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Abstract. Influences of the vinyl modified nanosilica Aerosil® 380, i.e., vinyl and methacryloyl silane coupling agent and
linseed oil fatty acids (BD) reactive residues, on the mechanical properties of the unsaturated polyester resins (UPes) based
nanocomposites, was studied. The polycondensation of maleic anhydride and products of poly(ethylene terephthalate)
(PET) depolymerization with propylene glycol, with and without separation of ethylene glycol, yields UPe1 and UPe2 resin,
respectively. The hydroxyl terminated PET depolymerization products (glycolyzates) and UPes were characterized by acid
and hydroxyl values, Fourier Transform Infrared (FTIR) and nuclear magneti resonance (NMR) spectroscopies. Transmission electron microscopy (TEM) confirmed that silica nanoparticles formed domains of aggregates in the polymer matrix.
An increase from 195 to 247% of stress at break (#b), and from 109 to 131% of impact strength (#i) of UPes based
nanocomposites was obtained for 1 wt% addition of vinyl modified silica. Flexural strength (#f) increase from 106 to 156%
for both UPes based nanocomposites with 1 wt% addition of BD modified silica. Cross-linking density ($), storage modulus (G'), tan! and Tg of the nanocomposite were determined from the dynamic mechanical testing and discussed in relation
to the structure of silica modification.
Keywords: nanocomposites, material testing, poly(ethylene terephthalate) recycling, unsaturated polyester resin

1. Introduction

Poly(ethylene terephthalate) (PET), as one of the
most used engineering thermoplastic, has wide application in automobile industry, electrics, food packaging, bottle containers and textile industry, causing
the increase of the world consumption of PET twice

in a period of ten years [1]. The widespread use of
PET imposes solution of the plastic waste problem
through recycling and reprocessing method classified as primary, secondary, tertiary and quaternary
recycling [2]. The products of tertiary PET recycling, especially glycolytic PET depolymerization
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products, can be used as raw materials for production of new ones, such as different oligomers [3, 4],
unsaturated polyester and vinyl ester resins [5, 6]
and alkyd resins [7, 8].
The increased need for multifunctional materials
with improved properties, such as high strength performance, good thermal, mechanical and physical
properties, gas barrier, transparency and safety
induced the development of various polymer-inorganic nanocomposites for different applications [9,
10]. By incorporation of modified inorganic nanoparticles in polymer matrices, new reinforced materials
with integrated polymer matrix functionalities were
obtained, such as low weight and easy processing,
and unique features of the nanoparticles, such as high
surface area and energy [11]. One of the reinforced
materials, with a wide range of industrial applications, is unsaturated polyester resin (UPe) loaded
with nanofillers such as titanium oxide [12], organochemically modified silicone oxide particles [13–15]
or inorganic/organic modified multi-walled carbon
nanotubes [16]. A significant improvement of
mechanical and thermal properties of nanocomposite materials, obtained by the addition of silica in
polymer [17–19], is caused by strong interactions
between silica nanoparticles and strong filler crosslinking [20]. The main application problem of bare
silica is hydrophilic surface which reduces compatibility with polymer matrix causing agglomeration,
and thus it is recommended to perform appropriate
modification of the silica nanoparticles [21]. A good
filler dispersion, stability and compatibility with the
polymer matrix can be obtained by chemical surface modification of hydroxyl groups with organosilanes [20, 22], which provides enormous possibility for new functionalities introduction. Kim and
White [23] used organosilanes having different
aliphatic chain lengths for silica surface chemical
treatment. By organo-chemical silica modification,
hybrid nanoparticles (spherical brushes) with reduced
chains steric crowding were obtained [24]. The strong
interaction between reinforcements and the polymer matrix distinguishes the modified silica particles from other nanoparticles [25, 26]. Luo and coworkers [27] have studied the mechanical and
thermal properties of the 3-methacryloyloxypropyl
trimethoxy silane modified silica nanoparticles reinforced polyurethane (PU) coatings. Their results
showed that the mechanical and thermal properties
of PU coatings reinforced by modified silica nano-

particles were enhanced remarkably and the tensile
strength (%) and Young’s modulus (E) of PU films
containing 1.5 wt% modified silica were increased up
to 64.2 and 2535.9 MPa, respectively [27].
In this work, mechanical properties of hybrid composite materials prepared by using UPes, based on
glycolyzates and chemically modified silica nanoparticles with vinyl reactive functionalities: vinyl,
methacryloyl and linseed oil fatty acids reactive
residues, were investigated. UPe1 and UPe2 were
synthesized from hydroxyl functionalized products,
obtained by catalytic PET glycolysis with propylene
glycol with and without azeotropic removal of ethylene glycol, respectively, and maleic anhydride. The
mechanical and dynamic-mechanical properties of
the obtained nanocomposites were determined, and
obtained results were discussed in relation to properties of used UPes, modified silica content and structural properties and reactivity of vinyl based functionalities introduced at nanosilica surface.

2. Experimental section
2.1. Materials and sample preparation

2.1.1. Materials
Waste PET, used for unsaturated polyester resin production, was collected from soft beverage bottles.
PET bottles were crushed into small pieces (app.
0.5"0.5 cm) and washed with ethanol and dichloromethane to remove impurities and residual adhesives. Propylene glycol (1,2-propanediol) and ethylene glycol were purchased from Riedel-de Haën
Seelze-Hannover (Sigma-Aldrich, Darmstadt, Germany). Xylenes (mixture of 1,2-, 1,3- and 1,4dimethyl-benzene), tetrabutyl titanate (TBT),
dichloromethane (DCM), (3-aminopropyl)trimethoxysilane 97% (APTMS), 3-(trimethoxysilyl)
propyl methacrylate (TMSPM) and tris(2-methoxyethoxy)(vinyl)silane (TMEVS) were purchased from
Fluka (Sigma-Aldrich, Darmstadt, Germany).
Styrene, toluene, pyridine, 2-butanone peroxide
(methyl ethyl ketone peroxide; MEKP), cobalt
octoate (Co-oct), maleic anhydride (MA), hydroquinone (HQ), methanol, absolute ethanol, terephthaloyl dichoride and tetrahydrofuran (THF) were
obtained from Sigma-Aldrich (Sigma-Aldrich Darmstadt, Germany). Fumed silica, with trade name
Aerosil® 380, was kindly provided by Evonik
(Evonik industries, Essen, Germany). Aerosil® 380 is
hydrophilic fumed silica with a specific surface
area of 380 m2/g.
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2.1.2. Glycolysis of PET
a) Classical method
The classical method for PET glycolysis have
recently been described elsewhere [15]. Molar ratio
of waste PET and PG used for glycolysis was
1.0:1.5.
b) Ethylene glycol (EG) removal method
Following the procedure of classical method for
PET glycolysis (2.1.2. a)), new synthesis of PET
glycolyzate was done with the succeeding modification by EG azeotropic removal method [15]. Continual monitoring, by the use of gas chromatography
method (GC), of the EG/PG content in the bottom
layer of Dean-Stark was used for quantification of
time-dependent removal of PG. Azeotropically separated PG was compensated by addition appropriate
quantity of PG into reaction mixture to maintain
approximately 1.0/1.5 PG/PET initial molar ratio
according to the calculated extent of reaction. Continual decreases of EG was observed from GC chromatogram, and when no more EG was found (app.
91% extent of reaction), excess of PG was azeotropically removed, placed in a vacuum oven (100 °C/
2000 Pa) and then the obtained reaction product
was hot filtered.
By application of both glycolysis methods, products of various compositions were obtained. In the
case 2.1.2. a) glycolyzate consisted of a mixture of
PG symmetrical and asymmetrical glycol esters of
terephthalic acid: bis(2-hydroxylpropyl) terephthalate and bis(1-hydroxypropan-2-yl) terephthalate,
as well as (2-hydroxyethyl) (2-hydroxypropyl) terephthalate (main component)) and free glycols, EG and
PG. Product obtained by method 2.1.2. b) is mainly
composed of PG symmetrical and asymmetrical
glycol esters of terephthalic acid.
2.1.3. Synthesis of EG ester of terephthalic acid
– bis(2-hydroxyethyl)terephthalic acid
For synthesis of terephthalic acid ester, previously
described in detail [15], was used 3.7 g, (0.06 mol) of
EG dry solution, 1.58 g, (0.02 mol) of dry pyridine
in 50 mL of dry THF and a solution of terephthaloyl
dichoride (2.03 g, 0.01 mol) in 50 mL of dry THF.
The bis(2-hydroxy propyl)terephthalate was synthesized analogously to bis(2-hydroxy-ethyl)terephthalate. The characterization of the obtained products of glycolysis was performed by FTIR, 1H and

