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1 INTRODUCTION
1.1 General background on polymer/nanofiller composites
Fillers are typically used to enhance specific properties of polymers 1 and the
polymer/nanocomposites based on nanoclays have gained attention due to their ability to improve
mechanical,

2 - 5

thermal,

6 , 7

barrier,

8 , 9

and fire retardant

10 - 14

properties of polymers.

Polymer/nanocomposites have been shown at lower15,16 or equal loadings to have properties that
are equal or better than those of polymer composites with conventional filler.17-22 The nanofillers
featuring antibacterial properties, like nanoscale titanium- and silver-based particles, could be
applicable in filtration, hygiene and hospital disposables applications, or in consumer products.
Nanosized fillers have been introduced in a wide spectrum of applications ranging
from providing photo-catalyst activation

23

and conductivity

24 , 25

to improving melt

processability16,26-28 and moisture barrier properties.29 The special properties of nanoparticles are
due to their size and high relative surface area to volume ratio. The optical clarity of a spherical
nanosize particle is better than that of its equivalent conventional-size filler, because the diameter is
smaller than the wavelengths of light. As a nanosize filler particle has a larger specific surface area
than its analogous traditional-size filler particle, it interacts more with its surroundings.1
Thermodynamic stability of the polymer nanocomposite, which is due to the large interfacial phase
between the matrix and the nanoparticle15, yields the physical properties of the composite.
A polymer/nanocomposite can be defined as a polymer-nanofiller system in which the
inorganic filler is on a nanometric scale at least in one dimension and it can be a
polymer/nanoparticle blend or a hybrid. The composite interconnection can be based on a secondary
force or physical entanglement. 30,31 The polymer/nanofiller-hybrid, in turn, is formed when the
polymer and the nanoparticle are covalently bonded. The covalent bond can be formed during the in
situ polymerization (the monomer or the growing polymer chain can react with the filler particle),
or during the composite processing.
Uniform filler distribution in the polymer matrix is desired. It can be a challenge to
create a favorable interaction between the polymer and the nanofiller and thus avoid phase
separation and agglomeration of the filler particles. An example is the natural layered clay; it
delaminates completely in water and in some polar polymer melts or solutions like in polyamide,
but it does not spontaneously disperse in non-polar polyolefin melts like polypropylene melt. Two
possible options for improving compatibility of the components will be examined here: chemically
modifying one, or more of the components or introducing a suitable compatibilizer.

9

1.2 Nanoparticles of the polymer composites
Nanoparticles exist inspherical, tube and whisker, and plate-like shapes and at least
one of the three dimensions is required to be on a nanometric scale. Nanostructures of layered clays
are further categorized as intercalated, where the polymer chains have penetrated between the clay
layers in a well-ordered multilayer morphology, and exfoliated, where the clay layers have
dispersed along the matrix and have no organized structure. 32 Carbon nanotubes also exhibit two
nanostructures, single-walled tube, SWNT, and multi-walled carbon nanotube, MWNT, which is
composed of several tubes within each other.
Nanoparticles, like the conventional filler particles, can be prepared by breaking up a
large particle (nanoclays and other minerals) or by building them from bottom up (carbon nanotubes
and metal oxides). Regardless of the preparation method, it is important to inhibit agglomeration of
the nanoparticles and ensure good adhesion to the matrix.1 It is possible to coat or surface-treat the
nanosize particles33-35 as done with microsize particles.36 A wide spectrum of polar agents, such as
silanes and polyalcohols, and non-polar agents, such as stearic acid and fatty acids, are
commercially available coating agents for inorganic particles1. In contrast, layered nanoclays37-39
and carbon nanotubes are surface.
Surface treatment of nanoclays, which typically involves cation exchange, promotes
delamination of the clay sheets in the matrix.1, The cation, or alternatively the intercalated media
between the clay layers, determines the interlayer space, the gallery, and the cation exchange
capacity.15,40- 43 Alkyl amines are one group of cations used to replace the original cations of natural
clay, because they can be easily tailored by changing the length and number of the alkyl tails44,45
and they favor attraction of hydrocarbons like polyolefins. The modification of natural clays
towards an organophilic nature is called organomodification.

1.3 Functionalized polymer with nanoparticles
Polymers are utilized in various different applications based on their properties;
polypropylene is used for its mechanical strength in consumer packages, poly(vinyl alcohol) is
widely used for its water solubility and transparency in film applications on various paper and
textile surfaces, and polyamide, in turn, is used for its good dimensional stability and chemical
resistance in yarn applications. 46
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Changes in a polymer’s structure can have a dramatic effect on its behavior, which is
not always desired. Structure-property relationships can be illustrated by the following two
examples: the solubility of poly(vinyl alcohol) is influenced by the degree of hydrolysis47 and the
moisture resistance of polyamide is dependent on the number of carbon atoms of the monomer
used.46 The structure of a polymer can be modified by introducing functional groups to the polymer
backbone and/or to the side chains46, 48-53 in various ways such as grafting 54 and using various
different monomers in the polymerization reaction.55 However, unwanted cross-linking and polymer
degradation reactions can also be observed when post-modifying by melt free radical grafting,
which could be avoided by using polymerization techniques such as atomic transfer radical
polymerization (ATRP)56 and reversible-addition fragmentation chain transfer (RAFT).35 These by,
for example, offer intriguing new possibilities to produce the polymers and thereby polymer
nanocomposites such as initiating polymerization on the hydroxyl groups on the surface of a clay
sheet. The monomers could be styrene, methyl methacrylate, or vinyl acetate.32,57,58 In addition,
developments in catalyst technology 59,60 such as metallocene polyolefin polymerizations enable
production of an excellent controlled comonomer distribution and stereospecificity along the
polymer backbone or chain end.61,62
If chemical treatment of the matrix polymer or the filler needs to be avoided or the
interaction between the components is insufficient, a third component, such as polymer
compatibilizer 63 - 65 , can be added to the composite. Compatibilizers are added especially to
polyolefin/nanoclay composites prepared by melt blending, because the organomodification of the
clay is seldom sufficient to create a favorable interaction between polymer chains and the clay
sheets.

2, 66 - 69

The interfacial adhesion between the compatibilizer and the clay galleries is

influenced by the functionality and its concentration, the molecular weight and the molecular
weight distribution (MWD) of the compatibilizer, and the mass ratio of the compatibilizer to the
clay.41,70

1.4 Preparation of polymer/nanofiller composites – especially by the
electrospinning technique
Preparation methods for polymer/nanocomposites can be the same as for traditional
polymer composites, for example they can be prepared by blending the components together or by
in situ polymerization in the presence of a (nano)particle. The blending can be carried out either in a
polymer melt, if the components tolerate the blending temperature above the melting temperature of
the polymer,

48, 71 , 72 ,

or in a polymer solution, if a suitable solvent is available. 73 , 74 , 75 In situ

11
polymerization in the presence of the nanoparticle is possible in all different polymerizations,76,77
but only if the nanoparticle does not inhibit the polymerization reaction. Regardless of the
preparation method of the polymer nanocomposite, a good compatibility between the components is
essential in order to produce a homogenous polymer nanocomposite. 78,79,80 Compatibility can be
improved by selecting suitable external blending conditions, such as by adjusting the temperature
and the mixing intensity,52 or by chemical modifications of the filler and/or the polymer, as
mentioned earlier.
In addition, electrospinning is a unique technique for producing polymer
nanofibers(/drops) with nanofillers. It is a promising method for producing an extremely light
weight coating, where nanoscale polymer fibers with a large specific area 81 are produced on a
substrate from a polymer melt, solution, or dispersion. 82 The nanoparticle functionalities are
incorporated into the fibers, as with fillers in polymers that reinforce or increase the electrical
conductivity of the fibers.
Every polymer solution and dispersion has a unique fiber-forming limit, above which
a continuous fiber network is obtained. The solvent evaporates from the polymer dispersion jet as it
travels to the substrate in electrospinning, and a polymer nanofiber or -drop nanocomposite deposits
on the substrate. A non-miscible third component can be used to encapsulate the filler in emulsion
drops during travel.83,84 It must evaporate during the travel from the electrode to the substrate.
The polymer solution

85

and dispersion

86

properties influence the electrospun

polymer/nanoparticle fiber and network formation. Bead-like polymeric structures may appear, but
the distance between them lengthens as the viscosity of the pre-spun solution or dispersion
increases.87,88 The fiber diameter, the network structure, and the filler distribution along the fibers
can be controlled by modifying the dispersion properties, such as the molecular weight of the
polymer,89-91 the interactions between the components,92,93 and the concentration of the polymer and
the filler in the dispersion, 94 - 96 and the processing parameters, such as the voltage between
electrodes and their distance97,98 and the feeding rate.99 Filler particle agglomerates can disturb the
flow of a spinning dispersion and the formation of a continuous jet.
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Figure 1. Schematic image illustrates the influence on compatibility of chemically modified filler particles and
polymer chains.

