods. Finally, because plasma processing results 
in a nanoscaled surface modification, it has the advantage of 
preserving the bulk properties as well as the touch of textiles5. 

In this paper the effect of the various conditions of low 
temperature plasma activation of wool textile materials will 
be presented. There will determine the change of wettability 
of untreated and treated wool textile materials. 

 
 

Experimental 
 
Material used 

 
The woven fabrics from sizing and desizing wool were 

used as a substrate for the treatment of low temperature 
plasma. 
 
Methods used 
 

The samples of sizing and desizing wool textile were 
activated by low temperature plasma generated discharged at 
the atmospheric pressure for 3 and 5 seconds during different 
time of ageing. Next were measured wettability of wool un-
treatment and treatment fabrics. 

The equipment See System (Surface Energy Evaluation 
System) was used for measuring of contact angles. 
 
Contact angle measurement 
 

An experimental equipment See System is a portable 
computer-based instrument consisting of rugged aluminium 
body, colour USB 2.0 camera with 1,3 Mpix resolution mov-
able in vertical direction and 2D horizontally movable table 
for samples. This measuring equipment was designed primar-
ily for contact angle measurement and surface energy deter-
mination. Liquid drops were dispersed on each fabric sample 
using a micrometer pipette. The image of each drop was cap-
tured by the camera connected with a computer. The captured 
images were viewed at the monitor. The images were cap-
tured after liquid droplets which were placed onto the sample 
surface and were photographed in 1 s. One specimen of un-
treated and seven specimens of treated wool fabrics were used 
for this experiment. Water, glycerol and ethylene glycol were 
used as measuring liquids. 
 
 
Results and discussion 
 

The results of contact angle of plasma treated and un-
treated wool samples are shown in Tables IIV. 

Contact angles for water and glycerol of untreated and 
treated specimens are comparable and higher than for ethyl-

ene glycol. By increasing of plasma ageing the contact angles 
of treated wool fabrics were increased compared to untreated 
fabric until 15 min. After 15 min of ageing the contact angles 
were decreased and after 60 min values of contact angles were 
similar to untreated wool specimen. Measured contact angles 
of treated wool textiles were lower by using ethylene glycol 
mainly after 10 and 15 min. After 60 min contact angles were 
increased but they didn’t reach the values of untreated wool 
textile. 

 
For sizing wool fabrics after 3 s of plasma treatment 

similar results were obtained. However, contact angles of 
sizing wool fabrics are lower than desizing wool materials. 
Measured values show that contact angles of treated specimen 
are lower at longer time of plasma ageing but at longer time 
of ageing the contact angles are approaching to values of un-
treated fabrics.  

Similar results were obtained for desizing and sizing 
wool materials after 5 s of plasma activation where contact 
angles were higher for sizing specimens at 3 s of plasma treat-
ment as we can show in Tables III and IV.  

From the results we can see that contact angles of sizing 
wool textile materials were higher than contact angles of de-

Table I 
Contact angle of desizing wool fabrics after 3 s of plasma 
treatment  

Ageing of 
plasma 
[min] 

Contact angle [°] 
water glycerol ethylene 

glycol 
0 118,7 116,4 116,9 
7 120,4 120,6 83,9 

10 115,4 118,1 72,7 
15 122,9 119,5 113,4 
20 114,6 109,5 105,7 
30 111,7 106,7 109,7 
60 117,3 108,4 79,9 

1440 116,5 112,3 108,3 

Table II 
Contact angle of sizing wool fabrics after 3 s of plasma treat-
ment  

Ageing of 
plasma 
 [min] 

Contact angle [°] 
water glycerol ethylene 

glycol 
0 98,84 121,31 120,94 
7 82,48 106,94 85,45 

10 93,19 101,67 70,70 
15 95,69 100,54 75,83 
20 102,45 105,54 80,48 
30 99,73 112,60 86,67 
60 96,50 116,44 98,43 

1440 120,72 122,17 100,52 
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sizing wool fabrics which are shown in Tables I and II. This 
indicates that sizing could increase hydrophility of wool mate-
rials. As it can be observed from Table IIV, the contact an-
gles decreased after plasma treatment compared with the un-
treated wool samples in both the sizing and desizing wool 
textile materials after 3 and 5 s of plasma activation. This 
indicates that the surface free energy is increased for the 
plasma treated fabrics compared with the untreated. Changes 
of wettability by this modification are small and, in general, 
not important. Plasma oxidation reactions produce oxygen 
containing functional groups, which are attached to the poly-
mer surface. These functional groups play an important role in 
increasing the hydrophilic properties of the fabrics6. The im-
proved wettability might possibly be due to the removal of the 
outermost hydrophobic part of the wool fabric specimen6. As 
a result, the wettability of the plasma treated wool textile 
materials were improved.  
 