13

C NMR, and elemental analysis [28], and used as
standard for HPLC analysis.
2.1.4. Synthesis of unsaturated polyesters resin
(UPeN) based on PET glycolyzates
a) UPe1
After completion of the glycolysis reaction (product
obtained by classical method – 2.1.2. a)), keeping
inert atmosphere, mixture was cooled down to
90 °C and the Dean-Stark separator was assembled.
MA (123 g, 1.25 mol) and half of the required amount
of HQ (0.03 g dissolved in 2 mLof ethanol) were
charged into glass reactor, whereupon the mixture
was heated to 115 °C at constant temperature for 1 h.
Afterwards, continuous temperature increase was
achieved at a heating rate of 15 °C/h until 150 °C,
when the toluene (6 wt%) was added as the agent
for azeotropic removal of water. The temperature
increase was continued until 210°C. The reaction was
conducted until the acid number value decreased
below 30 mg KOH/g, after which the resin obtained
was cooled down to 120 °C and a solution of the
0.03 g HQ in 2 mL of methanol was added. After
the completion of the reaction, the low boiling compounds were removed from the reaction product by
vacuum distillation. The vacuum distillation was
carefully applied for 1 hour, and the obtained resin
was cooled down to 100 °C and dissolved in styrene
(40 wt%) containing equivalent amount of inhibitor.
b) UPe2
The synthesis of unsaturated polyester resin (UPe2)
from the glycolysis product obtained by ethylene
glycol azeotropic removal method was performed
in an analogous manner as described in method
2.1.4. a).
2.1.5. Synthesis of methyl ester of linseed oil
fatty acid (biodiesel – BD)
In a four-necked glass reactor of 2 l, equipped with a
reflux condenser, mechanical stirrer, thermometer and
dropping funnel, 929 g (3.3 mol) of linseed oil, dissolved in 85 mL of methanol, was added. The potassium hydroxide solution in methanol (0.12 mol of
KOH in 102 mL of methanol) was added drop wise.
Afterward, the reaction mixture was heated at 58–
62°C for 3 hours, and left to cool down. Bottom layer,
i.e. mainly raw glycerin, was separated, and upper
layer was treated with active charcoal and filtered
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through diatomaceous earth. After drying with
sodium sulfate, the obtained linseed oil methyl ester
(biodiesel) was purified by vacuum distillation under
nitrogen. Characteristics of methyl ester of linseed
oil fatty acid mixture, named BD: acid value (AV)
5 mg KOH/g; ester content 97%; iodine value 152.
2.1.6. Chemical modification of Aerosil® 380
Three types of silane coupling agents containing
vinyl, methacryloxy and unsaturated fatty acid
residues were used for silica functionalization in
order to study the influence of silica modification on
the mechanical properties of the UPe based nanocomposites. It was proved that modified nanoparticles behave beneficially within polymer matrices in
comparison to unmodified ones, e.g., the modified
nanoparticles show comparatively better dispersion
in polymer, accompanied with covalent bonding,
which could significantly improve nanocomposite
properties [20, 22]. In order to achieve these goals,
modification of Aerosil® 380 was performed by
covalent bonding with unsaturated fatty acid residues
to silica surface by a two-step method:
a) First step; modification with
(3-aminopropyl)trimethoxysilane
In a dry three-necked glass reactor, equipped with a
magnetic stirrer, reflux condenser, thermometer and
a nitrogen inlet tube, 1.0 g of silica (Aerosil® 380)
and 120 mL of dry toluene were charged. After dispersion of silica in toluene under ultrasound for
5 min, 3.97 g of (3-aminopropyl)trimethoxysilane
was added and the modification reaction was continued for 48 hours at 25 °C under the nitrogen
atmosphere. Ultrasonic bath (Bandelin electronic,
Berlin, Germany, power 120 W, frequency 35 kHz)
was thermostated by circulating water through the
jacket, and used for silane modification as well as
for preparation of nanocomposite. The modified silica was separated from solution by vacuum filtration, and the filter cake was washed twice with the
toluene, and then dispersed in 120 mL of toluene
using ultrasonic bath.
Second step of silica modification with BD
The modified silica with terminal amino group,
from the first step of silica modification, was dispersed in 50 mL THF and 1.56 g of methyl ester of linseed oil fatty acids were charged in a three-necked
glass reactor, equipped with a magnetic stirrer, ther-

mometer, reflux condenser and calcium chloride
protection tube. The reaction took place for 12 h at
25 °C, whereupon the mixture was heated to 60 °C
and maintained for 2 hours. The obtained product,
named R380BD, was filtered under the vacuum,
two times re-dispersed in THF and filtered, washed
with absolute ethanol and dried at 40 °C for 12 h.
b) Silica modification with
3-(trimethoxysilyl)propyl methacrylate
The modification of fumed silica nanoparticles with
TMSPM was done in an analogues manner to the
procedure 2.1.6. a). Obtained product was named
R380MA.
c) Silica modification with
tris(2-methoxyethoxy)(vinyl)silane
In an analogues manner to the procedure 2.1.6. b),
the modification of fumed silica nanoparticles with
TMEVS was performed. Obtained product was
named R380V.
2.1.7. Preparation of nanocomposites based on
UPeN and chemically modified silica by
solution dispersion (blending) method
Nanocomposites based on UPeN and chemically
modified silica nanoparticles were prepared using
solution blending method. The UPes were used as
the polymeric matrix and the modified silica nanoparticles, dispersed in styrene, were used as filler
for nanocomposite preparation. The nanocomposites, UPeN/R(n), were obtained by processing of
appropriate amounts of binder, UPeN resin, and dispersed nanofillers, modified silica nanoparticles.
Index N designates UPe resin (described in exp.
2.1.4.)), index R designates the silica modification
(R380BD, R380MA and R380V designates APTMSBD, TMSPM and TMEVS modification of Aerosil®
R380, respectively); index (n) designates the percent of the addition of modified silica nanoparticles: 0.1 (a), 0.5 (b), 1.0 (c) and 2.0 (d) [wt%] in
nanocomposites. The homogenization of fumed silica with UPeN (60 wt% in styrene) was achieved by
using modified laboratory homogenizer and an
ultrasonic bath. The pure UPeN (60 wt% in styrene)
and nanocomposites UPeN/R(n) were cured using
MEKP (1 wt%) as the initiator and Co-oct (0.5 wt%)
as the accelerator. Schematic illustration of the preparation and intermolecular interactions in crosslinked UPeN/R nanocomposites is given in Figure 1.
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Figure 1. Preparation of nanocomposites with proposed reinforcing interactions between modified silica nanofiller and UPe
matrix

Hydrophylicity of Aerosil® 380 surface, due to coverage by hydroxyl groups, contributes to the lower
silica compatibility with UPe matrix and small reinforcing effect in the nanocomposite. The design of
silica surface involved modification with vinyl
based silane coupling agents and BD reactive residues,
to achieve better nanofiller dispersibility and reinforcement of prepared nanocomposite. Vinyl containing surface moieties provide, in addition to the
cross-linking reactivity during curing, compatibility
and physical reinforcing due to the existence of different intermolecular interactions: #,#-stacking,
dipolar and hydrogen bonding interactions (Figure 1). Also, spatial conformations of the fatty acid
residue, due to pronounced flexibility could form
spherical wrapped structure stabilized by hydrogen
like bonding interactions, and in that way influence
availability of ethylene groups to participate in crosslinking reaction during nanocomposite curing.