1.5 Scope of the study
The compatibility between polymer matrix and filler particles has been studied in the Laboratory of
Polymer Technology at Helsinki University of Technology. The target of this present work was to
prepare polymer/nanocomposites by melt blending polypropylene (PP) with nanoclay and by
electrospinning poly(vinyl alcohol) (PVA) and polyamide-6,6 (PA66) with nanoclay or nanosize
titanium dioxide and studying their properties. The thesis summarizes the research reported in five
publications and some unpublished data.
The objective of the first part of the work was to study the relationship between the
structures of the nanoclay and the resulting PP/nanoclay composites. The influence of the
functionality and its concentration, the molecular weight, and molecular weight distribution of the
polymer compatibilizer were especially of interest. In addition, the relationship between
morphology, flame retardancy, and thermal, mechanical, and barrier properties and the structure of
the polymer/clay nanocomposite was investigated in this work. The compatibilizer/clay ratio and
the resulting exfoliation rate of the clay was studied as well.
The first challenge was to intercalate the hydroxyl-functional polypropylene
compatibilizer (PP-co-OH) between clay sheets and thus create a good interfacial interaction
between the polypropylene matrix (PP), the compatibilizer, and the clay galleries. The emphasis in
publication I was to prepare and retain the nanostructure of the clay after melt blending. Here, the
natural clay was rendered more organic in nature by two different alkyl ammonium cations. A novel
amine, N-methylundecenylamine, was prepared especially for this study. The ability of hydroxylfunctionalized polypropylene to penetrate into the clay galleries was studied. The aim was to
replace maleinic anhydride-grafted polypropylene with PP-co-OH in the PP/nanoclay composites.
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The morphology, thermal and mechanical properties (tensile and impact properties),
and flame retardant properties of PP/nanoclay composites were studied and are reported in
publications II and IV. It was intriguing to study the synergy of a conventional-size inorganic flame
retardant particle, aluminum trihydroxide (ATH), and the nanoclay in flame retardancy tests and the
influence of the ATH on the degree of clay exfoliation in the melt blending. In addition, a non-polar
PP-based wax, which is actually a swelling agent for an organomodified clay, was also used as a
compatibilizer in the PP/nanoclay composites in analogous studies. This data is not published in
scientific journals.
The next step was to explore the knowledge gained. Therefore, polymer/nanoclay
composites were prepared for a completely different application field: coatings on paper. As
attention was turned to the development of polymer/nanofiller dispersion for the electrospinning
technique in coating applications, the polypropylene matrix was changed to poly(vinyl alcohol)
(PVA) and polyamide-6,6 (PA66). The results are covered in publication III. The electrospun
dispersions were prepared in two ways: 1) blending the components together and 2) in situ
polymerization in the presence of nanoclay in suitable solvents. The main goal was to produce a
visible coating area on a substrate. The influence of the two preparation methods on the filler
distribution along the fibers and the fiber networks were studied. The filler carrying-ability was
enhanced by carboxyl- and silanol-groups on the PVA.
Finally, attention was turned to electrospinning of PVA with nanoscale titanium
dioxide (nanoTiO2) and especially of interest was the dispersion of the filler particles along the
fibers. This work is reported in publication V. The dispersion preparations were analogous to those
for the nanoclay dispersions. In this study, the influence of three hydrophilic coating agents for the
nanoTiO2 on the distribution of the nanoTiO2 along the electrospun fibers was studied. In addition,
the hydroscopicity of the coated substrates was tested.
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2 EXPERIMENTAL
2.1 Materials
The composites were prepared from range of polymer matrices and compatibilizers,
both commercial and synthesized in the Department of Biotechnology and Chemical Technology
(Table 1). The matrices were: extrusion and injection mold grade polypropylene (PP), polyamide
6,6 (PA66), and four different poly(vinyl alcohol)s (PVA). Two grades of polypropylene (PP) were
used as matrix: neat (HE 125 MO) and a film extrusion grade (HC205TF), both from Borealis
Polymers. Commercial compatibilizers were polypropylene nanocomposites: maleic anhydridegrafted polypropylene (PP-g-MA) (BB125E) with a functionality content of 0.5 wt-% was from
Borealis Polymers, and polypropylene wax (TP LICOCENE PP 6102 Fine grain) was from Clariant.
Three commercial PVA grades from Kuraray Specialities Europe were used: neat PVA, Mowiol 2899, a fully hydrolysed polymer (99.4 mol-%) with a viscosity of 28 ± 2cP (20°C and 4 wt%
solution), abbreviated n-PVA; anionic charged PVA, KL-318 modified PVCA with carboxylic
groups with a degree of hydrolysis 85-90, DP 1750, with a viscosity of 20-30cP (20°C and 4wt%
solution), abbreviated a-PVA; and functionalized non-charged PVA, R1130 with silanol groups,
DH 98-9, with a viscosity of 20-30cP (20°C and 4 wt% solution), abbreviate f-PVA. Commercial
PA66, abbreviated as c-PA, was obtained from Fluka, and the formic acid was from Bang & Co. In
addition, polyamide 6,6 s-PA66 and poly(vinyl alcohol)s s-PVA were synthesized. The vinyl
acetate monomer was from Aldrich, the K2S2O8 initiator from Merck, and the sodium dodecyl
sulfate emulsifier from Fluka. The two terminators were hydroquinone from Fluka and NaCl from
Aldrich. The methanol used in alcoholysis of PVAc was from Merck. 1,6-Diaminohexane,
dichloromethane, and adipoyl chloride for synthesis of PA were from Fluka and NaOH from Merck.
Aqueous acetic acid for rinsing was from Merck. The pH of the solutions was adjusted with HCl
from Riedel-de Haën.
The commercial compatibilizers used were maleic anhydride-grafted polypropylene
(PP-g-MA) and polypropylene wax (PPwax), and the hydroxyl-functionalized polypropylene (PPco-OH) was synthesized in the Department of Biotechnology and Chemical Technology. The
synthesis is reported elsewhere.100
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Table 1. The polypropylene, poly(vinyl alcohol), and polyamide used in this study.
Abbreviation
PP

Purpose
Matrix

Grade
HE 125 MO

Supplier
Borealis Polymers

Publication
I, II, IV

PP

Matrix

HC205TF

Borealis Polymers

-

PP-g-MA

Compatibilizer

BB125E

Borealis Polymers

I, II, IV

PP-co-OH

Compatibilizer

synthesized

I, II, IV

PPwax

Compatibilizer

TP LICOCENE PP
6102 Fine grain

Dept. Biotech. and
chemical tech.
Clariant

n-PVA

Matrix

Mowiol 28-99

III, V

a-PVA

Matrix

KL-318

f-PVA

Matrix

R1130

u-PVA

Matrix

laboratory grade

Kuraray Specialities
Europe
Kuraray Specialities
Europe
Kuraray Specialities
Europe
Merck

s-PVA

Matrix

synthesized

III

PA
s-PA

Matrix
Matrix

PA66
synthesized

Dept. Biotech. and
chemical tech.
Fluka
Dept. Biotech. and
chemical tech.

-

III, V
III, V
-

III
III

Two different types of nanosized fillers were used as well as a traditional filler with
and without stearic acid coating (Table 2). The nanofillers included two types of clays and three
differently coated titanium dioxides. The unmodified montmorillonite (Cloisite®Na+), with a
cationic exchange capacity of 94 meq/100 g montmorillonite, from here on referred as clay, and
sodium montmorillonite organomodified with a quaternary ammonium salt (Cloisite®15) with a
cationic exchange capacity of 125 meq/100 g montmorillonite, abbreviated as organoclay, were
from Southern Clay Products, Inc. Three nanoTiO2 grades were obtained from Kemira Pigments:
M212®, coated with trimethylolpropane, abbreviated TiO2 (oh); M111®, coated with alumina,
abbreviated TiO2 (al); and L181®, coated with glycerol, abbreviated TiO2 (gl). The two
conventional-size fillers were stearic acid (SA) coated (Apyral® 60E) and untreated (Apyral® 60D)
aluminum trihydroxides (ATH). They were from Nabaltec (publication II).
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Table 2. The nanosized clay and TiO2 fillers used in this study.
Abbreviation

Type

Grade

clay

natural clay

Cloisite®Na+

Organoclay11

cation exchange

Organoclay18

cation exchange

Organoclay
nanoTiO2 (oh)
nanoTiO2 (al)
nanoTiO2 (gl)

quaternary
ammonium salt
coated with
trimethylolpropane
coated with alumina
coated with glycerol

Supplier
Southern Clay
Products, Inc
Dept. Biotech. and
chemical tech.
Dept. Biotech. and
chemical tech.
Southern Clay
Products, Inc

Publication

M212®

Kemira Pigments

V

®

Kemira Pigments
Kemira Pigments

V
V

Cloisite®15

M111
L181®

I, III
I, IV
I, IV
II, III, IV

Polymer nanofiller dispersions were electrospun onto three different substrates. Black
nonwoven fabric composed of cellulose-based fiber and polymer binders with a grammage of 50
g/m2 was used in studies of morphology of the fiber network and filler distribution. Colored paper
was used in coating studies where visual appearance (shape, size and evenness of the coating) was
important. White paper was used in samples for measurements of coating properties.

2.2 Organomodification of natural clay
The natural clay was treated to render it more organophilic in nature. Octadecylamine
(3.11 g) or N-methylundecenylamine (2.131 g) and conc. HCl (1.5 ml) were dispersed into water
(100 ml) at 80°C with stirring to yield white foam. The aforementioned mixture was added to a
mixture of clay (8.0 g) and water (400 ml) and it was vigorously stirred for 15 min. The precipitate
was collected, washed with water, and dried at 80˚C for 3 h. Octadecylamine-modified organoclay
is abbreviated as organoclay18 and the N-methylundecenylamine-modified organoclay as
organoclay11.

2.3 Melt blending and injection molding of PP/nanoclay composites
Two different melt blending extruders were used to prepare the PP-based
nanocomposites. The PP-based clay nanocomposites were, by weight of PP/compatibilizer/clay,
90/5/5 and 70/20/10. The PP/ATH composites consisted of 70 wt-% of polypropylene with 30 wt-%
ATH. The amount of compatibilizer added was 10 wt-%, which was subtracted from the
polypropylene phase, and the amount of organoclay was 5 wt-%, which was subtracted from the
ATH phase. When extrusion PP grade was used instead of the injection molding grade, the
composites’ ratios (PP/compatibilizer/organoclay) were 70/20/10, 80/10/10, 85/10/5, 90/5/5, 91/6/3,
and 94/3/3.
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The components were mixed in a container before the melt blending. All except the
extrusion PP grade-based composites were prepared with a co-rotating twin-screw midi extruder
(DSM) with a capacity of 16 cm3, a screw length of 150 mm and a screw speed of 60 rpm. The
temperature of the extrusion and injection molding was 200˚C. The melt blending time was 15 min.
The composites were injection molded into tensile and impact test specimens with a mini-injection
molding machine (DSM). The temperature of the mold was 80˚C.
The extrusion PP grade-based composites were prepared with a co-rotating Brabender
Plasti-Corder PLE 651 with a DSK 42/7 twin-screw extruder and a screw speed of 65 rpm. The
temperature of the extrusion was 200˚C. The process was continuous. The extrudate was pelletized
and the composites were injection molded into tensile test specimens with an injection-molding
machine ENGEL ES 200/40 at 200°C. The temperature of the mold was 23˚C.