 

Conclusions 
 

By using LTP plasma for treating of wool textile materi-
als, the wettability improved indicating penetration of plasma 
into the fabric. In this experiment was studying the effect of 
various treatment parameters on the wool specimens. From 
results were found that LTP treatment has positively effect to 
modify surface properties for improving the wettability.  In 
this study was determined the effect of LTP treatment on the 
surface properties of wool textile materials.  
Contact angle of desizing and sizing wool textile materials 
decreased to 10-30 min after plasma activation in both time of 
plasma treatment (3 and 5 s).  

At lower values of contact angles the wettability is 
higher. The better wettability was obtained for the desizing 
and sizing wool materials. These properties can affect dyeing 
and finishing processes. 
 
This work was supported by the Slovak Research and Devel-
opment Agency under the contract No. VMSP-P-014-09. 
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Introduction 

 
In the past 15 years there has been rapid progress in 

nanotechnology research. It has been proved that nanoparti-
cles possess different physical and chemical properties than 
the bulk materials. Nanoparticles posses special optical prop-
erties due to the interaction between Π-orbitals of nanoparti-
cles and electromagnetic waves of light. There are also differ-
ent magnetic and quantum mechanical properties. The huge 
specific surface area causes high reactivity. The significance 
of the Van der Waals forces becomes more important due to 

Table III 
Contact angle of desizing wool fabrics after 5 s of plasma 
treatment  

Ageing of 
plasma 
 [min] 

Contact angle [°] 
water glycerol ethylene 

glycol 
0 118,7 116,4 116,9 
7 116,6 113,2 101,0 

10 115,6 108,5 66,0 
15 104,8 111,1 79,5 
20 116,3 112,1 90,5 
30 106,0 104,2 92,3 
60 115,0 116,9 100,8 

1440 117,4 116,0 113,8 

Table IV 
Contact angle of sizing wool fabrics after 5 s of plasma treat-
ment 

Ageing of 
plasma 
 [min] 

Contact angle [°] 
water glycerol ethylene 

glycol 
0 98,84 121,31 120,94 
7 105,96 106,13 87,27 
10 104,14 109,81 81,32 
15 109,30 111,75 84,07 
20 93,91 109,51 90,94 
30 110,40 99,11 86,02 
60 109,13 116,78 88,28 

1440 105,33 117,91 104,21 
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high mass-volume ratio and surface charge (zeta-Potential), as 
well of thermodynamical effects (Brownian motion). All of 
these properties lead to stable suspensions, but they may also 
cause aggregation of nanomaterials. The aim of this study is 
to generate a Composite with anisotropic magnetic properties 
incorporating magnetic nanoparticles into an elastomer ma-
trix. 

 
 

Experimental 
 
The magnetic MnFe2O4 Nanoparticles were syntetheised 

in Bottom-Up process from their metallic salts1,2. Then the 
nanoparticles were functionalized with silanes. For the elas-
tomer matrix a composite of silicone rubbers was selected.  
No vulcanization is required and it is easy to blend nanoparti-
cles and elastomer. Another positive aspect was that polym-
erization was possible at room temperature. The nanoparticles 
were aligned in the same direction as the magnetic field lines. 

 
 

Results and discussion 
 
The synthesis  of  nanoparticles  was optimized.  High 

cristallinity was obtained using XRD measurements at 2 h and 
80 °C as reaction conditions were investigated (Fig. 1). TEM 
analysis of MnFe2O4 nanoparticles showed that they were 
spherical. The average diameter of material was investigated 
and was found to be between 10 and 30 nm. This was con-
firmed by Debye-Scherrer equation from XRD Data. TGA 
and FT-IR analysis gave information about the functionaliza-
tion grade. Rheometer measurements were necessary in order 
to  investigate  the  frequency  dependent  dynamic  material 
properties. A slurry of nanoparticles in silicone oil was tested.  

Switching the magnetic field on and off during the 
measurement provides information about the changes in stor-
age modulus (Fig. 2). 

SQUID measurements were done to define magnetic 
hysteresis curves of MnFe2O4 nanoparticles. 

Conclusion 
 
The experiments carried out show that it is possible to 

create a stable anisotropic elastomer-nanoparticles composite. 
The high effect of magnetic nanoparticles on storage modules 
was proved in rheometric measurements. 

 
We acknowledge BMBF and thank them for their support for 
the MAGNANO research project. 
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Introduction 

 
During recent years many textile applications of cyclo-

dextrins (CDs) in various industry sectors have been reported.  
This is because mainly the ability of CDs to form  complexes 

Fig. 1. XRD spectra of MnFe2O4 nanoparticles synthesized at  
different conditions 
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with perfumes or fragnances which can be stored over a long 
period without loss of these substances. On the other hand 
unpleasant odours of textiles can be removed by the com-
plexation with cyclodextrins1.The permanent fixation of CDs 
to the fibre surface leads to new odour absorbing textile mate-
rial. 

