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Abstract

Polypropylene (PP) is a versatile polymer, with a wide range of applications, from household appliances to packaging and
automotive components. Unfortunately, most of the PP products have a short life, which leads to a large amount of plastic
waste. Recycling PP is an efficient way to offset the environmental pressure, and several technical solutions have been
already proposed for PP recycling. However, dramatically reduced thermal and mechanical properties are generally
obtained in the case of PP waste materials. In this work, the influence of PP waste on thermal and mechanical properties of
PP waste/virgin PP blends was studied. A PP waste material (PPRR) was melted and compounded with high flow virgin PP
homopolymer. The blends were characterized by dynamic mechanical analysis, differential scanning calorimetry, ther-
mogravimetric analysis, mechanical tests and Fourier transform infrared spectroscopy. An increase by 20% of the tensile
strength and modulus and 2.5 times increase in the melt flow index were observed in the case of the blend with 50% virgin
PP as compare to PPRR, also an important increase in crystallinity. All the blends showed a better thermal stability than the
virgin PP. The results recommend the blends with 30-50% virgin PP for the recycling of PP waste from raffia in high-
performance applications.
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Introduction

Polypropylene (PP) is a versatile polymer, largely used in
industry due to its wide spectrum of properties and multiple
applications from household appliances to packaging and
automotive components [1-5]. Its production is steadily
increasing from year to year as well as the amount of PP
waste, which raises increasing environment concerns. A
large amount of PP used in short-term packaging applica-
tions reaches landfills, occupying valuable space. More-
over, the high amount of energy which is required to
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produce any synthetic polymer is not even partially
recovered in the case of landfills. The recovery of energy
stored in polymers can be achieved by incineration; how-
ever, this affects the environment by the toxic gases
released into the atmosphere.

Recycling PP is an efficient way to offset the environ-
mental pressure and several technical solutions have been
proposed [6—13]. The most used approaches are mechani-
cal and chemical recycling [7]. The mechanical recycling
of polypropylene is routinely done by milling post-con-
sumer goods, followed by extrusion and pelletizing.
Polypropylene is characterized by good properties, easy
processability and affordable cost; however, significant
degradation takes place during melt processing to obtain
the final article and during exposure to environmental
conditions (moisture, heat, sunlight, dust, smoke, etc.). A
good stabilizing system in the original material may limit
the thermo-oxidative and mechanical degradations during
processing and utilization. In this case, chain scission will
be the main degradation mechanism, which leads to a
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lower melt flow index (MFI), higher degree of crystallinity,
elastic modulus and yield stress and lower elongation at
break [14].

Similar to most polymeric materials, polypropylene do
not show after recycling the physical and mechanical
properties requested by applications. One of the easiest
methods to improve the properties of recycled polymers is
the addition of fillers or modifiers. Calcium carbonate
(CaCOs) is frequently used for this purpose due to its low
price and good effect on polypropylene properties, such as
increased stiffness, improved heat resistance and process-
ing characteristics [15]. Furthermore, virgin PP is fre-
quently modified by fillers and other additives to respond to
specific applications [8, 16] and this will affect the char-
acteristics of the PP waste, which will possess different
properties depending on the source and additives. In a
recent study [11], it has been shown that the addition of
additives and fillers strongly modifies the mechanical
properties of a recycled polypropylene, and the melt flow
index (MFI) is not sufficient to estimate its properties after
usage. In this case, complex mechanical and thermal
characterization is necessary. Bahlouli et al. [17] studied
the effect of recycling on the rheological and thermo-me-
chanical properties of a PP composite containing an impact
modifier (ethylene propylene diene monomer—EPDM)
and a filler (talc). They observed a drastic reduction of the
mechanical properties with the number of recycling. In
some cases, the addition of fillers and modifiers does not
ensure all the properties required by the application and
compounding the PP waste with a virgin one is seldom
preferred. For example, the use of a virgin PP with high
MFI to improve the properties and processability of a
recycled PP is interesting for both economic and environ-
mental reasons.

