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1. Introduction

Recycled polymer materials have been widely used in various
industrial applications because of their superior properties. The
main problems in their recycling rise from their degradation during
processing and the incompatibility between polymers [1].

Thermodynamic immiscibility of most polymers is a serious bar-
rier in mixtures processing of both virgin polymer and plastic waste
[2]. As a consequence, adhesion between individual molecules of
materials made from these polymer blends is too low. In many cases,
too low mechanical strength of these materials is an unfavorable
result. In order to enhance the material strength, small amounts of
additives are being added to the polymer mixtures. Therefore com-
patibilization, in order to obtain good interfacial adhesion and to
reduce the interfacial tension between the components, is neces-
sary. The interfacial adhesion [3] of individual components of the
blends is improved.

However, the use of additives is sometimes limited due to the
surface characteristics. It is, therefore, interesting to modify the
surface in a controlled manner to enhance wettability, adhesion
and compatibility with other materials. The most important fea-
ture of the surface modification is that the surface properties of the
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treated material can be modified without changing their intrinsic
bulk properties [4].

In this paper, the effect of high density polyethylene (HDPE),
low density polyethylene (LDPE) and TiO, nanoparticles on the
PET-rubber nanocomposites have been analyzed and correlated
with the surface properties with influence on the compatibility.

2. Experimental
2.1. Materials

Waste materials were used from tire rubber, HDPE and PET bot-
tles, and LDPE from plastic bags. These were washed and milled
in particles with 1mm dimension. Commercially available TiO,
(Degussa P25) with a mean primary size of 21 nm and a specific
surface area of 50m?2/g was used. The nanoparticles consist of
approximately 80% anatase and 20% rutile.

2.2. Techniques

To prepare composites by compression moulding, a manual
press was used and set to 220, 240 and 260 °C. Moulding time was
1h, using a thermostatic heater and there were obtained samples
with similar composition of the main constituents (tire rubber and
PET), but with different additives (HDPE, LDPE, TiO,, 5 wt%).
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2.3. Analysis

2.3.1. Fourier Transform Infrared Spectroscopy (FTIR) analysis
Fourier Transform Infrared Spectroscopy (FTIR) analysis using a
spectrophotometer (Spectrum BX Perkin Elmer) was used to record
spectra in reflectance mode, in the range from 500 to 4500cm™!,
after 4 scans, with resolution of 4cm~!. The chemical structure of
the plastics, tire rubber waste and composites, before and after the
recycling technique was confirmed by recording their IR spectra.

2.3.2. Differential scanning calorimetry analysis

Thermal characterization of the composites was carried out
by differential scanning calorimetry, DSC (PerkinElmer, DSC-2).
The thermal parameters, melting temperature (T, ), and melting
enthalpy (AHm), were calculated. The experiments were done in
inert atmosphere (N) from —100 to 300°C in an aluminum pan
with a heating rate of 10 °C/min.

2.3.3. Contact angle measurement

An OCA-20 Contact Angle System (DataPhysics Instruments) was
used to determine contact angle of the composites surface. A drop of
distilled water (10 L) was placed, with 1 pL/s velocity, on the com-
posites surface, and the contact angle was measured every second
during 30 min.

Surface energies were estimated using the theory of the adhe-
sion work among solid and liquid phases, where polar and
non-polar (dispersive) contributions in the interaction processes

are considered, using ultra pure water (Direct-Q 3 Water Purifica-
tion System)—which is the highly polar liquid with o =72.10 mN/m
(0P =52.20mN/m; 04=19.90 mN/m) [5].

2.3.4. X-ray analysis

The X-ray diffraction measurements, Bruker D8 advance Diffrac-
tometer Cu Ko radiation of A = 1.54016 A, were used to evaluate the
effect of HDPE, LDPE and TiO, nanoparticles on the interfaces and
composites crystalline structure. Data were collected over the range
20=5-60° in the fixed time mode with a step interval of 0.01° at
25°C temperature.

2.3.5. Atomic force microscopy

The surface morphology of the nanocomposite surface was
investigated by atomic force microscopy (AFM NT-MDT model NTE-
GRA PRIMA EC). The images were taken in semi-contact mode with
“GOLDEN” silicon cantilever (NCSG10, force constant 0.15 N/m, tip
radius 10 nm).

3. Results and discussions
3.1. Fourier Transform Infrared Spectroscopy (FTIR) analysis

The FTIR spectra of the composite with HDPE, LDPE and TiO,
are discussed compared with the second raw material spectra [6].
Displacement can be observed in the reflectance maxima due to
vibration alterations of the dipoles existing in the polymers caused

Fig. 1. FTIR spectra for the composites with: (a) HDPE; (b) LDPE; (c) TiO,.
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by the presence of additives. The type of additives and the cur-
ing temperature can affect the inter- and intra-molecular bonds in
the composites’ constituents and at the interface(s). High polarity
differences lead to peak modification towards higher wavelengths
values; while for small polarity differences the shift is towards
higher values of the wave number (cm~1), showing different inter-
action mechanisms.