2.2. Experimental techniques
The structural analysis of the obtained glycolyzed
product and synthesized polyesters was performed
by Fourier transform infrared (FTIR) (Bomem MB-

102) spectroscopy, within a range of 400–4000 cm–1,
at a resolution of 4 cm–1. 1H and 13C nuclear magnetic
resonance (NMR) spectra of UPeN were recorded
in deuterated chloroform (CDCl3), using a VarianGemini 2000 spectrometer at 200 MHz for the 1H
NMR and 50 MHz for the 13C NMR spectra. Varian
3400 gas chromatography with DB5 column and
flame ionization detector was used for analysis of
EG/PG mixture. Evaluation of the composition of
glycolysis products was performed by high performance liquid chromatography using Spectra System P4000, column Zorbax SB-C8 and mobile phase
acetonitrile/methanol (60/40) (isocratic mode).
The hydroxyl value (HV) was determined using a
conventional acetic anhydride/pyridine method
(ISO 4326:1992) [29]. The acid value (AV) was
determined using a standard method ASTM D3644
[30]. Ester value (EV) was determined using European quality standard for fatty acid methyl esters
E14103 [31]. Number average molecular weight
was calculated according to the Equation (1):
Mn 5
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Iodine value was determined by the Wijs method.
Elemental analyses were performed using a VARIO
EL III Elemental analyzer.
The viscosity measurement of the UPeN, 60 wt%
styrene solution, was carried out at 25 °C, using Ford
viscosity cup 4 (ASTM D1200) [32]. The gel time
of the samples was determined from the cure exotherm which was measured according to ASTM
D2471-99 [33].
Microstructural (morphological) characterization of
the UPeN/R(n) nanocomposites was performed on
a transmission electron microscope (TEM) JEM–
1400.
Uniaxial tensile measurements of standard cured
samples (ASTM D882) [34] were performed using
an AG–X plus Universal testing machine, Shimadzu.
All tests were performed at room temperature
adjusted at crosshead speed of 0.5 mm/min. The
flexural properties were measured by the Instron
(Model 1332) as per ASTM D 790 [35]. The support
span length was set at 45 mm. The testing speed
was set at 1.5 mm/min. The impact strength was
measured by Karl Frank GMBH Weinheim – Birkenau; Type 5330, Werk – Nr 29680 as per ASTM D
256 [36].
Thermogravimetric analysis (TGA) was performed
using a Seteram Setsys Evolution-1750 instrument.
The TGA experiments were run in a nitrogen atmosphere (flow rate 25 cm3/min) from 30 to 800 °C,
with a heating rate of 10 °C/min.
The mechanical properties and glass transition temperature (Tg) of unsaturated polyester composites
were obtained using dynamic-mechanical analysis,
which was performed on a Discovery Hybrid Rheometer HR2 (TA Instruments). The dynamic-mechanical analysis was conducted in a torsion rectangular
mode (dimensions: 6/1/0.2) from 25 to 120°C at fixed
strain amplitude of 0.1% and angular frequency of
1 Hz. The results are presented as mechanical spectra by monitoring the dependence of the storage
(G') and loss (G$) shear modulus and loss or damp-

ing factor tan % (G&/G') on temperature. Differential
scanning calorimetric (DSC) measurements were
performed using Setaram151 R instrument in the
temperature range 30–200 °C.

3. Results and discussion
3.1. Glycolysis of PET with PG

Various oligoesters (glycolysis products) can be
obtained by PET de-polymerization using different
glycols like ethylene glycol, diethylene glycol, propylene glycol, polyethylene glycol, 1,4-butanediol,
hexylene glycol, etc. [37]. Güclü et al. [38] have
investigated glycolysis of waste PET with PET/EG or
PET/ PG molar ratio of 1.0:0.5 to 1.0:3.0 in xylene.
They have found that the PET glycolysis in xylene
was a multiphase reaction in which formed oligomers
transferred from PET/glycol dispersion to xylene
medium at elevated temperature. The best glycolysis monomer/dimer ratio was found at 220 °C.
The glycolysis reaction of waste PET with PG was
catalyzed with TBT and the hydroxy-terminated
products of glycolysis PET were obtained. Table 1
displays HV, AV values and results of elemental
analysis of the glycolyzed products obtained by
methods 2.1.2. a) and 2.1.2. b).
The higher oxygen content of the product obtained
by method 2.1.2. a), found from elemental analysis
and HV values (Table 1), confirms that the glycolysis
products in the case 2.1.2. a) consisted of the mixture of glycol esters of terephthalic acid: bis(2hydroxylpropyl) terephthalate, (2-hydroxyethyl)(2hydroxypropyl)terephthalate (main product – 55–
60%) and free glycols. Due to the azeotropic removal
of excess of PG and liberated EG, product of glycolysis, obtained by method 2.1.2. b), contains mainly
bis(2-hydroxylpropyl)terephthalate and minor (less
than 5%) fraction of (2-hydroxyethyl)(2-hydroxypropyl)terephthalate. These results were evaluated
from HPLC analysis of glycolysis products obtained
by methods 2.1.2. a) and b). Characterization of the
products of glycolysis was essential for understand-

Table 1. HV, AV values and results of elemental analysis of glycolyzed products (PG ester of terephthalic acid)
Method

HV*theor.
[mg KOH/g]

HVexp.
[mg KOH/g]

AVexp.
[mg KOH/g]

2.1.2. a)

418

302

5

2.1.2. b)

397

274

4

*

Exp.
Calc.
Exp.
Calc.

%C

%H

%O**

57.85
58.20
59.04
59.57

6.16
6.01
6.70
6.43

35.98
35.78
34.26
34.00

Theoretical HV value was calculated in relation to the theoretical number of hydroxyl groups of PG, recalculated to the molar mass of
the product of glycolysis; **Oxygen percent was calculated as subtraction
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ing/establishing the structure/properties (reactivity)
relationships of the obtained UPeN and nanocomposites.