Therefore, the effect of a recycled PP from raffia on the
properties of recycled PP/virgin PP blend was thoroughly
investigated in this study. The recycled PP from raffia
contains a filler and other additives besides contaminants.
The virgin polymer has a high MFI and was added in
different proportion from 10 to 50% in the compound.
Fourier transform infrared spectroscopy (FTIR), thermo-
gravimetric analysis (TGA), differential scanning
calorimetry (DSC), mechanical dynamic analysis (DMA)
and tensile strength as well as atomic force microscopy
(AFM) were used to characterize the blends. The purpose
of this complex characterization was to determine the
optimum proportion of virgin PP (more expensive com-
ponent) which leads to a material with good and balanced
properties for engineering application. Reintegrating PP
waste in industrially applicable materials has multiple
advantages: the benefit of a lower price of the final product
due to the much lower cost of the recycled material, a
lower pressure on the environment and less petroleum-

@ Springer

based raw material, a limited and non-renewable resource
with a rising price [18].

Experimental
Materials

Virgin polypropylene (Tatren HM 50 46) produced by
Slovnaft Petrochemicals (Slovakia) with a melt flow index
(MFI) of 50 g 10~" min~" (230 °C, 2.16 kg) and a density
of 0.893 g cm ™~ was used as virgin PP and was denoted as
PPHM. The recycled polypropylene from raffia (ecoPP
Rafie), with a melt flow index of 6.1 g 107" min™!
(230 °C, 2.16 kg) and a density of 0.925 g cm ™, was
produced by Ecofriend Recycling (Romania) and was
denoted as PPRR.

Sample preparation

The compounds were obtained by melt mixing recycled PP
with the virgin one in a Brabender LabStation (Germany)
equipped with a 30 cm® mixing chamber, at a temperature
of 170 °C. Virgin PP was added in proportions of 10, 20,
30, 40 and 50% in the recycled PP. The compounds were
then molded on a laboratory two-roll-mill for additional
homogenization and to induce preferred orientation by the
compressive shear forces involved in rolling. Samples were
compression molded into sheets of 1 mm thickness for
thermal and mechanical analysis using an electrically
heated press (Dr. Collin, P200E, Germany) at 170 °C,
100 s preheating (0.5 MPa) and 2 min under pressure
(15 MPa).

Methods of testing and characterization
Structural characterization

FTIR spectra were measured with an ATR setup using IF
Tensor 37 spectrometer from Bruker Optics (Billerica,
USA). The samples were scanned at room temperature,
from 400 to 4000 cm™!, with a resolution of 4 cm™!. The
background spectrum was collected before each sample,
and the reproducibility was confirmed for each sample by
repeating the experiment three times.

Mechanical characterization

Mechanical properties were determined with an Instron
3382 Universal Testing Machine with video extensometer,
the result being the average of five tests for each specimen.
The tests were carried out at room temperature with a
crosshead speed of 50 mm min~' on specimen’s type IB
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according to ISO 527. The results were analyzed using the
Bluehill 2 Software.

The viscoelastic properties of the PPRR blends were
investigated using dynamic mechanical analysis (DMA).
DMA Q800 apparatus (TA Instrument Inc, USA), assisted
by a liquid nitrogen cooling system (LNCS), was used to
measure the storage modulus, loss modulus and tan & of
each blend as a function of temperature. All samples were
tested in bending (dual cantilever clamp) mode. The rect-
angular bar specimens 11 x 3 x 60 mm (width x thick-
ness x length) were heated with a constant heating rate of
3 °C min~' from — 45 to 145 °C; tests were carried out at
three different frequencies (1, 10 and 100 Hz) and the
amplitude of 20 pum.

Thermal characterization

Thermogravimetric behavior of the samples was analyzed
on a TGA TA-Q5000 V4.5A (TA Instruments Inc., USA)
between 40 and 700 °C at a heating rate of 10 °C min~!, in
nitrogen (99.999%) flow as purged gas at a flow rate of
50 mL min~".