The characteristic bands corresponding to the samples with
HDPE obtained at 220°C are those at 960.24 and 900.15cm™’,
the vinyl groups (-CH=CH,). These peaks join for the samples
obtained at 240°C, but the peak at 960.24cm~! absconds in the
samples obtained at 260°C, because of the oxidation favored by
the higher temperature. New peaks are formed in the sample at
240°C (3412.08, 1710.58, 1560.34cm™!) that can be assigned to
interface interactions between the tire rubber matrix, PET and HDPE
(Fig. 1a). In the samples with LDPE obtained at 240°C, new peaks
are formed (670.80 cm~') and the peaks 1575.05, 1538.36 cm~! dis-
appear (Fig. 1b). Only one peak (1937.89 cm~1) is formed for sample
obtained at 260 °C. The peaks can be assigned to polar compounds,
resulted via partial oxidation that can cause electrostatic interac-
tions, stabilizing the interface.

Comparing the main peaks position in the nanocomposite (220,
240, 260°C) with the values known from the literature, it can
be considered that TiO, nanoparticles reduce the mobility of the
saturated and aromatic sequences as a result of the interlamelar
infiltration. These effects were higher at the lowest molding tem-
perature (240°C). The physical and chemical interactions between
TiO, nanoparticles with PET and tire rubber powder have been

confirmed by new peaks (1342.10, 871.49, 790.14cm™1). The peak
at 1594.53cm~! disappears and three peaks (1716.76, 1700.57,
1680.34 cm~!) may overlap and they can be associated to one single
reference peak at 1714.72 cm~! (Fig. 1c). The peak shift is constant
for the composites with TiO, nanoparticle obtained at 220, 260 °C,
proving that the structural modifications by interfacial bonding fol-
low the same mechanism.

A shift to lower wave numbers (lower energies) is registered for
the -CH,—, —-CH3 groups and aromatic rings, proving more disor-
dered arrangements in the nanocomposite. At the same time, the
shift towards higher energy of the double bonds can be responsi-
ble for the short-range ordering, that can result in new crystallite
formation. This is obviously linked to the interaction with TiO,, for
which the Ti-0 bond acts in structural reinforcement. The samples
obtained at 240°C seem to have better interface properties, as a
consequence of physical and chemical interactions.

Based on the spectra modifications we can conclude that the
largest interfacial change result when using HDPE.

3.2. Contact angle measurements

The contact angle is a surface property, a consequence of inter-
molecular interactions. Contact angle is strongly dependent on the
liquid and surface nature, solid/liquid contact time and surface
charge of composites. The liquid adsorption/absorption appears to
start as soon as solid and liquid come in contact, i.e. in a fraction
of a second. Water adsorption on the composite and water pene-
tration into the solid were suggested as the plausible mechanisms

Fig. 2. Contact angle time dependence for the samples with: (a) HDPE; (b) LDPE; (c) TiO,.
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Fig. 3. The contact angle values at initial moment and the values of the solid surface
energy.

that cause the angles to decrease with the solid-liquid contact time
(Fig. 2a-c). Consequently, the solid-liquid interfacial tension (o)
is decreases over time.

The absence of polar functional groups able to form hydrogen
bonds with water molecules and the high packing density of the
macromolecules on the supermolecular level (with marked order-
ing even in quasi-amorphous regions) create steric and kinetic
hindrances for penetration of low-molecular-weight molecules
in composite. This results in low energy of the surface reaction
with water and the reduced capacity of composite to absorb low-
molecular-weight substances, primarily moisture, which is a highly
desirable property for further applications.

The larger slopes for composites with HDPE are presumably due
to more extensive liquid sorption/penetration. They show lower
adsorption rate than the composites with LDPE confirming that the
latest have the most opened structure, as also the mechanical prop-
erties suggested. The data show that TiO, induces stronger surface
modifications than HDPE and LDPE, confirmed by the higher value
of the contact angle for water on TiO; substrate (96.39° for sample
obtained at 240°C), measured at the initial contact moment.

The 6 values recorded at the initial moment of the
drop-composite contact are presented (Fig. 3). In all cases contact
angles below 90° were recorded but these values, on a horizontal
surface, vary with the substrates nature and porosity. The slopes of 6
as a function of time may be correlated with the adsorption and/or
absorption rate of the liquid on/in the composites. This depends
on the composite morphology and on the solid-liquid interaction
energy. This surface energy is presented (Fig. 3). The surface energy
depends on the chemical structure of the solid, nature of filler. The
lower surface energy values (in the case of composites with TiO;)
can be correlated with the formation of more compact polymer
surfaces and represents a tool in tailoring the composite wettability.