Cyclodextrins are natural, starch derived oligosaccha-
rides. They are composed of -1,4-coupled D-glucose units, 
which contain a hydrophobic internal cavity that can act as 
a host for various, generally lipophilic, guest molecules. Their 
specific shape is responsible for their original properties that 
consist of the possibility for organic substrates to penetrate 
spontaneously  and  reversibly  inside  their  central  cavity2. 
Therefore, molecules such as fragnances, drugs, pesticides 
and textile dyestuffs can be compexed by CDs. 

The functionalisation of textile supports by cyclodex-
trins is a challenge that has been investigated in the last dec-
ade. Several interesting approaches in the textile functionali-
sation by CDs have been reported by Schollmeyer et al.3,1 . 
The permanent fixation on fibres made from polyester is only 
possible with cyclodextrine derivates with long alkyl chains 
or other hydrophobic groups. Comparable with disperse dye-
ing, the hydrophobic part of the substitued cyclodextrins mi-
grates into the fibre above the glass transition temperature. 
The polar cyclodextrins molecule remains on top of the fibre 
surface1. 

Martel4 introduced a new method of immobilization of 
CDs onto PP consists of two steps. The PP is first submitted 
to electron beam irradiation, followed by the graft polymeri-
zation of glycidyl methacrylate (GMA). A PP nonwoven car-
rying polymerized GMA was the intermediate product. In 
a second step, the epoxide groups react with CDs´molecules 
to create the covalent linkage of the former, leading to the 
final product. Le Thuaut5 et al. have recently reported a new 
way of immobilization of CDs onto PP nonwoven fabrics 
particularly adapted for filtration processes. 

The use of cyclodextrins as a finishing agent of polyam-
ide fibers was studied also. The finishing process involved 
polymerization between citric acid and CDs, which yielded 
a cross-linked polymer that physically adhered to the surface 
of PA fibers6.  

The aim of present work was to prepare polypropylene 
nonwoven surface modified with cyclodextrins. Before coat-
ing with CDs, textiles were pretreated by diffuse coplanar 
surface dielectric barrier discharge (DCSBD)7. 

 
 

Experimental 
 
The polypropylene nonwoven (PPNW) was activated by 

an atmospheric-pressure plasma treatment in N2 or ambient 
air. Based on our previous results, the times of activation was 
5 seconds on both sides. The activated samples were im-
mersed in solution of -CDs/ γ-aminopropyltriethoxysilane (1 
ml APTES: 90 ml EtOH: 9 ml H2O). The concentration of 
cyclodextrins were 6, 12, 18 g l1. The drying process was 
realized in two ways, The PP samples were dried in the air at 
laboratory temperature or in drying chamber at temperature 
125 °C. 

Surface modification was confirmed gravimetrically and 
using SEM and ATR-FTIR spectroscopy. 

Results 
 
At first, the plasma activated PPNW were coated only 

with water solution of -cyclodextrins and after drying the 
modified samples were washed in distilled water. It was found 
by gravimetric analysis, that 98 % from all coated amount of 
-cyclodextrins was removed.  

Because of that fact, it was chosen the possibility to 
modify the PPNW with cyclodextrins in combination with γ- 
aminopropyltriethoxysilane (APTES). Three parameters were 
studied, the concentration of CD solution, the drying tempera-
ture of samples and working atmosphere during plasma acti-
vation.  The  type  of  functionalization  of  PP imparted  by 
plasma can be varied by selection of plasma gas and operating 
parameters. Air plasma has been used to oxidize polymer 
surface and nitrogeen plasmas has been used to ipart also 
amine group to the surface. 

 Fig. 1 indicated that the amount of -cyclodextrins/ γ- 
aminopropyltriethoxysilane adhered to the PP fibers increases 
to the concentration of -cyclodextrin in solution and depend 
on  drying conditions (125 °C, 25 °C).  

Contrary, plasma activation of PPNW samples in nitro-
gen atmosphere  leads to almost  the same content  of  -
cyclodextrins/ γ-aminopropyltriethoxysilane independently on 
method of drying (Fig. 2).   

The modification of PPNW by CD/APTES was analysed 
by infrared spectroscopy (Fig. 3).  The characteristic peaks in 
the region 10001200 cm1 and 3000 cm1can be seen.  The 
bands detected in the region 10001200 are associated with  
C-O vibrations of -cyclodextrine. In this region are also 
characteristic peaks of Si-O valence from APTES.The pres-
ence of  band at 1590 cm1 correspond to APTES amine 
groups.  

SEM pictures point out that fibres of polypropylene non- 
woven are efficiently coated with cyclodextrin siloxane multi-
layer thin films (Fig. 4).   