Differential scanning calorimetry determinations were
performed on a DSC Q2000 (TA Instruments), assisted by
a LNCS. The melting and crystallization behaviors of the
blends were studied under helium atmosphere, using about
12 mg sample and Tzero aluminum pans. Measurements
were carried out from 20 to 300 °C at 10 °C min~' using
and helium (purity 99.999%) as purge gas at a flow rate of
25 mL min~'. The degree of crystallinity (X.) was calcu-
lated as follows:

X (%) :AA—I{I—IO* 100 (1)
where AH represents the heat of fusion obtained from the
heating cycle for the samples and AH,, the heat of fusion
for 100% crystalline PP homopolymer (207 J g~
[19, 20]. The melting temperature (7,,) and the onset
melting temperature (7}, ,,) were also determined.

The oxygen induction time (OIT) was determined with a
differential scanning calorimeter SDT Q600 v20.9 (TA
Instruments). About 12 g of PPHM, PPRR and blends were
heated in uncovered alumina pans at a heating rate of
20 °C min~! in helium (flow rate of 100 mL min~") from
the room temperature to 200 °C, the temperature at which
the OIT was determined. After reaching this temperature,
the samples were isothermally heated for 3 min; then,
helium was changed with oxygen. The samples were
maintained at 200 °C under oxygen purge up to the
appearance of a clear exothermic onset of oxidation. The
OIT value was calculated by the difference between the
time corresponding to the onset of oxidation and the time
corresponding to the switch from helium to oxygen purge.

Morphological characterization

AFM images of recycled and virgin PP and of the blend
with 30 mass% virgin PP were captured using an atomic
force microscope (MultiMode 8, Bruker, USA) in Peak
Force (PF) quantitative nanomechanical mapping (QNM)
mode. Before AFM investigation, the samples were mel-
ted at 200 °C for 5 min then quenched to 130 °C for 1 h to
cause the crystallization of PP. Etched silicon tip (nomi-
nal radius 8 nm) with a cantilever length of 225 pm and a
resonance frequency of about 75 kHz was used for mea-
surements. AFM analysis was performed at room tem-
perature with a scan rate of 1 Hz and a scan angle of 90°.
The nominal spring constant was 3 Nm~', and the
nominal resonant frequency 75 kHz. The image process-
ing and the data analysis were made with NanoScope
software version 1.20.

Melt flow index determination

MFI of the PP was determined with a Dynisco LMI4000
Melt Flow Indexer (Germany). Melt flow index is the
output rate (flow) in grams that occurs in 10 min through a
standard die of 2.0955 £ 0.0051 mm diameter and
8.000 £ 0.025 mm in length when a fixed pressure is
applied to the melt via a piston. A load of total mass of
2.16 kg at a temperature of 190 °C was applied in the case
of PP blends. Melt flow index is an assessment of average
molecular mass and it is an inverse measure of the melt
viscosity. The densities of the polymer blends were cal-
culated according to ISO 1183-immersion method at room
temperature using ethyl alcohol; the reported values are an
average of three determinations.

Results and discussion

TGA Analysis

Thermogravimetric analysis was used to analyze the
changes in thermal stability and the mass loss (ML) in
nitrogen atmosphere induced by different proportions of PP
waste in the blend (Figs. 1a and 2, Table 1).

Small difference, of about 7 °C, between the values of
the onset degradation temperature (7,,) corresponding to
the two sorts of PP (virgin and recycled) was observed;
similarly, the temperature of the maximum degradation
rate (Thax) was higher for the recycled PP (457.1 °C)
compared to the virgin one (451.8 °C). Interestingly, all the
blends showed T,, and T, values close to that of the
recycled PP. The increased thermal stability of the blends
compared to PPHM (virgin PP), regardless the amount of
PPHM, may be due to the presence of an inorganic filler in
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Fig. 1 Thermogravimetric curves of the PP blends (a); OIT value for
PPHM, PPRR and blends (b)

the recycled PP, which block or delay the transfer of the
decomposition products by its mass transport barrier effect
and by the absorption effect of the free radicals produced in
the decomposition [21]. This is supported by the value of
the residue at 700 °C which is double for the recycled PP
compared to PPHM and increases continuously with the
amount of PPRR in the blend (Table 1, Fig. 2). A main
decomposition step was observed for all the samples

Fig. 2 Mass loss and residue for

the PP blends 350
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between 370 and 490 °C (Fig. 1a), more than 98% of the
mass being lost at 500 °C for the virgin PP and only
94-96% for PPRR and the blends. These differences come
also from the presence of the filler.