2.4 In situ polymer synthesis of PVA and PA66 in the presence of
nanofiller
Emulsion polymerizations of vinyl acetate monomer in the presence of the
nanoparticles were carried out in a 1 dm3 batch reactor. 10 g of clay or nanoTiO2 was dispersed in
water in the reactor, and 100 g of distilled vinyl acetate monomer was added to the reactor under
argon atmosphere. 1 wt-% of emulsifier (sodium dodecyl sulfate) and 0.15 wt-% initiator (K2S2O8)
were added to the solution at 50°C. The polymerization was terminated with an aqueous solution of
hydroquinone and NaCl. The PVAc was washed with warm water and, after drying, was added to
methanol with continuous stirring. Soxhlet extraction with methanol was carried out to remove
residues.
PA66 was synthesized in the presence of natural clay or orgnanomodified clay at
room temperature. The organic phase consisted of 900 ml dichloromethane and 12.0 ml adipoyl
chloride and the synthesis was accomplished by adding a water phase (600 ml), which contained 2 g
of clay dispersed in water and a mixture of 4.3 g NaOH and 6.3 g diaminohexane. Stabilization was
accomplished with aqueous acetic acid (10 wt-%), the product was washed thoroughly with water
and dried overnight. A similar synthesis was carried out by adding 2 g organoclay to the organic
phase.
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2.5 Preparation of PVA and PA66 with nanofiller dispersions
Commercial PVA and PA66 nanofiller dispersions were prepared by dispersing PVAbased composites in water and PA66-based composites in formic acid. The PVAs and PA66 are
presented in Table 1. A wide range of dispersions were prepared in which the composition
concentrations varied as shown in Table 3. In addition, a summary of the influence of pH on PVAbased dispersions, and feeding order of the PVA- and PA66-based dispersions, is presented in the
same table.
Table 3. Concentration percentages (wt%) of PVA and PA66 with nanoparticles in the electrospun dispersions

Study\Materials

Solvent

PVA

pH 9-10

90

8

2

pH 1-2

90

8

2

Feeding A PVA

89

10

1

Feeding B PVA

89

10

1

Feeding A PA66

89

10

1

Feeding B PA66

89

10

1

PVA/nanoTi02

90

9

PA66

clay

nanoTi02

1

In the pH study, the original pH of the PVA/nanoclay solution in water was changed
from alkaline to acidic. The pH of PVA with organomodified nanoclay is 9-10. Acidic conditions
(pH 1-2) were achieved with the addition of HCl.
In the feeding order study of PVA-based solutions, the solutions contained
water/functional PVA/nanoclay in a ratio of 89/10/1 wt-% (the ratio between the polymer and the
filler was 10:1). In the first series (A), the polymer was dissolved in water before addition of the
montmorillonite. In the second series (B), the feeding order was the reverse: the montmorillonite
was swelled in water before addition of the polymer. Preparation of the two PVA series was carried
out at ca. 80°C with stirring for 3 hours. A similar feeding order study was carried out withPA66. In
the A series for PA66, the PA (10.0 g) was dissolved in formic acid (89.0 g) and either clay or
organoclay (1.0 g) was added to the solution and stirred for 30 min. In the B series the order was
reversed.
In the first study the non- treated and silanol- and carboxylic- functional PVAs were
prepared by dissolving the PVAs in water at ca. 80°C and mixing for 3 h. NanoTiO2 was added to
the viscous PVA solution with stirring. The dispersions contained water/PVA/nanoTiO2 in a ratio of
45:4.5:1. In the second study only u-PVA was dissolved in water at ca. 80 °C and mixed for 2 h.
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NanoTiO2 (oh) was added to the u-PVA solution with stirring. The solutions contained water/uPVA/nanoTiO2 (oh) in rations of 88.8/7.6/3.6 and 90.3/7.2/2.5.

2.6 Characterization of synthesized polymers
The molecular weights and molecular weight distributions of the PVAc for PVA/TiO2
dispersions were determined with a Waters 717 plus autosampler gel permeation chromatograph
operating at room temperature, with tetrahydrofuran used as eluent.
The molecular weights and molecular weight distributions of the PP-co-OH
compatibilizers were determined with a Waters Alliance GPCV 2000 gel permeation
chromatograph operating at 140°C, with 1,2,4-trichlorobenzene used as eluent. Melting
temperatures (Tm) and enthalpies (ΔHm) were determined with a Mettler Toledo DSC 821e
differential scanning calorimeter (DSC) upon reheating of the polymer sample up to 190°C at a
heating rate of 10 °C/min. The 1H NMR spectra were recorded on a Varian Gemini 2000 300 MHz
spectrometer at 120°C from samples dissolved in 1,1,2,2-tetrachloroethane-d2.

2.7 Electrospinning of polymer nanoparticle dispersions
Polymer solutions of PVA and PA66 with clays and nanoTiO2 were prepared for a
wide range of studies. Viscosities of all dispersions were measured before the electrospinning with
a Brookfield viscometer, at room temperature. The feeding rate of the solution was determined by
gravity. The syringe needles inner diameters varied from 0.8 to 0.16 mm and the capillary lengths
from 27 mm to 50 mm. The needles, the distance between the needle and the collector, and the
voltages were adjusted for every dispersion separately. The equipment is described in more detail in
the Doctoral Thesis of Pirjo Heikkilä.101
Viscosity is one of the main factors influencing fiber formation in electrospinning
because it determines the formation of the electrospun fiber and the network structure. It is
relatively easy to change viscosity by 1) changing the concentration of the filler and polymer, 2)
changing the feeding order of the components during the mixing, 3) changing the pH of the solution,
and 4) tailoring the interactions between the components by functionalizing the components in the
solution.
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2.8 Characterization of polymer nanocomposites and dispersions
The distance between the clay sheets was measured with small-angle x-ray scattering
(SAXS) and wide-angle x-ray scattering (WAXS) from the injection-molded samples with
perpendicular transmission geometry. Radiation from a sealed anode x-ray tube with a Cu anode in
point focus was monochromatized with a nickel filter and a totally reflecting mirror to give CuKα
radiation (λ = 1.54 Å). In the SAXS setup, the sample-to-detector distance was 19 cm and in the
WAXS setup 6 cm, covering in total a q-range from 0.06 to 2.35 Å-1. The scattering vector is
defined as q = 4πsin(θ)/λ, where 2θ is the scattering angle. The scattering was detected on an HIStar area detector (Bruker AXS) and one-dimensional scattering curves were obtained by
integrating over the azimuth angle 2π. The intensities were corrected for absorption and a
geometrical correction was applied to the WAXS intensities to correct for the flatness of the
detector. The intensities were integrated, the absorption was corrected, and the background caused
by air scattering was subtracted. The scattering angle calibration was done using silver behenate d =
58.373 Å.102
The fractured surfaces and fiber morphology were investigated with a JEOL JSM6335F field emission scanning electron microscope (FESEM). Before fracturing, the samples were
cooled in liquid nitrogen. The fractured samples were sputter-coated with chromium under argon.
The electron micrographs were recorded using an acceleration voltage of 5.0 kV. The fiber diameter
and morphology was measured from JEOL JSM-T100 SEM images with ImageTool 3.0 with at
least 100 measurements per sample.
Ultra-thin sections of the organoclay samples, approximately 70 nm in size, were wetcryomicrotomed at –40˚C in a 50%/50% mixture of diethyl sulfoxide (Fluka 99%) and distilled
water as boat fluid. The sections were laid on 600 mesh-copper grids for study with a Tecnai 12
transmission electron microscope (TEM).
Melting and crystallization behavior were measured with a Mettler Toledo DSC821e
differential scanning calorimeter (DSC) under nitrogen. The cooling and reheating rates were 10
˚C/min and the temperature range was from 0˚C to 180˚C.
Melt viscosities were carried out with a Rheometric Scientific SR-500 stresscontrolled rotational rheometer and capillary rheometry. The aforementioned measurements were
carried out on compression-molded disks at 210°C under nitrogen atmosphere. Frequency sweeps,
which were needed to locate the linear viscoelastic region, were performed following the stress
sweeps. The measurement geometry was plate and plate. Capillary rheometry, using a Göttfert
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Rheograph 2002, was used to measure the shear stress and shear rate of the materials at a given
temperature with applied pressure. The radius of the capillary was 1 mm, and length of the die used
was 40 mm. The chamber holds 200 g of composite material. Experiments were run at 200°C with
piston speeds that had a range from 8.680⋅10-3 mm/s to 7.638⋅10-1 mm/s. These speeds corresponds
to pressures from ~0.5 to 150 bar. The shear stresses that are calculated by the system assume that
the capillary is infinitely long and no edge effects occur.
Before the mechanical tests, the injection-molded samples were conditioned at 23˚C
with a relative humidity of 50% for 4 days. The tensile tests were carried out with an Instron 4204
universal testing machine with a test speed of 2mm/min or 10 mm/min with a specimen-type 1BA
according to the standard ISO 527-1993(E). Charpy impact tests of

unnotched and notched

specimens with dimensions of 4 x 6 x 50 mm were made with a Zwick 5102 pendulum-type testing
machine according to ISO 179-1993(E).
The water vapor transition rate (WVT) was measured according to standard EN 96
using a desiccant method. The measurements were carried out in a test chamber with saturated KCl
solution. The solution was stirred continuously. In this way the humidity in the chamber was kept at
a constant 86% at room temperature (22°C).103 The films were first hot-pressed as thin films and the
thickness varied between 0.12 mm and 0.17 mm. Silica was added to the test cups to keep the air
dry inside the cup. The films were then mounted on the cups with melted wax. The diameter of the
film area was 8.2 cm. The tests carried out over a period of four weeks and the weights of the
samples were measured twice a week. All the sample ratios were 90/5/5.
The oxygen solubility was measured with a membrane/electrode combination, in
which the polymer composite membranes were coated with platinum at 20°C. The membranes were
applied at 150 kN pressure for 60 seconds at 140 °C before coating with a 0.5 mg/cm2 platinum
layer. The working electrode was a platinum microelectrode (diameter 50 μm), which was mounted
in a glass barrel.
The flammability properties of the composites were measured with a cone calorimeter
under a heat flux of 35 kW/m2 according to ISO 5660-2002 (E). The size of the samples was 80 mm
x 80 mm x 3 mm.
Ink penetration was tested for selected samples with IGT REPROTEST AIC2-5
according to SCAN-P 36:02 and SCAN-P 86:02 methods.
The surface energies of PVA/nanoTiO2-coated paper samples were determined by
using a goniometric system, which is based on contact angle measurements. Ten drops of three