3.2. FTIR analysis of glycolysis product, fumed
silica, UPeN and composite materials
The FTIR spectra of the product of PET glycolysis,
obtained by method 2.1.2. b), the unmodified and
modified fumed silica, and the UPeN (method
2.1.4. a) and b)) are shown in Figure 2a.
The broad peak at about 3382 cm–1 and the low
intensity peak at 701 cm–1 originate from hydroxyl
(OH) groups stretching vibrations. Aromatic C–H
stretching vibrations are observed at around
2961 cm–1. Overlapped symmetric and asymmetric
vibrations of methyl (CH3) and methylene (CH2)
groups are observed at 2952 and 2854 cm–1, while
their bending vibrations are observed at about 1452
and 1366 cm–1. The band at 1725 cm–1 originates from
carbonyl (C=O) groups present in ester terephthalic
acid. Ester C–O stretching vibrations, asymmetric
and symmetric, are observed at about 1360 and
1107 cm–1, respectively.
Characteristic adsorption peak for modified and
unmodified silica nanoparticles appears at 1099 cm–1
and represents the stretching vibration of Si–O–Si
bonds (Figure 2a). The OH stretching vibrations are
observed at about 3433 cm–1 and 1636, 801 and
694 cm–1. In the FTIR spectra of different modified
silica nanoparticles (methods 2.1.6. a)– c)), the
adsorption peaks around 2961, 2923 and 2861 cm–1

originate from CH3 and CH2 stretching vibrations,
and peaks between 1560 and 1411 cm–1 from their
bending vibrations, respectively. The bands at
around 1748 and 1693 cm–1 are due to the C=O
functional groups present in the modified silica
nanoparticles. The stretching $(N–H) vibrations are
observed at about 800 cm–1, and are overlapped
with hydroxyl group stretching vibrations (characteristic peak for APTMS modification). The C=C
stretching vibrations are observed at around
1366 cm–1 (characteristic adsorption peak for
TMSPM and TMEVS silica modification).
Qualitative estimations of the differences in the spectra of the UPeN before and after the nanofiller loading indicate the types and intensity of interactions
between the matrix (functional groups at polymer
chains) and the nanofiller surface functional groups.
FTIR spectra of UPeN (Figure 2a) and nanocomposites based on UPeN and modified silica are similar (Figure 2b). The broad band at >3000 cm–1 originates from hydroxyl group stretching vibrations.
The narrow peaks between 2985 and 2852 cm–1 come
from CH3 and CH2 stretching vibrations, respectively, and corresponding CH3 and CH2 bending
vibrations appeared at 1452 and 1364 cm–1 for UPe1
and UPe2. These peaks, for nanocomposites
UPeN/R(d), are shifted to higher values (~1455 and
~1384 cm–1). The intensive peak at 1721 cm–1 is
due to the stretching vibration of ester C=O groups
present in terephthaloyl moiety, and it is shifted to
higher value in UPeN/R(d) (1725 cm–1). The bands

Figure 2. FTIR spectra of the glycolyzed product (marked as PG; method 2.1.2. b)), unmodified and modified silica, and
UPe resins (a), and UPe1/and UPe2/R(d) nanocomposites (b)
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in the region 3090–3020 cm–1 correspond to the
valence C–H stretching vibrations. Skeletal C=C
double bond vibrations observed at 1647–1617 cm–1
correspond to the phenyl core. Two narrow adsorption peaks identified at about 731 and 700 cm–1 are
assigned to the skeletal '(CH) vibrations of benzene
ring, and these peaks are shifted to higher value for
UPeN (778 and 701 cm–1). Similar results with
smaller differences in FTIR spectra were found for
other UPeN nanocomposites at lower nanofiller
loading, and that is the reason why these results are
not presented in this section.

3.3. Thermal properties of silica nanoparticles
The thermal properties of silica nanoparticles were
examined by thermogravimetric analysis performed
in a nitrogen atmosphere. The TGA and differential
thermo-gravimetric (DTG) curves of unmodified
Aerosil® 380 (R380) and modified nanosilica
R380BD, R380MA and R380V are shown in Figure 3. From the TGA curves (Figure 3a)) it can be seen
that the unmodified Aerosil® 380 is stable at temperatures below 800 °C with 1.7% weight loss. Significant difference in thermal stability between bare
and modified silica nanoparticles could be observed
from TGA and DTG curves.
TGA curves of modified silica nanoparticles are
very similar, and the thermal degradation of all
samples took place in two stages. The weight loss
of all samples, in the range from room temperature
to 150 °C, originates mainly from the moisture
adsorbed on the surface. The further weight loss in the
range 150–230 °C was due to the dehydration/ther-

mal transformation of the surface organic functionalities attached via silanol groups [39]. The weight loss
between 390 and 500 °C, observed on TGA curves
of R380BD, R380MA and R380V samples, originates from thermal decomposition/condensation of
silica surface functionalities. Consequently, two
peaks on DTG curves (Figure 3b)) are observed for
all tested samples. Peak at 205.1 °C originates from
the partial and peak at 449.6 °C corresponds to the
complete thermal degradation of modifying agent.
A difference in the weight loss of modified silica
nanoparticles originates from the differences in
thermal stability/reactivity of the molecular structure at silica surface. The highest weight loss was
observed for the R380BD (32.9%) which contains
long unsaturated aliphatic chain from linseed oil
methyl ester, and structure highly sensitive to thermal treatment.
The TGA profile in the range 200–500 °C is fairly
similar for modified silica indicating that weight
loss is of low dependence on molecular structure
and their thermal degradation process. However, in
the range 500–800°C appropriate influences of structural differences could be observed, mostly arising
from the chain length of linseed oil fatty acid and
less from structural diversity of methacryloxy and
vinyl structure. Degradation/reactivity of unsaturated aliphatic chain is best understood on the basis
of the easily abstractable hydrogens present in
trienoate structure, resulting in allyl radicals formation, capable for reactivity transfer and formation of
condensed structure. Thermal dehydration/transformation at lower temperatures caused formation of

Figure 3. TGA (a) and DTG (b) curves of unmodified Aerosil® 380 silica nanoparticles (R380) and modified nanosilica
R380BD, R380MA and R380V

146

Rusmirovi! et al. – eXPRESS Polymer Letters Vol.10, No.2 (2016) 139–159

stable condensed surface structures which thermally decompose at higher temperatures. On the
other hand, the R380MA has a greater weight loss
of 29.9% than R380V sample, 26.6%, due to the
obvious difference in structure of attached fragment
at silica surface.

3.4. NMR characterization of UPeN resin
Results of NMR analysis confirm successful synthesis of UPe1 and UPe2 resins, and together with
results of Mn calculation (Table 2), indicate that
unsaturated polyester resin contains mostly fumaric
moiety in polymeric chain, which is necessary prerequisite to achieve high cross-linking reactivity
during molding/specimen formation.
Results of 1H and 13C NMR analysis (Figure 4) of
UPe1 are as follow:
1
H NMR (CDCl3): 1.23–1.51 (m, 6H, 2"CH3),
4.20–4.58 (m, 6H, 2"CH2CH–), 4.25–4.70 (m, 4H,
–O–CH2CH2–O–), 5.21–5.79 (m, 2H, PhCH=CH2,
styrene moiety), 6.65–6.79 (m, 1H, PhCH=CH2,
styrene moiety), 6.86–6.96 (m, 2H, fumaric moiety), 7.43 (s, 4H, HPh, styrene moiety), 8.05 (s, 4H,
HPh-terephthaloyl moiety);
13
C NMR (CDCl3): 16.22 and 19.08 (2"CH3), 62.7,
66.70–69.21, 70.19–70.30, 76.40–77.63 (CH2 carbons in PG moiety), 113.70 (4"CPh in styrene moiety),
126.12–128.43 (4"CPh), 134.00 (O=C–HC=CH–C=O),
133.57 (2"Ph(C)–COO), 164.08 and 164.39
(O=C–HC=CH–C=O), 164.99 and 165.28
(2"PhCOO). Similar results were found for UPe2
resin.
From the 1H and 13C NMR spectra of the synthesized
UPeN resins it can be concluded that the PET glycolysis method has no effect on polycondensation
reaction with maleic anhydride, and dominant products were glycol esters of terephthalic acid: bis(2hydroxylpropyl) terephthalate, (2-hydroxyethyl)(2hydroxypropyl) terephthalate and glycols. From the
technical-economical aspect of UPes synthesis based
on waste PET/PG glycolysis product, the classical
method was selected as better alternative for the
industrial level of synthesis due to the technological
simplicity of synthesis method, in case when the

high mechanical properties are not crucial for the
application.