The conclusion can be that the samples with LDPE have a higher
degree of porosity/roughness. These results will be further corre-
lated with AFM data. For all the composite types obtained at 240°C,
the lowest water wettability was recorded and this can be corre-
lated with the stronger interface bonds, as proved by FTIR.

3.3. Differential scanning calorimetry (DSC) analysis

The values of the thermophysical parameters (Tm, AHm)
obtained by the heating DSC thermograms for the samples with
different fillers obtained at 240 °C are presented (Table 1). The ther-
mal behaviors of the composites during the heating process are
compared with those of the components (Table 2).

Table 1
The thermophysical parameters of the composites.

Thermophysical properties Composite with

HDPE LDPE TiO,
Melting temperature, Tp, [°C] 152.39 103.08 244.83
229.73 244.73
Melting heat, AHp, [J/g] 2.5603 4.9335 1.48

Table 2

The thermophysical parameters for the recycled material.

Recycled material T [2€] AHn [J/g]
PET 248.83 40.64
Rubber 22.93 0.90
LDPE 121.81 0.32
HDPE 161.81 0.62

The DSC thermograms of the composite with LDPE and HDPE
show two Ty, values indicating a two-phase system. The first melt-
ing temperature can be assigned to Ty, for HDPE (152.39°C) and
LDPE (103.08 °C), while the second melting temperature is the Tp,
for PET. During processing, tire rubber is in the molten phase and
the result is the development of a rather weak interface between
matrix, PET and filler.

The mixtures are partially compatible, indicating the physical
bonds, thus confirming the assumptions based on the FTIR mea-
surements.

3.4. X-ray analysis

In a polymer compound, the contribution from small crystals
in the X-ray spectra is lost in the amorphous halo. The amorphous
regions yield to a broad halo, partially overlapping the strong and
sharp diffraction pattern of the crystallites. The XRD measurements
show changes in crystallinity for the composites with different
additives. All diffraction patterns for the samples obtained at 240 °C
are presented (Fig. 4).

The lower crystallinity value from the XRD of the PET-rubber
nanocomposites/TiO, naoparticles was consistent with the forma-
tion of poorly organized crystals in this sample. Considering also
the FTIR results, we can conclude that the main influence in the
composite behavior is due to the -CH,- and -CH3 bonds and the
aromatic rings.

Fig. 4. The XRD patterns for the composites with HDPE, LDPE and TiO,.
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Fig. 5. AFM micrograph for the samples with: (a) HDPE; (b) LDPE; (c) TiO,.

Ahigher crystallinity degree can be the result of (re)arrangement
in the polymer(s) and/or phase transitions (amorphous-
crystalline), such as in case of the composites with HDPE.
Thus, based on the FTIR and XRD results we can conclude that
physical and/or chemical interactions took place for the composites
obtained at 240°C.

3.5. Atomic force microscopy (AFM)

The AFM analysis of the surfaces showed modified morphologies
for the samples with different fillers. All composites were relatively
smooth and homogenous (Fig. 5a—c). The surface RMS of the com-
posites can be correlated with the water contact angle and the
results show that composites with high roughness (large, open
pores) correspond to low contact angles; the observation is valid
both for porous HDPE and LDPE.

A more homogeneous surface is likely to be obtained for
the sample obtained at 240°C with HDPE (RMS =360 nm), com-
pared with the samples with LDPE (RMS=535nm) and TiO,
(RMS =427 nm).

The roughness values suggest an increase in the surface
tortuosity when using LDPE and TiO,, implying that surface
morphology variations are likely to involve also molecular entan-
glement/crosslinking. The higher roughness is mainly the result of
the C=C bonds oxidation that can also form volatile compounds,
leaving large pores in the surface.

4. Conclusions

The effect of the HDPE, LDPE and TiO, nanoparticles on the
PET-rubber interface in nanocomposites was investigated based
on the physical-chemical interactions. The modifications in surface
energy, morphology and crystalline structure were discussed.

The FTIR spectra obtained from nanocomposites with differ-
ent additives, show differences. Displacement of the reflectance
maxima of the bands can be observed, because the dipoles in the
polymers undergo vibration alterations due to the changes caused
by the additives in intermolecular interactions. New peaks confirm
the (interfacial) chemical reactions, mainly oxidation.

In good agreement with the FTIR analysis, the DSC curves of the
mixed composites’ constituents contain two melting peaks, that is,
the mixtures are partially heterogeneous and partially compatible.
The addition of TiO, nanoparticles results in the decrease of the
crystallinity degree and in the increase of the surface roughness.

Morphology strongly influences the contact angle. Contact angle
depends on the nature and surface charge of composites. Low sur-
face charge can be attributed to composites with TiO,, in contrast
to the composites with LDPE and HDPE. Sample obtained at 240°C
have the lowest water wettability.
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