22
different liquids, water, formamide, and hexadecane, are dropped onto the surface of the sample.
The operation is recorded on film, and pictures of the droplets in equilibrium are saved in digital
mode. The contact angles were determined from the images and the surface energies were
calculated from contact angles based on the geometric mean (Kaeble method).
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3 SUMMARY OF RESULTS
The polypropylene-based (PP) composites were prepared by melt blending and
injection molding, while poly(vinyl alcohol)- (PVA)- and polyamide-6,6- (PA)-based
nanocomposites were prepared from dispersions by electrospinning in this study. The clays were
used with PP, PVA, and PA66, but the nanoTiO2 was used only with PVA. PVA was synthesized in
the presence of both fillers and PA66 was synthesized only with clays. Spontaneous exfoliation of
the clay sheets in water and formic acid was utilized with PVA and PA66. On contrast, the natural
and modified clays do not spontaneously disperse in a polypropylene melt and therefore,
polypropylene-based compatibilizers were added to enable the matrix to penetrate between the clay
sheets. If the challenge is to exfoliate clay, the difficulty with nanoTiO2 lay in inhibiting the
formation of agglomerates. The nanoTiO2 particles were coated with hydrophilic coatings in order
to inhibit formation of agglomerates and increase miscibility with the PVA and water.
The publications I, II, and IV and some unpublished data introduces and discusses the
studies of the PP/nanocomposites. The study of preparing polymer nanocomposites began by
rendering the natural clay more organic in nature and preparing the well-controlled functionalizedpolypropylene, PP-co-OH compatibilizer. The goal was to deepen the understanding of the
structure-property relationship between the nanostructure and properties of the polymer
nanocomposites. Later commercial grades of organomodified clays and polymer compatibilizers
were utilized. A non-polar PP-based wax, which is actually a swelling agent for clay, was also
evaluates as a compatibilizer. At the beginning of the study, the PP-grade was an injection molding
grade and at the end an extrusion grade was used for the film applications.
Publications III and V are about producing a coating by electrospinning of the PVA
and PA66-based dispersions. The first steps were to create polymerization conditions for PVA and
PA66 in the presence of a suitable clay type and the last steps involved electrospinning
PVA/nanoTiO2 dispersions. The publications III and V show the importance of the preparation
phase and they demonstrate the power of chemical modification of the polymer and the filler
particle surfaces.
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3.1 Nanostructure of PP-based clay composites
The crystalline structure of the PP-matrix has an effect on the mechanical properties of
the nanocomposites. Besides molecular weight, crystallinity, and spherulite size, the α and β
crystalline structures of PP influence its mechanical properties.104,105 The mechanical performance
of the β crystalline PP structure has been found to be better than that of the of α crystalline PP
structure.106,107 Particles can act as nucleating agents and the nucleating efficiency is dependent on
the particle size. Nanosized fillers improve the nucleating efficiency through influencing the
crystalline structure of the polymer. Spherulite size decreases and crystallinity rate increases when
nanosized fillers replace micro-sized fillers.108-110
The influence of the presence of the nanoclay in the PP-matrix was studied for the
reasons mentioned above. The concentration of PP-matrix varied from 70-wt% to 94-wt% and the
concentrations of the compatibilizers and the organoclay varied accordingly. The isotactic extrusion
grade PP was completely in the α-form and it was not affected by the addition of the organoclay by
melt blending. The relative proportion of nanostructure in the clay varied in the nanocomposites,
but it did not change the crystalline structure of the PP-matrix. The structure was studied by X-ray
scattering, but the data is unpublished.
The

cations

of

natural

clay,

montmorillonite,

were

exchange

to

N-

methylundecenylamine (organoclay11) and octadecylamine (organoclay18) in aqueous solution,
which is described in detail in publication I. The cation exchange widened the distance between the
layers from the original distance, as shown in Table 4. The spacing was wider with the longer alkyl
chain amine than with the shorter alkyl chain amine.
The highly polar polypropylene-grafted maleinic anhydride compatibilizer (PP-g-MA)
and the significantly less polar hydroxyl-functionalized polypropylene compatibilizer (PP-co-OH)
were intended to penetrate into the galleries of the N-methylundecenylamine- and the
octadecylamine-modified clays and thus enable the polypropylene matrix to penetrate the clay
layers too. The desired fully-exfoliated clay structure was achieved with high concentrations of the
compatibilizer and clay (Table 4). The intercalated clay structure was obtained with both
compatibilizers with organoclay18 with the low concentrations of compatibilizer and clay. The
space between the clay sheets of the organoclay11 was not widened with low concentrations of
compatibilizers and clay. It seemed that a sufficiently high concentration of the compatibilizer
relative to the modified clays enables the exfoliation regardless of the space created by the alkyl
amine cation. When the lower concentration of the compatibilizer relative to the clays was used,
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again the spaces between the layers determined the clay structure in the polymer composite.
However, the X-ray scattering techniques reveal the characteristics of the organized structure. In
other words, the intercalated and original structure of the clay can be detected with this technique.
The exfoliation can be detected based on the absence of signals for organized structures and
therefore it cannot be observed if any organized structure is present. Moreover, the relative
proportion of the different structures of the clay cannot be determined by X-ray measurements, and
so the structure of the polymer composites needed to be analyzed by other means as well.
The clay structures were studied with two types of microscopes, TEM and SEM. Three
types of clay structure, original, intercalated, and exfoliated, were found in the injection molded
composite samples. As mentioned earlier, the exfoliated structure does not exhibit X-ray deflections.
Nanostructure was found in the clays in those samples with the PP-co-OH
compatibilizer in the fracture surface images of the composites in the SEM and TEM images. More
exfoliated and intercalated clay structure could be detected by observing the fracture surface by
SEM. A rough surface at the fracture indirectly indicates that the a great relative proportion of
exfoliated clay. The fracture surface was smoother in the SEM images when the concentration of
the PP-co-OH compatibilizer was equal to the concentration of the modified clay than when it was
double of the concentration the modified clay, which indicates an cohesion fracture. The result was
in line with the X-ray analysis. Interpenetration of the PP-co-OH compatibilizer and the matrix is
possible, as seen in the PP/PP-co-OH/modified clay, and this indicates that the PP-co-OH favors
interactions with the outer surface of the modified clay particles, and only secondarily interacts with
the inner surfaces of the clays. This means that it embeds the clay layers first and then penetrates
between the layers, and the polypropylene matrix follows this behavior. The PP-g-MA
compatibilizer seems to act in an opposite manner. It interacted with the interlayers of the clay more
than the PP-co-OH compatibilizer and resulted in more exfoliated and intercalated structures in all
composites in the SEM and TEM images than when the PP-co-OH compatibilizer was used.
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Table 4. Characterization of polypropylene, cation exchanged layered clay (organoclay11 and organoclay18),
and polypropylene/clay nanocomposites (data from I).

Interlayer distance (Å)a

Materials

Composition

PP

100

Natural clay

100

9.7

Organoclay11

100

14.0

Organoclay18

100

18.8

PP/PP-co-OH1/organoclay11

90/5/5

14.2

PP/PP-co-OH1/organoclay18

90/5/5

25.7

PP/PP-g-MA/organoclay11

90/5/5

14.3

PP/PP-g-MA/organoclay18

90/5/5

33.0

PP/PP-co-OH3/organoclay11

70/20/10

mostly exfoliated

PP/PP-co-OH4/organoclay18

70/20/10

Exfoliated

PP/PP-g-MA/organoclay11

70/20/10

Exfoliated

PP/PP-g-MA/organoclay18

70/20/10

Exfoliated

The different nanostructures in the aforementioned polymer nanocomposites inspired
further investigations of adhesion and compatibility. The results are in publications II and IV, and
some of the data are unpublished. The clay filler was changed to commercial organically modified
clay, abbreviated organoclay. Additional shear forces were created by adding filler to the melt
blending. This is a fire retardant agent, aluminum tetrahydroxide (ATH), with or without a coating
layer on the surface. It is a hard-edged particle. In the melt blending the hard-edged particles
increase stresses1 and grinds the clay particles, which, in turn, assists the exfoliation of the clay
sheets. Compatibility of the ATH particles and the PP-matrix was intended to be improved with a
stearic acid (SA) coating and/or the PP-co-OH or PP-g-MA compatibilizers in our studies. The
ATH particles increased the relative proportion of the exfoliated clay structure as described in more
detail in publications II and IV.
The adhesion between the components was studied by adding one ingredient at a time.
The nanostructure was, again, studied by examining the fracture surfaces of the composites. The
emerging ATH particles were an indication that the compatibilizer favored interactions with the
organoclay instead of the ATH particles. The SA-coating treatment of ATH particles reduced the
adhesion with the PP-g-MA compatibilizer but it increased the adhesion with PP-co-OH. The
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influence of the stearic acid coating in the adhesion will be discussed more in the chapter on
mechanical properties.
When the ATH particles and the organoclay were present in the composites, the two
compatibilizers reacted in different ways, as expected based on the earlier study with the same
compatibilizers. Here again, the PP-g-MA preferred interactions with interlayers of the organoclay,
producing an exfoliated and intercalated structure. The PP-co-OH favors interactions with the ATH
particles, and it embedded the ATH particles more completely than the PP-g-MA, and the structure
of the organoclay was less exfoliated.

Figure 2. Transmission electron microscopy images of composite: PP/organoclay/PP-g-MA (left) and
PP/ATH/organoclay/PP-g-MAH (right) (reproduced from II).