Two small shoulders were observed only for PPRR and
the blends at a temperature higher than 500 °C, the first at
about 540 °C and the second at a temperature between 651
and 667 °C, depending on the amount of PPRR in the
blend. The ML corresponding to these shoulders is small in
both cases, between 0.1 and 0.2% for the first and between
1 and 2% for the second. It is very interesting that the ratio
of the two ML values remains constant (0.1) for all the
blends and PPRR. It may be assumed that the higher
temperature peak belongs to the filler and the peak at about
540 °C, to its coating. This is supported by the values of
the residue at 700 °C, which is in general due to the filler in
the case of polyolefins. Previous works [22, 23] have
shown that CaCOs is stable up to 600 °C and decomposes
to CaO at a temperature higher than 650 °C, similar to our
results. Therefore, the filler in PPRR and its blends may be
CaCOj; coated with silane because the pyrolysis of poly-
condensed silanes takes place at about 510-550 °C [24].

It is remarkable that the thermal stability at the pro-
cessing temperature (200 °C) is very good for all the
samples since the ML does not exceed 0.1%. Similarly, the
temperature at 5% ML is very high, about 400 °C, and with
more than 10 °C higher for PPRR and blends compared to
virgin PP.

The better thermal stability of the recycled PP and its
blends compared to PPHM was verified by the oxidation
induction time (OIT). The thermo-oxidative degradation
may decrease the properties of PP and its applications, OIT
being an effective measure of the material stability
[25-27]. The OIT value was double for PPRR compared to
PPHM, 6.8 min versus only 3.0 min (Fig. 1b). Interest-
ingly, the blends showed OIT values very close to that of
PPRR, 6.1 min for PPRR + 30% PPHM and 6.3 min for

B ML 560-700 °C B Residue at 700 °C
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Table 1 Data analysis of TGA

and derivative curves Sample ML,gg oc/% Ts54,/°C Ton/°C Tnax/°C Residue at 700 °C/%
PPRR 0.08 410.5 435.2 457.1 3.03
PPRR + 10% PPHM 0.04 409.2 435.3 457.3 2.53
PPRR + 20% PPHM 0.06 410.4 434.7 456.2 242
PPRR + 30% PPHM 0.06 411.3 435.6 457.4 2.34
PPRR + 40% PPHM 0.07 409.4 434.5 456.3 2.08
PPRR + 50% PPHM 0.04 409.2 434.9 457.2 1.81
PPHM 0.09 399.0 427.9 451.8 1.49

PPRR + 50% PPHM. Similar OIT values were reported
for PP/wood composites tested at the same temperature
(200 °C) [25]. These results support the good thermal
stability of the recycled PP blends, in line with TGA
results. FTIR analysis may give more information about the
PPRR degradation and composition.

Structural characterization

Table 2 sums up the peak vibrations in the FTIR spectra of
PP blends (Fig. 3), attributed to the constituent functional
groups.

For both reference samples and blends, the stretching
and bending vibrations attributed to CH, CH, and CHj;
groups, are located in the range 30002850 cm™' and in
the fingerprint region 1350-1470 cm™"'. All the samples
have characteristic vibrations in the range 880-995 cm ™'
which is characteristic to the double bonds and in the range
970-1250 cm ™', characteristic to alcoholic/phenolic C-O
bonds [28] (Fig. 3). The presence of these vibrations
demonstrates the oxidative degradation of both raw and
recycled polypropylene or the presence of processing/sta-
bilizing additives having such functional groups.