3.5. The AV, HV, Mn, iodine value, viscosity,
gel time and maximum curing
temperature of the synthesized UPeN and
UPe2/R(c) nanocomposites
The products obtained by waste PET glycolysis were
used for synthesis of UPes. Zahedi et al. [40] investigated effects of the reaction time, volume of glycol and catalyst contents on the yield of the glycolysis products and after obtaining a suitable glycolysates, the polyesterification of obtained intermediary products and MA was studied. Also, authors
determined the optimal reaction time and temperature for the polyesterification of PET glycolizate
with MA.
The AV, HV, Mn, iodine value and viscosity of UPeN
are given in Table 2. From these results it could be
observed that synthesized UPeN have similar viscosity, AV, HV, Mn, and iodine value and different
glycolysis products showed no significant effect on
these properties of the obtained resins. Generally,
the UPe2, based on the glycolized product obtained
by EG azeotropic removal method (2.1.2. b)) contributed to the higher AV and HV, while opposite is
true for Mn, iodine value and viscosity of the obtained
products.
The gel time values of UPeN and UPe2/R(c) nanocomposites, determined from the cure exotherm,
are given in Table 3.
The results from Table 3 indicate that presence of
SiO2 nanoparticles had different influence on the gel
time and the maximum curing temperature (Tmax) of
Table 3. The gel time and maximum curing temperature
(Tmax) of the synthesized UPeN and UPe2/R(c)
nanocomposites
Sample
UPe1
UPe2
UPe2/R380BD(c)
UPe2/R380MA(c)
UPe2/R380V(c)

Gel time
[min]
19.20
14.50
20.00
15.75
9.50

Tmax
[°C]
145.7
172.9
112.9
110.3
127.7

Table 2. The AV, HV, Mn, iodine value and viscosity of the synthesized UPeN
Sample
UPe1
UPe2

AV
[mg KOH/g]
13.0
13.4

Mn*
[g/mol]
2634
2544

HV
[mg KOH/g]
29.6
30.7

*

Mn values were calculated according to the Equation (1).
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Iodine value
47
51

Viscosity
[s]
105
90
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Figure 4. 1H NMR (a) and 13C NMR (b) spectra of UPe1 obtained according to method 2.1.4. a)
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nanocomposite, depending on the type of silica
modification. The shorter gel time of UPe2 in comparison to UPe1, 14.50 min versus 19.20 min, and
higher maximum curing temperature, 172.9 °C versus 145.7 °C, indicate higher reactivity of UPe2
resin. The gel time of UPe2/R380BD(c) was increased
slightly, 14.50 to 20.00 min, compared to the UPe2,
while Tmax was decreased from 172.9 °C, for UPe2,
to 112.9°C for UPe2/R380BD(c). Silica surface modification with TMSPM and TMEVS caused reduction in the Tmax from 172.9 to 110.3°C and 127.7°C,
respectively, while the gel time was shorter than for
pure UPe2. Gel time was slightly higher for UPe2/
R380MA(c), 15.75 min, and significantly lower
value was found for UPe2/R380V(c), 9.50 min.
Incorporation of modified silica nanoparticles in
initial UPe polymer matrix influenced cross-linking
reaction due to the appropriate contribution of physical interactions and covalent bonding to reactivity/
energetic effect of the curing system. Intermolecular interactions between present functionalities at
nanofiller surface and polymeric chain segment prevent, to some extent, favorable approach of vinyl
moieties (propagation reaction), causing in that way
decrease of Tmax. Higher reactivity, i.e. mobility of
polymeric chain segments in pure UPe, contributes
to higher Tmax, while for UPe2 higher Tmax is also
affected by better system compatibility. The long
unsaturated chain of methyl esters of linseed oil
fatty acid in the APTMS-BD structure provides steric
hindrance of reactive vinyl group due to high flexibility, in relation to TMSPM and TMEVS modifiers,
causing longer reaction period to reach Tmax. APTMSBD molecules can be randomly oriented and could
therefore obscure the reactive sites, and accordingly
require a longer gel time to increase the viscosity of
the nanocomposites during cross-linking. TMEVS
modifier has shortest alkyl chains with the most
reactive vinyl group of limited flexibility, which
provides the highest reactivity of UPe2/R380V(c)
sample, i.e. the shortest gel time was obtained. Appropriate steric repulsion of methyl group present in
the TMSPM causes lower accessibility of reacting
species to exert reaction with double bond.

3.6. TEM analysis of UPe2/R(c)
nanocomposite materials
Examination of the influence of the silane coupling
agent on the silica dispersion in the UPe matrix of
the cured UPe2/R(c) nanocomposites was per-

Figure 5. TEM micrographs of (a) UPe2/R380BD(c),
(b) UPe2/ R380MA(c) and
(c) UPe2/R380V(c) nanocomposites
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formed by TEM technique. Figure 5 shows TEM
micrographs of UPe2/R380BD(c), UPe2/R380MA(c)
and UPe2/R380V(c) nanocomposites. From the
TEM micrographs of all samples it can be observed
that the spherical primary particles of silica nanofiller are to some extent aggregated depending on the
properties of silica surface. The primary particles
formed irregular chains-like structure with more
intensive domain of aggregated nanofiller in UPe2/
R380BD(c) nanocomposite (Figure 5a), less in UPe2/
R380MA(c) (Figure 5b), and the best dispersion
was found for UPe2/R380V(c) nanocomposite (Figure 5c)).
The TEM analysis of samples UPe2/R380BD(c) and
UPe2/R380MA(c) (Figure 5a and 5b) shows somewhat lower uniformity of the formed aggregates
due to the balanced intermolecular interactions
between the nanofiller and the nanofiller/cross-linked
polymer. In TEM micrograph of UPe2/R380BD(c)
an irregular imperfect three-dimensional network of
randomly distributed aggregates of modified silica
in the polymer matrix was observed. The presence
of long linseed oil fatty acid residue on the silica
surface led to weakening of the interfacial interaction, due to the lower physical interaction of unsaturated acid residue/UPe matrix. In a similar study,
Ou et al. [41] studied effects of alkylation of silica
on interfacial interaction, determination, vulcanization swelling procedure, and tensile retraction of
modified silica reinforcement of natural, styrenebutadiene and acrylonitrile-butadiene rubber. They
have found that the type of the activities of the silica
surfaces, methyl, especially hexadecyl alcohol, has
influence on the relaxation process weakening interfacial interaction. Analogously, besides to the presence of reactive vinyl groups, the long unsaturated
fatty acid chain created spatial barrier between primary spherical nanoparticles and polymeric chain,
and the consequence of that was the lowest uniformity of UPe2/R380BD(c). The aggregates found in
UPe2/R380BD(c) sample are the largest, indicating
that the highest extent of cohesive interaction
between nanofiller exists. The TEM analysis of sample UPe2/R380MA(c) showed similar phase dispersion in the cross-linked polymer/nanofiller as in UPe2/
R380BD(c). It was caused by moderate repulsive
steric interaction of methyl group present in methacryloxy fragment at silica surface. The aggregates
observed in sample UPe2/R8380V(c) (Figure 5c)
are present in the smallest amount, showing good

dispersion of nanoparticles in polymer matrix when
TMEVS was used as a modifying agent. Intensive
#,#-stacking and different intermolecular interactions at the nanofiller/cross-linked polymeric network interface between terephthaloyl moieties contributed to the better distribution and higher uniformity of the nanofiller (Figure 1). The vinyl group
present on silica surface caused the lowest extent of
steric interference and the highest reactivity, which
provided the highest level of dispersibility. Similar
morphological properties were found for other
UPeN/R(n) nanocomposites.