The compatibilizers discussed above are polar and a different approached to
exfoliating organoclay was studied. Polypropylene-based paraffin wax compatibilizer, abbreviated
PPwax, was used instead of the laboratory scale PP-co-OH compatibilizer (unpublished). It was
melt blended in a continuous co-rotating extruder with an extrusion grade polypropylene matrix and
the organoclay. The PPwax was melt blended with the other components instead of allowing the
clay to absorb wax, because the aforementioned compatibilizers were melt blended in publications I,
II, and IV. However, the earlier studies cannot be compared with this study, because the PP-grade
and the melt blending extruder were different. Previously, the composites were prepared with an
injection molding grade PP and in a 15 min batch midi-extruder, and here they were prepared with
an extrusion grade PP and a continuous scaled-up extruder.
The structure of the clay in the polymer matrix was characterized with X-ray
measurements as presented in Figure 3. The relative proportion of nanostructure was maximal when
the concentration of organoclay and PP-g-MA compatibilizer was 5 wt-%, or less than in the
PP/organoclay composites. This result is opposite to those from the earlier studies, where the higher
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concentration of the compatibilizer and the modified clay increased the relative ratio of
nanostructure. The maximum relative proportion of exfoliation was obtained at 5 wt-% or more,
when PPwax compatibilizer was used in the PP/organoclay composites, but some microsized
particles were observed. Microsize clay particles were not observed when the PP-g-MA
compatibilizer was used. In other words, the interaction between the PP-g-MA compatibilizer and
the organoclay was stronger than the interaction between the PPwax compatibilizer and the
organoclay.
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Figure 3. A) Lorentz-corrected SAXS intensities on a logarithmic scale from pure PP and PP/PP-gMA/organoclay composites. B) SAXS curves of PP/PPwax/organoclay and pure organoclay. The reflections of
organoclay are marked with the letters a (d = 31.4 ± 0.4 Å), b (d = 23 ± 1 Å) and c (d = 12.6 ± 0.1 Å) (unpublished
data).

3.2 Melt viscosities of PP-based nanoclay composites
Melt viscosity indirectly indicates the adhesion between the components, and is
influenced by the structure of the filler particles and the polymer. The packing fraction of the filler
and the molecular weight and polarity of the compatibilizer111,112 influence melt viscosity. The
molar weight of the PP-g-MA compatibilizer was similar to that of the PP-matrix and the molecular
weight of the PP-co-OH compatibilizer was at least one order of magniture lower than the PPmatrix. The low molecular weight is intended to decrease the melt viscosity. The rheological
characterization is partly presented in publication II and the rest is presented in the following
discussion.
The addition of organoclay11 to the PP-matrix increased melt viscosity, as expected,
due to an increase in shear stress caused by the clay microsize particles. The melt viscosities of the
PP-based clay nanocomposites were lower than those of the PP-matrix when the concentration of
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the compatibilizer and the filler were at 5-wt%. Moreover, the PP-g-MA compatibilizer decreased
the melt viscosity more than the PP-co-OH compatibilizer. The dominant nanostructure type was
intercalated rather than exfoliated and, further, a wider intercalated structure was achieved with the
PP-g-MA compatibilizer than with the PP-co-OH compatibilizer. The concentrations of the
compatibilizers seem to be low enough not to influence dramatically the melt viscosity. The PP/PPco-OH/clay (90/5/5) melt viscosity is at low frequencies is higher than that of the PP and this is
most probably due to the high concentration of the microsized clay particles.
The higher concentrations of the compatibilizer (20-wt%) and clay (10-wt%) increased
the relative proportion of exfoliated structure of the clay and, again, the melt viscosities were lower
than those of the PP-matrix with the exception of the PP/PP-g-MA/organoclay11 (70/20/10). In turn,
the lowest melt viscosities were measured with the composites including the PP-co-OH
compatibilizer. Further, the organoclay11, which had narrower spacing between the sheets than the
organoclay18, decreased the melt viscosity more than the organoclay18 regardless of the
compatibilizer. The concentration of the clay, in other words, the packing fraction and molecular
weight of the compatibilizer were at a level where they influenced the melt viscosity more than the
effect of nanostructure did. In other words, the clay particles increase the melt viscosity of the PPmatrix as shown in Figure 4, but nanostructure up to a certain point, nanostructure decreases the
melt viscosity. The more extensive the exfoliation and the higher the concentration of clay in any
structure and the more the clay surface attracts the compatibilizer, the more melt viscosity is
increased. 113 As the relative surface of the clay exposed to the compatibilizer increased, the
interaction between them increased resulting in an increase in melt viscosity. In addition, the higher
polarity of the PP-g-MA relative to PP-co-OH causes PP-g-MA to interact more strongly with the
clay sheet surface, which, in turn, results in higher melt viscosity.
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Figure 4. The melt viscosities measured at 210°C of composites composed of 10 wt% of organoclay(11 and 18)
with or without compatibilizer at 20 wt-%, and neat PP (II).

The melt viscosity was influenced by the structure and the concentration of the
nanoclay and the concentration and the molecular weight of the compatibilizer. If the molecular
weight of the compatibilizer is similar to the molecular weight of the matrix, the molecular weight
becomes trivial in melt viscosity. When the molecular weights of the polymers in the blend differs,
the melt viscosity behavior of the polymer blend adopts melt behavior of the polymers in the blend.
The PPwax had a significantly lower molecular weight than the PP-matrix. When
PPwax was used as the compatibilizer in the PP/clay composites, the shear stresses increased as the
concentration of the organoclay and compatibilizer decreased in the composites as shown in Figure
5. The PPwax was not able to enhance the formation of the clay nanostructure and it caused a
decrease in melt viscosity. The increase in concentrations of clay and PPwax did not change the
shear stress. The PP-g-MA compatibilizer in the composites increases the nanostructure of the clay,
and causes a similar increase in the melt viscosity. Again, it is to be noted that the clay structure and
molecular weight of the compatibilizers and thus polarity differed in these composites.

31

Figure 5. Mass fraction of polypropylene that affects the shear stress for different shear rates of the
PP/compatibilizer/nanoclay composites, when PPwax is used as the compatibilizer (Unpublished data).

3.3 Mechanical properties of PP-based clay nanocomposites
Stiffness-toughness properties were studied with a spectrum of PP-based
nanocomposites. Table 4 is an overview of the results presented in publication II and the
unpublished data. The extrusion grade PP had a higher tensile modulus and lower elongation of
break to begin with than the injection molded grade PP.
Addition of the organoclay to the neat injection molding grade PP with or without a
compatibilizer increased the tensile modulus dramatically, while toughness decreased. The
compositions were very fragile. The compatibilizer was partly substituted for by the PP-matrix and
thus the amount of fillers was kept at 30-wt% and the amount of polymer was correspondingly kept
at 70-wt%. The compatibilizers enabled the formation of the clay nanostructure in the PP-based
composites, but they did not have a dramatic influence on the mechanical properties of the PP/clay
composites, which was not expected. The reason could be that the concentration of the
compatibilizer was too low. It has been earlier noted that a sufficient amount of compatibilizer is
needed to enhance the compatibility between the matrix and the interlayers of the modified clays.
However, the concentration of the clay was kept at this high level in order to verify the in influence
of the additional shear forces on the proportion of exfoliated clay.
Addition of ATH particles to the PP-matrix increased the tensile modulus and
decreased the toughness, but less than addition of the organoclay. The addition of PP-g-MA to the
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PP/ATH composite decreased the tensile modulus, as shown in Figure 6. Addition of the
organoclay and the PP-g-MA compatibilizer to the PP/ATH composite (with or without stearic acid
treatment) decreased the tensile modulus and increased the elongation at break moderately. The
addition of the organoclay and the PP-co-OH compatibilizer to the PP/ATH composite decreased
the tensile modulus (Figure 6) and increased the elongation at break.
The addition of the organoclay and the compatibilizer lowered the toughness and
stiffness of the PP/ATH composites, except for the PP/ATH(SA)/organoclay/PP-co-OH composite.
Here the toughness increased but the stiffness decreased by an order of a magnitude below that of
the aforementioned composites.
The compatibilizers in the PP/ATH/organoclay composites reacted differently to the
stearic acid treatment of the ATH particles. The stearic acid coating of the ATH particles did
slightly strengthen the interfacial interaction of PP-g-MA compatibilizer with the organoclay. The
SA coating increased the interaction between the stearic acid coating and the PP-co-OH
compatilizer and less exfoliated clay structure was formed, and therefore the toughness increased as
for the PP/organoclay composite. It seems that the concentration of the PP-co-OH compatibilizer
was not sufficient to interact with the organoclay is such a way as to enhance formation of
nanostructure in the clay.
Addition of the organoclay and a compatibilizer to neat extrusion grade PP moderately
increased the tensile modulus, while toughness did not decrease in all the composites. In fact, when
low concentrations (Table 5) of the organoclay and compatibilizers were used, both stiffness and
toughness increased. The high concentration of the organoclay and the compatibilizers increased
stiffness and decreased toughness. The explanation could be the exfoliation of the clay which was
found to be relative high proportion with high concentrations of the PPwax and with low
concentrations the PP-g-MA compatibilizer. Surprisingly, the total concentration of the
compatibilizer and organoclay had a major influence on the stiffness-toughness, while the degree of
exfoliation had less influence.
When the organoclay was added to the PP-matrix, the increase in modulus was less
significant for the extrusion grade than for the injection molding grade PP. On the other hand, the
decrease in elongation at break was less for the extrusion grade than for the injection molding grade.
Exfoliation was observed as an increase in tensile modulus and this is probably due to the increase
in the aspect ratio of the clay. Moreover, the relative surface area of the organoclay increases as the
concentration of the organoclay increases regardless of the structure of the added organoclay.
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Figure 6. Tensile modulus of polypropylene, PP/ATH, PP/ATH/PP-g-MAH, PP/ATH/PP-g-MAH/organoclay,
and PP/ATH/PP-co-OH/organoclay composites.

Table 5. Tensile modulus (E), tensile strength (σ), and elongation at break (εb) for injection molding and
extrusion grade PP and nanocomposites (reproduced from II and IV and unpublished data).
Material

S.D.

100

E
(MPa)
876

10.3

σ
(MPa)
39.6

S.D.

εb (%)

S.D.