Noteworthy is the peak at 1730 cm™" specific to C=0
vibrations from saturated aldehydes, which is present only
in PPRR and demonstrates the degradation of the recycled
PP. Therefore, the FTIR analysis shows a higher degree of
degradation in the case of the recycled PP compared to the
raw one, which was expected because of the supplementary
melt processing and wear out. FTIR analysis of the blends
(Fig. 4b) shows all the fundamental vibrations mentioned

Table 2 Peak vibrations for the different functional groups

Attributed linkage Wavelength/cm ™
CH, CH,, CHj; (stretching) 3000-2850

C=0 (saturated aldehydes) 1720-1740

CH,, CH; (bending) 1350-1470

C-O (alcoholic/phenolic) 970-1250
=C-H and CH, from alkenes 880-995

above and an attenuation of the C=0O vibrations at
1730 cm ™" with the decrease in the recycled PP amount in
the blend.

DSC Analysis

The degree of crystallinity and the melting behavior are
important characteristics, closely related to the mechanical
performance of the material and its processability (Fig. 4).
The onset melting temperature (7}, o,), melting tempera-
ture (7,,), melting enthalpy (AH,) and the degree of
crystallinity are shown in Table 3.

A crystallinity of 35.1% for virgin PP and 29.5% for the
recycled PP were obtained, considering that virgin and
recycled polypropylenes contains no additional compo-
nents. Virgin PP contains, probably, a very small amount of
additives as nucleating agents or stabilizers; however, this
is not true for the recycled PP which also contains a filler as
supported by TGA; therefore, the difference between the
degrees of crystallinity between virgin and recycled PPs is
actually lower. A linear increase in crystallinity with the
increasing mass percentage of PPHM in the blends was
observed (Fig. 4b). Moreover, the difference between the
melting temperatures of PPHM and PPRR is very small, of
only 0.4 °C; therefore, the differences observed between
the melting temperatures of the blends fall within experi-
mental error.

A small endotherm was observed in the melting scan of
PPRR and its blends at 125 °C. This may be ascribed to the
melting of polyethylene chains. The melting enthalpy of
this peak is small, only 4 kJ g~', which suggests a low
amount of polyethylene component. Polyethylene often
appears in PP waste because it is difficult to separate the
two polyolefins in the waste. It is worth to mention that
virgin PP shows only the melting peak and no other ther-
mal events, which supports its purity.

Dynamic mechanical analysis
The characteristic temperatures and values of storage

modulus, loss modulus and tan delta are shown in Table 4.
Dynamic mechanical properties of virgin PPHM and
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Fig. 3 FTIR spectra of virgin (a) 1
and recycled PP (a); FTIR
spectra of the blends (b)
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Fig. 4 DSC heat flow versus temperature for PP blends (a); the degree of crystallinity versus PPHM concentration in the blends (b)

recycled PPRR are shown in Fig. 5. The recycled PPRR
showed higher values for storage and loss moduli
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compared to the virgin PPHM (Fig. 5). This increase is due
to the fillers added in the recycled polypropylene prior



Recycled polypropylene with improved thermal stability and melt processability 2475

Table 3 Data from DSC analysis

PP blends T on/°C  To/°C AHm/Ig™'  Xc/%
PPRR 150.2 1619  61.1 29.5
PPRR + 10% PPHM  150.2 1625  59.6 28.8
PPRR + 20% PPHM  149.2 1620  63.6 30.7
PPRR + 30% PPHM  149.6 1623  64.0 30.9
PPRR + 40% PPHM  151.6 1623 654 31.6
PPRR + 50% PPHM  149.6 1624 676 327
PPHM 151.8 1623 726 35.1