3.7. Mechanical testing of UPeN based
nanocomposites
With the aim to investigate influence of different
modification type and content of incorporated silica
nanoparticles on the mechanical properties of the synthesized nanocomposites based on UPe, the mechanical testing has been done. The stress-strain curves of
the examined cured UPeN and UPeN/R380BD(n)
samples are shown in Figure 6, and the values of
stress at break (#b), elongation at break ((b), and tensile modulus (E) are given in Table 4.
Differences in #b and (b value of pure UPeN are
mainly caused by properties of the products of PET
glycolysis. Higher stress and elongation at break,
found for UPe2, is due to the higher structural
homogeneity of cross-linked polymeric network, in
comparison to UPe1. PET glycolysis product,
obtained by method 2.1.2. b) mainly contains bis(2hydroxypropyl) terephthalate, while the product of
glycolysis used in UPe1 synthesis also includes
asymmetrical terephthalic ester containing ethylene
glycol residue, which contributed to segmental structure of polyester chain. Also, difference in the transfer of reactivity, i.e. rate of propagation reaction during cross-linking, could be of appropriate significance.
Results of mechanical testing indicate that #b and E
increase with increasing silica content in nanocomposite samples, while (b is slightly higher for nanocomposite samples than for the pure UPeN. The
presence of long BD chain in APTMS-BD on the silica surface, which represents the soft-elastic segment in nanofiller/cross-linked polymer, contributes
to higher (b values than for pure UPeN. Also, in
accordance with its structure, APTMS-BD can have
a plasticizing effect in cross-linking process. With
increasing silica content in UPeN/R380BD(a–c)
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Figure 6. The stress-strain curves of the cured (a) UPe1 and UPe1/R380BD(n) and (b) UPe2 and UPe2/R380BD(n)
nanocomposites
Table 4. Stress at break (#b), elongation at break ((b) and tensile modulus (E) of cured UPe1/R380BD(n) and UPe2/
R380BD(n) nanocomposites
Sample
UPe1
UPe1/R380BD(a)
UPe1/R380BD(b)
UPe1/R380BD(c)
UPe1/R380BD(d)

!b
[MPa]
34±1.0
57±1.7
65±1.3
78±1.9
75±1.7

"b
[%]
2.2
3.5
3.8
4.6
3.6

E
[GPa]
1.5
2.2
2.7
2.9
1.6

nanocomposite samples, prevalence of soft-elastic
segments increases, as well as elongation at break.
Stress at break increases with increasing silica content, and the highest #b value have the UPeN/
R380BD(c) samples with aggregates formed of spherical APTMS-BD modified silica nanoparticles.
Figure 7 shows stress-strain curves of the cured
UPeN and UPeN/R380MA(n) nanocomposites and

Sample
UPe2
UPe2/R380BD(a)
UPe2/R380BD(b)
UPe2/R380BD(c)
UPe2/R380BD(d)

!b
[MPa]
43±1.4
58±1.3
69±1.9
78±1.7
76±1.6

"b
[%]
2.8
3.2
4.5
4.4
4.8

E
[GPa]
1.8
2.3
2.4
2.2
1.9

appropriate values of stress at break, elongation at
break and tensile modulus are given in Table 5.
The results of mechanical testing of UPeN/
R380MA(n) nanocomposites based on UPeN and
TMSPM modified silica show similar trend as UPeN/
R380BD(n) samples. With increasing silica content
in UPeN/R380MA(a–c) nanocomposites, increase of
elongation at break and stress at break was observed.

Figure 7. The stress-strain curves of the cured (a) UPe1 and UPe1/R380MA(n) and (b) UPe2 and UPe2/R380MA(n)
nanocomposites

151

Rusmirovi! et al. – eXPRESS Polymer Letters Vol.10, No.2 (2016) 139–159

Table 5. Stress at break (#b), elongation at break ((b) and tensile modulus (E) of cured UPe1/R380MA(n) and UPe2/
R380MA(n) nanocomposites
Sample
UPe1/R380MA(a)
UPe1/R380MA(b)
UPe1/R380MA(c)
UPe1/R380MA(d)

!b
[MPa]
53±1.3
59±1.2
68±1.7
63±1.7

"b
[%]
3.3
3.2
4.0
3.2

E
[GPa]
1.8
2.0
1.9
2.4

The highest stress at break was observed for UPeN/
R380MA(c). By incorporation of more than 1.0 wt%
of silica nanoparticles in cross-linked polymer/nanofiller, elongation at break and stress at break decrease
due to the deterioration of the homogeneity of nanocomposite with the increase of silica addition, i.e.
phase mixing/dispersing of nanofiller is not satisfactory. Guo et al. [42] investigated mechanical properties of polymeric nanocomposites based on TMSPM
surface functionalized alumina nanoparticle and
vinyl ester resin. They have found that modified alumina nanoparticles formed particle/matrix interfacial bonding, which allowed larger local plastic
deformation in the matrix and resulted in significant
increase in both modulus and strength, from 2.75 GPa
(pure resin) to 3.25 GPa and 52.4 MPa to 63.3 MPa
for 1 wt% modified alumina nanoparticles, respectively [42].
Figure 8 shows stress-strain curves of the cured
UPe1 and UPe1/R380V(n) nanocomposites and determined values of stress at break, elongation at break
and tensile modulus are given in Table 6.
In the case of UPe1/R380V(n) composite materials,
the highest values of elongation at break and stress
at break with regard to the pure cross-linked UPe1
are recorded. These results are associated with

Sample
UPe2/R380MA(a)
UPe2/R380MA(b)
UPe2/R380MA(c)
UPe2/R380MA(d)

!b
[MPa]
56±1.3
73±1.6
75±2.0
68±1.5

"b
[%]
4.0
3.8
5.0
4.0

E
[GPa]
1.9
2.1
2.0
2.0

TMEVS configuration. The side chains with 1,2dimethoxyethyl groups are short and oriented so
that they cannot cause steric hindrance and hide the
active sites on the modified silica surface. Kanimozhi et al. [43] proved vinyl silane functionalized
rice husk ash reinforcing effect on unsaturated polyester nanocomposites. They confirmed that the reinforced composites exhibited higher thermal and
mechanical properties than neat UPe. Modifiers,
APTMS-BD and TMSPM, can occupy twisted conformation, due to the flexibility of unsaturated fatty
acid residue, and due to the interaction with surface
functional groups by forming closed structure which
prevent availability of vinyl active sites (Figure 1).
In order to determine the effect of the organic structure of the surface coupling agent on the flexural
and impact strength of the cured UPeN/R(c) composites, the flexural strength and Charpy impact testing was performed. Determined values of impact (#i)
and flexural strength (#f) are given in Table 7.
Obtained results indicate that impact and flexural
properties increase with 1.0 wt% filler loading for
both UPeN based nanocomposites [43]. The impact
strength increase from 109 to 131% and from 108 to
113% for UPe1 and UPe2 based nanocomposites,
while the flexural strength increase from 108 to 156%

Figure 8. The stress-strain curves of the cured (a) UPe1 and UPe1/R380V(n) and (b) UPe2 and UPe2/R380V(n)
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Table 6. Stress at break (#b), elongation at break ((b) and tensile modulus (E) of cured UPe1/R380V(n) and UPe2/R380V(n)
nanocomposites
Sample
UPe1/R380V(a)
UPe1/R380V(b)
UPe1/R380V(c)
UPe1/R380V(d)

!b
[MPa]
58±1.3
71±1.5
84±2.0
80±1.9

"b
[%]
5.4
4.3
5.2
4.7

E
[GPa]
1.7
1.7
1.9
1.6

Sample
UPe2/R380V(a)
UPe2/R380V(b)
UPe2/R380V(c)
UPe2/R380V(d)