0.2

1186.8

24.2

70/30

1600

46.1

34.0

1.1

5.3

0.5

+organoclay/PP-g-MA

60/30/10

1725

33.2

33.9

0.6

5.7

0.4

+organoclay/PP-co-OH

60/30/10

1338

13.4

34.1

0.4

7.8

0.4

70/30

1379

42.9

31.1

11

114.8

44.1

+ATH/organoclay/PP-g-MA

60/25/5/10

1216

28.3

33.1

0.3

48.7

6.0

+ATH(SA)/organoclay/PP-g-MA

60/25/5/10

1243

29.6

32.6

0.5

53.8

9.6

+ATH/organoclay/PP- co-OH

60/25/5/10

1272

35.8

37.4

0.2

12.9

1.7

60/25/5/10

1460

25.1

35.2

0.7

9.0

0.7

100

1270

6

34.6

0.2

317

15

+PP-g-MA/organoclay

90/5/5

1370

24

42.8

0.2

43

7

+PP-g-MA/organoclay

80/10/10

1480

35

33.4

0.9

8

3

+PPwax/organoclay

90/5/5

1490

36

34.9

0.8

11

3

+PPwax/organoclay

80/10/10

1540

62

31.4

0.6

4

0

PP injection molding grade
+organoclay

+ATH

+ATH(SA)/organoclay/PP-co-OH
PP extrusion grade

Ratio
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3.4 Melting and crystallization behavior of PP-based clay
nanocomposites
The melting and crystallization behavior of the PP/ATH/organoclay nanocomposites
can be used to study the relative proportion of clay exfoliation and the interfacial adhesion between
the components. Particles can act as nucleating agents and the nucleating efficiency is dependent on
the particle size. Nanosized fillers improve the nucleating efficiency by influencing the crystalline
structure of the polymer. Spherulite size decreases and crystallinity rate increases when nanosized
fillers replace micro-sized fillers.108,109,110 Good nucleating agents increase the temperature where
the PP begins to crystalline.
The addition of ATH with or without stearic acid (SA) coating and/or organoclay
increased the melting temperatures of the PP. The melting temperatures of the PP/ATH-based
composites were all similar. The significant crystallization temperature rise was due to the ATH
particles, not the organoclay. A clear difference in the crystallization behavior was observed and it
depended on the PP-based (nano)composite, as shown in Figure 7. The crystallization temperatures
varied between the crystallization temperatures of PP and PP/ATH/PP-g-MA.
The crystalline structure of the PP-matrix influences the thermal properties: PP with an
α crystalline structure PP melts at lower temperature than PP with a β crystalline structure. However,
the PP structure was not influenced by the addition of the fillers separately or together, according to
the X-ray measurements, and thus the changes in the melting and crystallization temperatures are
due to the fillers.
The addition of ATH particles increased the PP-matrix crystallization temperature
significantly, unlike addition of organoclay. The ATH particle seems (with or without SA coating)
to act as an excellent nucleating agent and the organoclay particles less so. The PP-g-MA
compatibilizer increased the crystallization temperature above that of PP/ATH and, PP/ATH(SA).
The high crystallization temperature of the PP/organoclay/PP-co-OH is most probably due to the
low molecular weight of PP-co-OH, not the organoclay. The molecular weight of PP-co-OH is
lower than that of the PP-matrix and PP-g-MA compatibilizer.
The stearic acid coating of the ATH particles interfered with the interaction between
the PP-g-MA compatibilizer and the ATH(SA) particles and the result was an decrease in the
crystallization temperature even in the composites where ATH was partly substituted for by the
organoclay. The partial substitution of ATH particles with organoclay decreased the crystallization
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temperature for the PP/ATH-based composites. This was expected due to the non-nucleating effect
of the organoclay.

1. PP
2. PP/ATH/organoclay/PP-co-OH
3. PP/ATH/organoclay/PP-g-MA
4. PP/ATH
5. PP/ATH/PP-g-MA
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Figure 7. Cooling thermograms of PP, PP/ATH composite, PP/ATH with PP-g-MA compatibilizer, and
PP/ATH/organoclay with compatibilizers (II).

3.5 Flame retardant properties of PP/ATH nanocomposites
Absorption and diffusion properties of nanoclay composites are based on two
phenomena: sheets absorb and/or bind volatile molecules and long diffusion paths create the socalled the labyrinth effect.8, 12, 14 Flame retardant properties of polymer/nanoclay composites are
based on the same mechanisms as for those for absorption and diffusion. In addition, char formation
of layered clay during combustion acts as a thermal insulator and a barrier against heat and mass
transport. From this point of view, the exfoliated clay structure is more efficient than the
intercalated clay structure or micro-sized particles. ATH absorbs heat and releases water. The fireretardant properties of the PP/ATH composites and PP/ATH/organoclay composites were studied
and presented in publication II.
Peak heat release rate (HRR) and total heat released were, naturally, high for the neat
PP and they were reduced in the composites containing ATH and/or organoclay, as shown in Figure
8. Unexpectedly, the addition of organoclay to PP reduced the HRR more than the addition of ATH.
When both of them were added, the HRR values were between the values detained when the fillers
were used separately. Time to ignition was delayed when ATH was added to the PP-matrix. The
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rest of the composites ignited within a narrow time frame, except the PP/ATH/organoclay/PP-g-M,
which ignited faster than PP and the other composites.
In other words, synergy was not created by combining these two fillers. The
concentration of ATH used was not sufficient to inhibit fire. The same concentration of organoclay,
on the contrary, inhibited the fire more. This could be due to the difference in the flame retardant
method. The 30-wt% of organoclay was able to create a protective char layer, but the ATH was not
able to release enough water to extinguish the fire. The partial substitution of ATH for organoclay
reduces the flame retardant properties. The protective char layer was not formed due to the thin
exfoliated clay sheets and the low concentration of the clay.

Figure 8. Comparison of the heat release rate (HRR) plots of neat PP and PP/ATH/organoclay composites of
different compositions (II).

3.6 Diffusion properties of PP-based clay nanocomposites
Water and oxygen diffusion properties of the PP/organoclay composite membranes
were measured, and the results were published in “Nordic Rheology Conference in 2006” by
Ristolainen et. al. The PP was extrusion grade, which is intended to be used in film applications.
The compatibilizers were PP-g-MA and PPwax.
Water vapor absorption was lower when the PP-g-MA was used as a compatibilizer
instead of the PPwax, which might be expected because fever clay agglomerates were present when
the PP-g-MA compatibilizer was used instead of PPwax. The absorption of water vapor was greater
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in nanocomposites than in the neat PP, which might be expected due to the filler loading creating
voids between the filler and the matrix and the possible hydrogen bonding between water and
hydroxyl-groups on the clay surface114,115. It was seen that the compatibilizers and the degree of
exfoliated organoclay determined the absorption rate. The highest degree of exfoliated organoclay
was observed with low loading of the organoclay in the PP/PP-g-MA/organoclay nanocomposites
and with high loading of the organoclay in the PP/PPwax/organoclay nanocomposites. It is
reasonable that the permeated water depended on the structure of the organoclay. The intercalated
structure is able to absorb water between the layers, which results in higher quantities of absorbed
water than in the composites with an exfoliated structure. This was observed in the measured
samples. Water vapor permeating through the PP/PP-g-MA/organoclay films increased as the
concentration of the organoclay i.e. relatively more intercalated structure, was increased. The
opposite was observed with PP/PPwax/organoclay films. As the concentration of the organoclay
increased (relatively more exfoliated structure) the permeation decreased.
It is of interest to know the transport rate of oxygen in packaging applications and
therefore the oxygen barrier properties of PP/organoclay membranes were studied. The organoclay
was mostly in the exfoliated form in the PP/organoclay composites when low concentrations of the
organoclay were used and therefore only these samples were subjected to the measurements. The
electric current was recorded as a function of time, and the diffusion coefficient and solubility
wwere calculated. This is described in more detail in the publication by Lehtinen et al. 116
A reduced oxygen diffusion rate was achieved with the PP/PPwax/organoclay
composites, while the oxygen diffusion rate increased moderately with the PP/PP-g-MA/organoclay
composites, as shown in Table 4. Solubility and permeability values of the PP/organoclay
composites approached those in PP as the organoclay and compatibilizer concentrations increased.
This is due to the increase in the volume fraction of the hydrophilic organoclay. Water from the air
is trapped between the organoclay layers, inducing a higher oxygen solubility and permeability.
Single sheets of exfoliated structure are not able to hold water like the intercalated sheets do.
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Table 6 Oxygen diffusion coefficient (D), solubility (c), and permeability (P) of selected PP/organoclay
composites

Membrane

100

D
(cm2/s) ×10-7
4.2

c
(mol/ cm3) ×10-6
3.7

P
(g/ ms) ×10-9
5.0

91/6/3

4.9

2.1

3.3

90/5/5

4.8

2.1

3.2

85/10/5

4.3

4.1

5.6

91/6/3
90/5/5
85/10/5

2.3
3.8
4.1

5.1
6.5
8.9

3.8
7.9
12.0

Ratio

PP
+PP-gMA/organoclay
+PP-gMA/organoclay
+PP-gMA/organoclay
+PPwax/organoclay
+PPwax/organoclay
+PPwax/organoclay

3.7 PVA- and PA66 –based nanoclay dispersions
Several poly(vinyl alcohol) (PVA) and polyamide-66 (PA66) nanoclay dispersions
were prepared and the interaction between the components was analyzed indirectly by measuring
the dispersion viscosities. The miscibility of the clay set the limits on the type of clay to be used in
the dispersions. Natural clay delaminates in water and it is not miscible with organic solvents; and
the situation is reversed for the organomodified clay. The dispersions are summarized in Table 7.
The final goal was to electrospin a fine coating network with evenly distributed nanoclay along the
polymer fibers and the dispersion viscosity could be one tool to tailor the network. The dispersions
were prepared by two methods as described in the Experimental section and in publication III: the
PVA and PA66 were synthesized in the presence of clay, or the components were mixed in suitable
solvents.
The functional groups of PVA influence the interactions between the polymer-water,
polymer-polymer, and polymer chain with itself, which influences the solution/dispersion viscosity.
The PVA chain possesses functional groups like hydroxyl groups along the chains, and other
functional groups can be introduced to it, such as carboxyl- and silanol-groups. The dispersion
viscosities decreased when the carboxyl- or the silanol-groups were added to the PVA, except for
the ones which formed a gel. The clay was added in these studies simultaneously, before, or after
the polymer and in all dispersions the dispersion viscosity was highest without the carboxyl- or
silanol-groups. In other words, the dispersion viscosities were greatly influenced by the functional
groups of the polymer. However, the preparation conditions influenced the dispersion viscosity
levels.