Fig. 1. The dependence of CD/APTES content on concentration              
of  CD solution, plasma activated in air atmosphere 
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The structure of siloxane film depend on the pH and 
drying condition. At pH 11, important observation is the fre-
quency shift of the NH2 deformation mode from 1601 to 

1591 cm1 upon heating. Before heating the samples, the 
amine groups are hydrogen bonded with the silanol groups. 
Upon heating the hydrogen bond is broken; the silanol groups 
condense and form Si-O-Si linkages as indicated by the split-
ting of the bands at 1035 and 1135 cm1. The amine groups 
become free. 

When the siloxane film was dried in air, a bicarbonate 
structure can be formed8 causing the appearance of bands at 
1630, 1575, 1488, and 1332 cm1. 

 
Conclusion  

 
Plasma can be used as a precursor to other surface modi-

fication techniques, for example, plasma activation followed 
by silanization. The hydroxyl (carboxyl or amine) groups 
introduced by plasma activation to inert PP polymer surface 
can participate in the siloxane bond formation process and 
improve the adhesion of CD/APTES films to polypropyene  
nonwoven.  
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The space distribution of particles is an important factor 
in a study of filled polymers. It can be used for interpretation 
of  macroscopic properties.  Mostly,  the interpretations are 
based on 2D schematic pictures. Such schematic models may 
lead to some misinterpretation of structure-properties relation.  

The real interpretation can be made from real 3D model. 
The real model was generated by AGLOMER software1. The 
particles in the real model were represented by hard spheres 
with prescribed volume fraction, particle size distribution and 

Fig. 2. The dependence of CD/APTES content on concentration           
of CD solution, plasma activated in nitrogen atmosphere  

N2

5,3

5,6
5,8

5,7
5,9

6

4

4,5

5

5,5

6

6,5

7

6 12 18

concentration CD (g/l)

C
D

/ A
P

T
E

S
 c

o
n

te
n

t 
(%

)

125°C

25°C

0

0,04

0,08

0,12

0,16

0,2

6001400220030003800

wave number (cm-1)

A
b

so
rb

an
ce

PP

0,6 125°C

0,9 125°C C-O

Si-O

N-H

Fig. 3. Spectrum of polypropylene non-woven, non- woven coated 
with  layer of CD/APTES  (concentration of CD in solution was12 
and 18 g l-1) 

Fig. 4. SEM images of the plasma-activated samples coated by                    
CD/APTES 
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local intensity of mixing. The results of modeling are posi-
tions and radii of given particles. They are visualized in 
Fig. 1.  

The numerical model usually contains 100 000 spheres, 
which occupy volume cell with defined volume fraction (from 
0 to 50 %). The raw data were applied to calculation of differ-
ent functions. The resulting structural properties can be classi-
fied to three groups: analysis of particles agglomerates, analy-
sis of  void interparticle space and some special  analysis 
(percolation, worm like chains). 

In the first group there are the nearest particle distance 
(NPD) and agglomerates analyzed. For example NPD is use-
ful in the analysis of nanocomposites. In the case when the 
interparticle distances start to be comparable to the radii of 
gyration of chains, it is observed connection of "particle – 
macromolecular chain – particle". The connection is relatively 
strong, however, it is separable. The separation and reconnec-
tion is characterized by long relaxation times2. 

Then the analysis of size and shape of agglomerates can 
be performed.  The effect of agglomeration to the elastic 
modulus is very frequently reported in literature and leads for 
example to the Kerner-Nielsen theory, where one geometrical 
constant is replaced by a function of agglomeration3. The 
distribution of agglomerate size depended on effective vol-
ume. The effective volume is a volume of particle with certain 
interphase layer around particles. Concerning the shape, the 
aspect ratio was 2 with large variance. This value was ob-
served independently on agglomerate size. That means that 
the agglomerates have usually shape of slightly elongated 
ellipsoids. Their shapes vary from sphere to jet-shape, but 
they never formed any chainlet or fiber structure. 

The results of the second group of analysis concern the 
distribution of interparticle space. It can be determined by 
Voronoi analysis of interparticle cells. It was found that vol-
ume of interparticle cells have relatively broad distribution. 
There exist space cells much larger than the spaces in regular 
cubic lattice4. The next method of determination of interparti-
cle space distribution is triangulation of particle positions. 
The distribution of lines connecting two triangulated particles 
is an image print of void places in the interparticle space.  It 
can be related to the viscosity5. 

The third group of analysis contains a percolation and 
behavior of worm like chains in the free volume. The percola-
tion probability increased rapidly after reaching certain parti-
cles concentration. The analysis by the worm like chains gives 
results which (together with Voronoi analysis) give informa-
tion about restriction of macromolecular chains in  nanocom-
posites. 
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Fig. 1. Visualization of hard-spheres model with given size distri-
bution and volume fraction of spheres (50 %); basic model out-
puts are coordinates and radii of spheres 