!b
[MPa]
61±1.4
74±1.5
84±1.9
82±1.9

"b
[%]
4.1
4.0
5.1
5.0

E
[GPa]
1.6
1.9
1.8
1.8

Table 7. Values of impact and flexural strength of cured UPeN/R(c
Sample
UPe1
UPe1/R380BD(c)
UPe1/R380MA(c)
UPe1/R380V(c)

!i
[J·m–1]
145.6±4.6
159.2±4.3
158.6±4.6
191.1±6.1

!f
[MPa]
66.7±1.7
103.9±3.0
81.6±2.3
72.0±2.3

and from 106 to 133% for UPe1 and UPe2 based
composites, respectively. Lower values of impact
and flexural strength of UPe2 based nanocomposites indicate that those materials absorb lower amount
of energy and have brittle transition. Also, the highest values of flexural strength of UPeN/R380BD(c)
are due to best interfacial adhesion between filler and
polymer matrix and indicate that the plasticizing
effect of APTMS-BD moiety. The UPe2/R380MA(c)
has higher values of #f than UPe2/R380V(c) [44].
The influence of SiO2 nanofiller content on the stress
at break of UPeN/R is shown in Figure 9.
Obtained results, given in Figure 9, indicate that
stress at break of all UPeN/R nanocomposites
increased with increasing R content up to the 1 wt%,
and after that it is constant or slightly decreased.
Incorporating of more than 2 wt% of modified silica
nanoparticles caused formation of larger aggregates
which represent vulnerabilities/weak point in cross-

Sample
UPe2
UPe2/R380BD(c)
UPe2/R380MA(c)
UPe2/R380V(c)

!i
[J·m–1]
109.2±3.4
118.3±3.2
113.7±2.9
122.8±3.4

!f
[MPa]
61.7±1.6
81.0±2.4
68.5±1.9
65.6±1.6

linked polymer-nanofiller composite. The larger
diameter of the silica cluster, larger for higher percent of added nanofiller, indicates balanced contribution of both silica/matrix and silica/silica interactions where contribution of later one increases with
silica content increase.
It was evident that the content and the type of modification of silica nanoparticles had an appropriate
influence on the mechanical properties of the obtained
nanocomposites. Modified silica reinforced composites exhibit higher mechanical properties than neat
cured UPe matrix due to the hydrophobicity of the
silica surface, i.e. improved compatibility with UPe
matrix, and thus higher reactivity contributes to
higher cross-linking density. The stress at break of
UPeN/R (Figure 9) reflects influence of vinyl based
SiO2 modification on the nanofiller dispersibility
(Figure 5), extent of intermolecular interactions (Figure 1) and steric interference to vinyl group reactiv-

Figure 9. The influence of SiO2 nanofiller content on the stress at break of (a) UPe1/R and (b) UPe2/R materials
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ity. Lower values of stress at break for R380MA and
R380BD are influenced by electronic and steric/conformational effect. The UPeN/R380BD nanocomposites have higher values of #b, compared to UPeN/
R380MA, due to the presence of allylic hydrogen
and number of ethylenic in flexible structure more
likely to be involved in cross-linking process. Also,
structural differences between UPe1 and UPe2 resin,
due to the different EG/PG ratio in polyester chain
and higher flexibility of PG moiety, influences nanocomposites properties. Extent of the interactions
depends on the nature of the functional groups present on the surface of the fumed silica and UPe chain:
high intensity #,#-stacking attractive interaction
between vinyl and terephthaloyl moieties contribute
to effective networking of the obtained system. On
the other hand, low intensity non-covalent interactions: London dispersive forces, Van der Waals and
different dipolar interactions had a smaller contribution to orderliness and physical cross-linking,
influence lower extent on the mechanical properties
of the obtained nanocomposites (Figure 1).

3.8. DMA and DSC analysis of cured UPeN
and UPeN/R(n) nanocomposites
Chemical composition and configuration of the synthesized macromolecules, interaction between polymer chains and filler nanoparticles have influence on
material crystallinity, phase formation, and dynamicmechanical properties of composite materials.
The temperature dependences of storage modulus
(G'), which reflects elastic behavior, loss modulus
(G$), which reflects viscous behavior of pure UPeN
and UPeN/R(c) nanocomposites are given in Fig-

ure 10. Results of the dynamic-mechanical analysis
(DMA) of the investigated samples, presented in Figure 10, show that there is no significant difference
in G' and G$ values between samples of the same
nanocomposite group, indicating that different modification type of applied silica nanoparticles has a
minor influence on the dynamic-mechanical properties of the prepared nanocomposites. On the other
hand, pure UPe2 and UPe2/R(c) nanocomposites
have significantly higher G' values than pure UPe1
and UPe1/R(c) in the whole investigated temperature region, as can also be observed from the values
of the storage modulus in the glassy state (G'GS), at
50 °C, and in the rubbery state (G'RP) (Table 8). Furthermore, rubbery plateau region of samples prepared
with UPe2 as polymer matrix appears at higher temperatures (T > 180 °C) than rubbery plateau region of
samples based on UPe1 (T > 120 °C). G'RP values of
UPe2/R(c) are more than one order of magnitude
higher than G'RP values of UPe1/R(c), indicating
large difference in the cross-linking density between
these two nanocomposite groups, caused by the presence of different polymer matrix. The same trend was
observed for the pure UPe1 and UPe2. Smaller difference between G' values in the glassy and rubbery
states for pure UPe2 and UPe2/R(c) nanocomposites in comparison to the samples based on UPe1 is
also related to the higher cross-linking density of
UPe2-based samples [45]. The trend of the G$ values change for two groups of samples depends on the
temperature, i.e. up to the approximately 110°C pure
UPe1 and UPe1/R(c) nanocomposites have higher
G$ values than pure UPe2 and UPe2/R(c) nanocomposites. Opposite is true at higher temperatures.

Figure 10. Temperature dependence of (a) storage modulus (G') and (b) loss modulus (G'') of pure UPeN and UPeN/R(c)
nanocomposites
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Table 8. Results of DMA and DSC analysis of the UPeN and UPeN/R(c)
Sample
UPe1
UPe1/R380BD(c)
UPe1/R380MA(c)
UPe1/R380V(c)
UPe2
UPe2/R380BD(c)
UPe2/R380MA(c)
UPe2/R380V(c)

G'GS
[MPa]
780
720
790
760
1100
1200
1100
1100

G'RP
[MPa]
3.4
3.7
3.4
3.4
23.6
24.0
26.0
24.0

Tg(tan # peak)
[°C]
92.4
95.1
93.8
91.3
151.3
151.3
151.3
145.0

In the temperature dependence of the mechanical loss
factor of pure UPeN and the prepared composites
given in Figure 11, only one peak in the range 91.3–
95.1°C for UPe1 and nanocomposites based on UPe1
and in the range 145.0–151.3 °C for UPe2 and nanocomposites based on UPe2 can be seen. The temperature associated with loss factor peak corresponds
to the glass transition temperature (Tg) of the investigated samples. The Tg values of pure UPeN and prepared nanocomposites determined from the tan% temperature dependence are listed in Table 8. Tg(tan % peak)
values of UPe1/R380(c) nanocomposites prepared
using R380BD and R380MA nanoparticles are
higher than Tg of pure UPe1, which implies that the
presence of these surface modified SiO2 nanoparticles restricted molecular mobility of polymer chains
at the interface between UPe1 and nanoparticles, due
to the presence of the attractive interactions between
nanoparticles and polymer matrix. The opposite was
obtained for UPe1/R380V(c) nanocomposite. When
UPe2 was used as polymer matrix, R380BD and
R380MA nanoparticles showed no influence on the
Tg of UPe2, while Tg of UPe2/R380V(c) nanocom-