39
The PVA/clay dispersion had a higher dispersion viscosity than the carboxylfunctional PVA when the pH was changed from alkali to acidic. (The silanol-functional PVA/clay
dispersion formed a gel.) The difference between the highest and the lowest viscosity was greater in
alkaline conditions than in acidic conditions. The PVA-water interaction and the carboxyl-PVAwater interaction were different from each other. The decreased viscosity of the nanoclay-filled
unmodified PVA disperison and increased viscosity of nanoclay-filled functionalized PVA
dispersion. More over, they completely different from than of the silanol-functional PVA/clay
dispersion. However, the molecular weight could have an influence to the dispersion viscosities, but
the respective polymer can be compared with each other even if not directly with the PVA with
other functionalities.
The feeding order of the components changed the dispersion viscosity as well. Again,
the PVA-based dispersions had higher viscosities than the carboxyl-functional PVA-based
dispersions. The dispersion viscosity levels increased by tenfold when the clay was allowed to
delaminate in water, not dissolving the polymer before adding clay (from A to B in Table 7). The
high dispersion viscosities of the B-series are due to the complete exfoliation of the clay. The
exfoliated clay has the highest specific area the clay can achieve, which, in turn, enables the
maximum interaction between the polymer and the clay surface.
The poly(vinyl alcohol)/nanoclay dispersion was also prepared by emulsion
polymerization from vinyl acetate monomer in water. The emulsion polymerization of poly(vinyl
acetate), (PVAc) which is the prepolymer for the poly(vinyl alcohol), could be carried out in the
presence of the natural clay. The natural clay delaminates completely in water and, thus the growing
polymer chain would evenly embed the single clay sheets. The alcoholysis of PVAc does not effect
the clay distribution in the dispersion, because the reaction changes the functionality of the carboxyl
groups of the PVAc. The dispersion viscosity cannot be compared to the above mentioned
dispersions, because the degree of hydrolysis, the molecular weight, and the structures of the PVAs
used are not know and thus not comparable. Dispersion viscosity of PVA synthesized in the
presence of natural clay was 760 cP.
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Table 7. Measured viscosities of the pre-spun dispersion of neat PVA (n-PVA), PVA with carboxyl groups (aPVA) and silanol groups (f-PVA) with clay, when the pH of the solution and the feeding order of the components
were changed, and PA with organoclay and clay with changing feeding order.
Viscosity (cP) in the pHa study

Viscosity (cP) in the Feeding orderb
study

Polymer in the
mixed dispersion

Alkaline (9-10)

Acid (1-2)

A series

B series

n-PVA

435

380

860

4600

f-PVA

275

Gel

850

Gel

a-PVA

205

300

450

3340

PA66c

-

-

115

115

PA66

-

-

130

130

Synthesized
polymer in the
presence of filler

Viscosity, cP

s-PVAC

760

s-PA66

370

a ratio of PVA/clay 4:1
b ratio of PVA/clay 10:1
c clay was organoclay

Polyamide-6,6 (PA66) was mixed with natural clay and commercial organomodified
clay. The feeding order of the components was, here again, varied: PA66 was dissolved in
formamide before addition of (organo)clay or (organo)clay was added to formamide before
dissolving PA66 in dispersions. However, the feeding order of the components had no effect on the
dispersion viscosities, which were 115 cP and 130 cP. The moderate difference in the dispersion
viscosities was due to the clay used, because only the clay type changed in these studies. The
natural clay is more compatible with the polyamide/formamide solution than the organoclay,
because of its polar nature. The better miscibility, in other words better compatibility, results in
higher dispersion viscosity. The higher dispersion viscosity of the PA66/clay than of the
PA66/organoclay is due to the stronger interaction with the polymer and the delaminated clay sheets.
The step polymerization of PA6646 was successful when natural clay was in the water
phase, but not when the organomodified clay was in the organic phase. The dispersion viscosity of
the PA66/nanoclay was 370 cP. It was not within the scope of this study to reason why the
organomodified clay inhibited the step polymerization. The organomodified clay might have
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interfered with the polymerization by hindering the monomer contacts or trapping the leaving
groups.

3.8 Electrospun fiber network of PVA and PA66 nanoclay composites
The viscosity of the dispersions was one of the main factors influencing fiber
formation in electrospinning. It was relatively easy to change the viscosities of the PVA-based
dispersions by changing the concentration of the clay, the dispersion pH, and the feeding order of
the components. The PA66-based dispersions, on the other hand, were influenced less than the
PVA-based dispersions by changes in the hydrophobicity of the clay and the feeding order of the
components as seen in Table 7. Every system has a fiber-forming viscosity, and above it continuous
fibers on the substrate are formed instead of stand-alone droplets. The electrospun fibers and
droplets contained clay particles.
The PVA-based dispersion viscosities in the feeding order study were higher than
those found in the pH-study dispersions. The increase in the polymer to the clay ratio in the
dispersions increased the PVA dispersion viscosities, which in turn changed the coating pattern
from a continuous circular area to distinct spots on the substrate. The electrospinning process
parameters were adjusted for each of the dispersions separately to enhance fiber formation, because
the aim was to achieve smooth fibers.
The change in the pH in PVA-based dispersions partially affected the fiber diameter,
the fiber network structure, and the size of clay particles along the fibers, and the differences cannot
be completely explained by the changed dispersion viscosities. The clay particle size was smaller
under alkaline conditions than under acidic conditions, regardless of the PVA type used. This
indicates that under alkaline conditions a more delaminated clay structure of clay was achieved and
it could be due to the favorable interaction between the polymer and clay interlayers, because the
polymers were able to intercalate between the clay layers under normal pH conditions. The fiber
diameters and networks were similar for the PVA- and carboxyl-functional PVA-based dispersions
regardless of the pH, and the silanol-functional PVA-based dispersions differed in producing
narrower and separate fibers. The former dispersions formed continuous fiber networks and the
latter formed isolated fibers, not networks.
The feeding order of the PVAs and clay greatly influenced the dispersion viscosity, as
mentioned earlier (Table 7). However, the electrospun fiber networks formed were similar. It seems
that the dispersion viscosities were above the fiber-forming limit and thus the increase in viscosities
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had only a minor influence on the fiber diameter and the network structure. However, as stated
earlier, natural clay exfoliates in water. When the clay was added to water before dissolving the
PVA, the clay particle diameters along the electrospun fibers were smaller than when the PVA was
dissolved in water before the clay. This was observed regardless of the PVA grade. A typical fiber
network structure is presented in Figure 9.

Figure 9. Typical fiber networks of PVA/clay. PVA was dissolved in water before swelling of the clay (left) and
clay was allowed to swell before addition of PVA (right) (reproduced from III).

The PA66-based dispersions formed a visually smooth and continuously coated
circular area with a few separate spots on the substrate, except for one where the dispersion
deposited completely isolated spots. The dispersion viscosities of the PA66-based dispersion were
similar between themselves and, as expected, the electrospun fiber networks appeared similar as
shown in Figure 10. In addition, the size of the clay particles within the fibers was alike, with
round-shaped rough-surfaced bulges. Polymer beads were also observed along the PA66-fibers. The
appearance of the polymer beads differs from the appearance of the embedded (organo)clay
particles.
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Figure 10. PA66/clay composites: A series c-PA/clay (left) and B series c-PA/organoclay (right) (reproduced from
III).

The clay agglomerates along the electrospun fibers were larger than expected when the
components were mixed together. The in situ polymerization in the presence of (organo)clay was
thought to reduce the clay particle size along the electrospun fibers. The process parameters were
again adjusted for the PVA/clay and PA66/clay. Again, the PA66/clay-based dispersion deposited
as a continuous circular area on the substrate, like the commercial grade PA66-based dispersions,
but the PVA-based dispersion produced splashes visible to the naked eye, similar to the PVA-based
dispersions used in the pH study. However, the clay particles along the electrospun fibers had
smaller particle diameters in both the PVA and PA66 fibers than when the components were mixed
together. They were rough-surfaced roundish bulges embedded in the polymer irrespective of the
size of the particle, and they were distributed within the fibers, indicating a full exfoliation before
electrospinning.

Figure 11. Electrospun fiber network of PVA- (left) and PA66- (right) based dispersions prepared by synthesis in
the presence of clay (reproduced from publication III).
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3.9 Coating properties of PA66/nanoclay fiber network
Contact angles and water penetration times (Table 8) were measured for the four
PA66-based electrospun coated substrates introduced in the previous studies. The diameter of the
coated area for the measurements needed to be more than 5 cm, and such a uniform area was not
achieved with the PA66/organoclay dispersion in which the PA66 was dissolved in formic acid
before the organoclay was added. The contact angle of the substrate without electrospun coating
was 70° and the time for water penetration was less than 1 second. An increase in the contact angle
and water penetration indicates an increase in the hydrophobicity and density of the network. As
expected, the contact angles and the water penetration times increased when the substrate was
coated with the commercial PA66-based electrospun coatings. The PA66 absorbs water the air.46,53
The coated substrates were not dried before the contact angle and water penetration time
measurements were carried out and it is to be assumed that the PA66 saturation level had been
achieved before the tests. The organoclay-based coating resisted the water absorption longer than
the

clay-based

coatings,

which

is

most

probably

due

to

their

respective

hydrophilicity/hydrophobicity properties. The organoclay is hydrophobic and clay is hydrophilic.
On the other hand, with the PA66/clay dispersion, which was prepared by synthesizing the PA66 in
the presence of clay, the contact angle was smaller than and water penetration time was equal to that
of the base substrate. This could be due to the more finely distributed hydrophilic clay sheets and an
indication that the amount of clay was insufficient to reduce the water absorption.53 It could be
concluded also that the better the clay was exfoliated and thus dispersed along the fibers, the lower
was the measured contact angle. The water penetration time followed the results for the contact
angles: large contact angles go hand in hand with long water penetration times.

Table 8. Contact angles and water penetration times for PA66-based dispersions from the feeding order study (A
and B order, see chapter 3.7) and the PA66 synthesized in the presence of clay (reproduced from III).