Figure 11. Temperature dependence of tan % of pure UPeN
and UPeN/R(c) nanocomposites

tan # height
0.96
0.92
0.96
0.95
0.32
0.32
0.32
0.31

Tg(DSC)
[°C]
92.0
94.1
93.1
90.0
141.1
145.2
146.3
145.2

$·103
[mol/cm3]
3.4
3.5
3.4
3.4
5.4
5.4
5.5
4.3

posite was lower than Tg of pure UPe2. Furthermore,
Tg of cured UPe1 and UPe1/R(c) samples is lower
than Tg of UPe2 and UPe2/R(c), due to the higher
cross-linking density of the samples based on UPe2.
This is also evidenced by the maximum values of
tan % (tan % height) listed in Table 8, since it is known
that samples with higher tan! values have lower
cross-linking density, i.e. higher mobility of the chain
segments between cross-links [46]. It is also interesting to notice that tan! peaks of UPe2 and UPe2/R(c)
nanocomposites are broader than tan % peaks of
UPe1 and UPe1/R(c) samples, indicating higher
cross-link non-uniformity, i.e. more heterogeneous
polymer network and broad distribution of relaxation times in samples based on UPe2 [47, 48].
Values of the cross-linking density ($) of the prepared samples were calculated from G'RP following
the Equation (2):
n5

1G9 RP 2
RT

(2)

where R is the universal gas constant and T is
Tg+30 °C. Determined values of the cross-linking
density of the investigated samples are summarized
in Table 8. It can be observed that different modification type of SiO2 had no influence on the crosslinking density of pure UPe1 and UPe1/R(c) nanocomposites. Similar trend was observed for pure
UPe2 and UPe2/R(c) nanocomposites, except for
UPe2/R380V(c) which has slightly lower % than
pure UPe2 and other UPe2/R(c) nanocomposites,
which is in accordance with determined Tg values and
investigated mechanical properties. Obtained DMA
results revealed that type of the UPe used as polymer matrix has more pronounced influence on the
dynamic-mechanical properties of the investigated
nanocomposites has than the type of SiO2 nanoparticles used for modification. Samples based on unsaturated polyester prepared using PET glycolysis product obtained by ethylene glycol azeotropic removal
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method have higher cross-linking density and consequently lower molecular weight between cross-links
than samples based on UPe1, synthesized using
product obtained by classical method of PET glycolysis.
In order to determine the thermal properties of the
cured UPeN and UPeN/R(n) nanocomposites, differential scanning calorimetry was performed, whereby
two heating runs, as well as a cooling run between
them were recorded. From the results of DSC analysis (Figure 12) similar values of Tg to ones determined by DMA analysis, and no significant differences between Tg of pure cured UPeN and UPeN/R(c)
nanocomposites were found. Generally, the Tg values of cured UPe1 and corresponding nanocomposites are in the range 92.0–94.1 °C, and of cured UPe2
and corresponding nanocomposites are in the range
141.1–146.2 °C.
In a similar manner to the present work, nanocomposites based on UPe and fumed silica Aerosil®
R812S, R805 and R816, and R200 modified with
phenyl terminal group, R200NPh were investigated
[15]. Aerosil® R812S, R805, and R816 are a
hydrophobic fumed silica obtained by treating of
Aerosil® 200 with hexamethyldisilazane, octylsilane,
and hexadecylsilane, respectively. Different length of
aliphatic chain provided low cohesive intermolecular interactions between polymeric chain and functionalities at silica surface, which contributed to the
low reinforcement effect in appropriate nanocomposites. Due to this, the best mechanical and rheological properties were found for composites with

Figure 12. DSC curves obtained during heating at 10°C/min
of pure UPe1 and UPe1/R(c) nanocomposites

R200NPh nanofiller. High intensity #,#-stacking
attractive intermolecular interaction between Nphenyl and terephthaloyl moieties provided effective physical cross-linking, and thus high reinforcing effect was found similar to the ones obtained in
this work. However, reinforcing effect of R200NPh
could not be achieved in UPe with EG and PG glycol, synthesized in this work, as for dipropylene glycol (DPG) based UPe [15]. Preliminary results indicate that lower flexibility of EG/PG fragments could
not provide favorable conformational adaption to
attain maximum intermolecular interactions in UPe2/
R200NPh nanocomposite. Compared with the results
presented in this work, with vinyl modified fumed
silica Aerosil® 380 (R380BD, R380MA and R380V),
the best mechanical and rheological properties was
found in composites with R380V, i.e. UPe1/R380V
and UPe2/R380V at all nanofiller loading. By incorporation of 1.0 wt% of silica R380V stress at break
increase for 195–247% for UPeN/R380V(c) crosslinked nanocomposite. Presented results indicate that
high performances nanocomposites based on UPe
could be obtained by designing modification of
nanofiller with preferably mono vinyl moiety, which
could exert the lowest possible steric interference
with polymeric chain.
Besides, in a previous work it was explained that
comparison of the mechanical properties of the PET
based UPes and nanocomposites with literature
ones was difficult, due to the different experimental
conditions, applied reinforcement materials, molecular weight of the UPe and styrene amount [15].
Commercial UPe resins with different styrene contents (60, 50, and 40 wt%) exhibited reasonably
lower stress at break value (11 MPa for cured UPe
resin with 60 wt%; 24 MPa for cured UPe resin with
50 wt% and 37 MPa for cured UPe resin with
40 wt%) compared with UPes prepared in this work
[49]. Comparing the silica content influence on the
rheological and mechanical properties of the PET
based nanocomposites with, for example, influence
of fiber-glass content, the fiber-glass polyester resin
composites showed higher values for stress at break
and tensile modulus [50]. Presented results show
that UPe resins obtained by polycondensation of
maleic anhydride and products of PET glycolysis
and nanocomposites are materials of comparable
performance to the ones published in the literature,
and thus presented methodology offers an applicable alternative for large scale production.
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4. Conclusions

In this work UPeN resins were used as polymer
matrices, while surface modified fumed silica nanoparticles were used as nanofillers for the preparation of UPeN/R nanocomposites. The gel time of
pure cured UPe2, obtained by EG azeotropic removal
method, was shorter compared with UPe1 (classical
method), while the maximum curing temperature was
higher for UPe2 (172.9 °C). The lower gel time and
maximum curing temperature were found for corresponding nanocomposites based on UPe2.
Mechanical testing results indicate that stress at
break of all cured nanocomposites is higher than for
pure UPeN, and increases with increasing modified
silica content up to the 1 wt% in UPeN/R380(n), and
after that small changes in mechanical properties was
found. This result indicate that incorporation more
than 2 wt% of modified silica contribute to lower dispersibility in polymeric matrix, i.e. strong cohesive
force between nanofiller particles prevail. TEM analysis revealed that silica nanofiller formed chain-like
aggregates which provided different extent of intermolecular interaction with cross-linked polymer
network. Exceptional mechanical properties were
obtained for UPe2/R380V(c): the value of stress at
break and tensile modulus were 84 MPa and 1.8 GPa,
respectively. Similar results was obtained for impact
strength testing, i.e. highest value of #i was obtained
for both UPeN/R380V(c), while higher values of #f
was obtained for UPeN/R380BD(c). In both case
UPe1 resin showed higher value of impact and flexural strength.
Obtained DMA results indicated that the synthesis
method of the UPe has more pronounced influence
on the dynamic mechanical properties than type of
SiO2 nanoparticles surface modification. Higher
cross-linking density was observed for samples based
on UPe2. The trend of glass transition temperature
values obtained by DMA corresponds to Tg values
obtained by DSC analysis.
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