Contact
angle (°)
Time (s)

Substrate

A
PA66/clay

B
PA66/clay

A
B
Synthesized
PA66/organoclay PA66/organoclay PA66/clay

70

98

72

-

100

62

<1

2

2

-

4

<1
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3.10 PVA/nanoTiO2 dispersions
The PVA/nanoTiO2 dispersions were prepared using two methods: in situ emulsion
polymerization of vinyl acetate monomer in the presence nanosized titanium dioxide (nanoTiO2)
and mixing of commercial PVAs with the same nanoTiO2s. The three different hydrophilic coatings
of the nanosize TiO2 (see Table 2) were used with the same grades of PVA used in earlier studies.
The polymerization was carried out the same way as for PVA/clay, which is described in paper III
and in the Experimental section. The hydrophilic coating layers on the nanoTiO2 were chosen in
such a manner that the filler particles were compatible with the polymerization system and the
PVAs used in aqueous solution.
The addition of the nanoTiO2s did not inhibit the emulsion polymerizations of acetate
monomer in water. The fillers had hydrophilic coatings to ensure miscibilities in water-based
reaction media during the polymerizations, but the miscibility’s of the nanoTiO2 particles differed:
the nanoTiO2 (al) was miscible, nanoTiO2 (oh) was immiscible, and nanoTiO2 (gl) was poorly
miscible. The crystal size of the PVAc/nanoTiO2 (al) was the smallest of the series and it was
miscible during the polymerization. The immiscible nanoTiO2 (oh), which had a larger crystal size
and smaller specific surface area than the two other nanoTiO2s, phase separated during the
polymerization.
The PVAc with nanoTiO2 (oh) had a lower molecular weight but wider molecular
weight distribution than of PVAc with nanoTiO2 (gl) and in addition the dispersion viscosity of the
PVA/nanoTiO2 (gl) was higher than that of the PVA/ nanoTiO2 (oh). But the molecular weight and
distribution of the PVAc with nanoTiO2 (al) were between those of the aforementioned dispersions
although its dispersion viscosity was clearly lower than that of the first mentioned dispersions. The
nanoTiO2 particles during the polymerization could have been acting as nucleating agents. It seems
that even poorly miscible particles acted as nucleating agents and as the miscibility improved, the
polymers were more uniform due to the large number of initiation points. However, the different
behaviors miscibility of the nanoTiO2 particles does not explain why the molecular weights (Mw)
and the molecular weight distributions (MWD) of the PVAcs varied. In addition, the dispersion
viscosities of the PVA/nanoTiO2s varied even more than expected based on the Mw, Mn, and MWD.
The same three nanoTiO2 particles were mixed with the unmodified PVA and with the
two modified PVAs which have been used throughout the research. The dispersion viscosities
varied moderately. The viscosities of the PVA grades are similar according to the manufacturer and
therefore the polymer matrix itself should not influence the variation in the dispersion viscosities,
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which should be a result of interactions between the polymer and the nanoTiO2 filler. However,
once again the miscibility of the nanoTiO2 grades does not, after all, explain the differences in the
dispersion viscosities. The miscibility of the alumina-coated TiO2 was better than the miscibilities
with of the two other coated nanoTiO2s, which could explain the low dispersion viscosity. When
coated with alcohol or glycerol, which have similar functional groups, no clear trend could be
detected between the dispersion viscosity and the miscibility of the nanoTiO2 particle. Moreover,
the silanol-functionalized PVA formed a gel, which makes the results even more incomparable. The
f-PVA-based dispersion viscosity measurements and electrospinning could not be carried out from
the original solution but had to be done with diluted and filtered solution.

3.11 Production of PVA/nanoTiO2 fiber networks by electrospinning
Fiber formation and fiber diameter are know to be tailorable by modifying the solution
viscosity and electrospinning parameters (paper IV); high viscosity and low electrospinning field
strength result in fibers, not spots, and a large fiber diameter. When the (dispersion) viscosity was
too low, drops were formed instead of fibers, as with the f-PVA/nanoTiO2 (Figure 12). The
viscosities of the n-PVA- and a-PVA-based dispersions were similar, but the process parameters
were different in these dispersions. The functional groups of the polymers and the coating agents
seem to influence the interaction of the components and therefore the process parameters needed to
be adjusted for each of the dispersions separately, because the aim was to produce a visible circular
coating area on the substrate. The s-PVA-based fiber diameters and standard deviations varied
(Figure 13) more than those of the n-PVA- and a-PVA-based fibers. It seems that the polymer
properties (weight average molar mass and the molecular weigh distribution) resulted in a wide
fiber diameter deviation due to the different miscibility behavior of the nanoTiO2 particles phase
during the polymerization phase.
All of the dispersions were able to carry the nanoTiO2 particles with the polymer
solution. The miscibility of the nanoTiO2 particles correlated directly with their density along the
electrospun fibers: the better the miscibility of the nanoTiO2 particle during the emulsion
polymerization, the higher their density was along the electrospun fibers. The coating agent of the
nanoTiO2 particles influenced the dispersion of the particles along the fibers. Some nanoTiO2
agglomerates were found in all of the electrospun fibers, although, the nanoTiO2 particles were
coated to prevent agglomeration. As the miscibility of the particles increased from non-miscible to
poorly miscible, the formation of the nanoTiO2 agglomerates decreased. Agglomerates of the welldispersed nanoTiO2 (al) particles were found, too, which is an indication of an extensive
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concentration of the filler. The visual appearances of the polymer beads and the nanoTiO2 particle
agglomerates were different. The polymer beads looked smooth in the SEM images where as
agglomerated filler particles had rough surfaces. Polymer beads are know to form when the solution
viscosity is not high enough for that specific system, and it could be concluded that the nanoTiO2
particles did not change this phenomenon.

Figure 12. Typical SEM micrographs of PVA/nanoTiO2 structures produced by electrospinning: non-modified
PVA/nanoTiO2 (gl) (left) and silanol functionallized PVA/nanoTiO2 (gl) (right). NanoTiO2 forms agglomerates,
which appear as white gloss (reproduced from IV).

Figure 13. SEM micrographs of fibers of laboratory scale PVA with nanoTiO2 (oh) (left) and nanoTiO2 (gl)
(right) produced by electrospinning. NanoTiO2 forms agglomerates, which appear as white gloss (reproduced
from IV).

Surface properties of the electrospun coated paper were studied more closely with a
nanoTiO2-filled fully hydrolyzed PVA solution. Some u-PVA-based preliminary tests, which are
not published in any of the referred papers, were carried out to ensure a complete coverage of the
electrospun fiber network coating. The coating appears smooth on the surface of the non-woven
substrate, bur some defects are detected, eg. inward curled drops on the fiber network. NanoTiO2
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agglomerates were formed along the PVA fibers as presented in paper V, which could not be
prevented by changing the feeding order of the components in the preparation of the dispersions, as
was done with the PVA/clay-based dispersions.
The electrospun u-PVA/nanoTiO2 (gl) fiber network coating seemed to seal the pores
of the paper substrate, which influenced the ink penetration and the ink demand. As the polymer
nanofiller fiber coating layer thickened with the coating time, the ink demand increased, as expected.
The contact angle increased simultaneously with the coating time until an equilibrium was reached.
A fully hydrolyzed poly(vinyl alcohol) is hydrophobic and therefore the electrospun coating
increases the hydrophobicity of the coated surface. However, the hydrophilicity increased in our
studies as the coating layer thickened and therefore it can be concluded that the hydrophilic
nanoTiO2 within the fibers influenced on the contact angle more than the hydrophobic polymer.
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4 CONCLUSION
It can be challenging to prepare a homogenous polymer nanocomposite. In this work,
polypropylene/nanoclay composites were prepared by melt processing and PVA/nanoclay,
PVA/nanoTiO2, and PA66/nanoclay fibers, in turn, were produced by electrospinning. Improved
mechanical, flame retardant, and surface properties resulted from the addition of nanofillers.
Natural layered clay does not spontaneously disperse in polypropylene melt and
therefore it was rendered more organic in nature with a novel amine, N-methylundecenylamine, and
with octadecylamine. The cation exchanged clays enhanced the penetration of the metallocene
catalyst hydroxyl-functionalized polypropylene compatibilizer, thus enabling the polypropylene
matrix to penetrate between the intercalated clay sheets in melt blending. The partially exfoliated
structure of the clay in the PP-based composites was achieved with the novel PP-co-OH
compatibilizer and with a PP-g-MA compatibilizer.
The degree of exfoliated structure in a commercial modified clay was increased when
ATH particles were added to the PP/clay nanocomposites due to the increased shear stress caused
by the ATH particles. The ATH particles and the clay sheets seem to be competing for interactions
with the compatibilizers, which resulted in a difference in the morphology of the
PP/nanocomposites. The nanocomposites showed improved stiffness and reduced heat release rates
but weakened toughness and increased moisture absorption relative to the unfilled PP or PP/clay
composites.
A commercial grade PP aliphatic wax had a poor ability to widen the space between
the clay layers and enhance a favorable interaction between the clay galleries and the PP chains.
Intercalated or exfoliated clay structures were not achieved by melt blending in similar process
conditions to those used when PP-co-OH and PP-g-MA were used as compatibilizers.
PVA and PA66 fibers with nanoscale diameters with nanoclay were produced by the
electrospinning technique. The dispersions were able to carry the nanoclay from the nozzle to the
substrate. The sizes of the clay particles were smaller within electrospun fibers when PVA and
PA66 were polymerized in the presence of clay than when the components were prepared by
mixing the components together in a suitable solvent.
The carboxyl groups along the PVA chains did not influence the fiber diameters and
networks. The silanol-functional PVA, on the other hand, formed narrower and separate fibers, not
networks. The feeding order of the nanoclay and the polymer had a major influence on the
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dispersion viscosity, but to our surprise, the fiber networks were similar. This indicates that the
viscosities were above the fiber forming limit and therefore, the differences in the viscosities had a
modest influence on the fiber formation.
The PA66 with nanoclay formed a visually smooth and continuously coated circular
area with a few separate spots on the substrate, except for one where the dispersion deposited
completely isolated spots. The dispersion viscosities remained nearly constant in the dispersion
conditions when the pH or the feeding order of the components was changed.
Finally, PVA/nanoTiO2 dispersions were electrospun and all of the dispersions were
able to carry the filler to the substrate. When the dispersions were prepared by mixing the
components together, the fiber formation and the nanoparticle distribution were influenced by the
carboxyl- and silanol-groups of the PVA and by changing the coating agent on the nanoTiO2
particles. When the dispersions were prepared by synthesizing the vinyl monomer in the presence of
the nanoTiO2 particles, the miscibility of the filler particles influenced the filler distribution along
the fibers. The PVA/nanoTiO2 fiber network increased the hydrophobicity of a paper substrate.
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