Table 4 Dynamic mechanical properties of PPRR and its blends

utilization for improving its properties. At 1 Hz, this ten-
dency is preserved for almost all the blends (Fig. 6,
Table 4). The ratio of recycled/virgin PP determines the
increase in the temperature value at which the relaxation
process occurs: the highest values are associated with
PPRR and its blends and the lowest to PPHM. This
behavior is caused by the different segmental mobility
resulting from the compounding: The virgin PP has the
lowest values because of the lack of intermolecular stiff-
ening, while in the case of PPRR the changes are deter-
mined by the fillers or modifiers. The influence of the

Blends Frequency/Hz Storage modulus-E’ Loss modulus-E” Tan Delta
Onset/°C Midpoint/°C End/°C T/°C Peak/MPa 1/°C Peak
PPRR 1 - 63 10.9 55.2 10.2 175.0 152 0.062
10 - 3.1 15.3 57.1 14.8 169.0 19.8 0.062
100 0.1 20.7 59.8 19.3 234.1 25.1 0.087
PPRR + 10% PPHM 1 - 29 12.0 52.8 10.8 161.7 14.7 0.058
10 — 2.1 14.5 54.6 14.0 154.2 17.9 0.062
100 0.0 19.8 56.4 18.3 210.3 24.1 0.085
PPRR + 20% PPHM 1 — 4.1 12.6 54.5 10.7 158.3 15.7 0.061
10 — 35 114 41.7 12.0 141.7 17.1 0.075
100 - 1.5 16.1 45.7 16.6 187.8 25.8 0.102
PPRR + 30% PPHM 1 — 2.8 13.2 54.7 11.1 164.5 16.4 0.065
10 - 15 17.7 58.3 16.3 173.1 21.1 0.060
100 0.2 20.7 52.7 19.7 237.8 27.4 0.084
PPRR + 40% PPHM 1 — 4.1 114 56.2 12.0 118.4 17.1 0.063
10 1.0 17.2 574 16.2 164.5 20.9 0.059
100 39 21.0 59.7 21.3 216.7 272 0.078
PPRR + 50% PPHM 1 — 3.6 11.5 56.9 10.2 156.3 152 0.068
10 0.5 16.7 46.0 16.2 162.5 21.3 0.064
100 0.6 21.9 59.8 20.9 212.0 26.8 0.083
PPHM 1 - 53 9.0 45.4 8.1 133.4 13.9 0.056
10 — 24 16.7 56.5 15.7 152.3 20.3 0.057
100 0.7 20.9 59.5 20.6 200.1 25.6 0.075
Fig. 5 Dynamic mechanical 5000 200
properties versus temperature
for PPHM and PPRR at 1 Hz
4000 A
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3 8
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Fig. 6 Storage modulus of PPRR with various amount of PPHM at different frequencies (1 Hz, 10 Hz, 100 Hz) and different temperatures:
a— 45°C; b 25 °C; ¢ 100 °C

reinforcing action of the inorganic fillers as a consequence  polar groups in the FTIR spectra of recycle PP and blends

of electrostatic interactions with degraded PP sequences  was shown before (Fig. 3).

should be also considered. Indeed, the presence of carbonyl Analyzing the values of the glass transition determined
from the three DMA characteristics (Table 4), one can see
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Table 5 Melt flow index values of PPHM, PPRR and its blends

Blends Melt flow index/g 10~" min™"
PPHM 50

PPRR 6.10

PPRR + 10% PPHM 6.18

PPRR + 20% PPHM 10.17

PPRR + 30% PPHM 10.80

PPRR + 40% PPHM 11.58

PPRR + 50% PPHM 15.00

a change of mobility when the amount of virgin PP
increased. The gradual increase in glass transition value
relative to the phase angle tangent (column 3) underlines
the plasticizing effect of virgin PP in PPRR blends. This
may be a result of the lower viscosity of PPHM, illustrated
in the higher MFI value (Table 5).

It is worth to mention that the increase of the MFI with
the amount of PPHM in the blend is not linear however the
PPRR blend with 50% virgin PP with a MFI value of 15 g
10~" min~" is suitable for the fabrication of a large range
of injected parts.

The effect of frequency increase (1 Hz, 10 Hz and
100 Hz) on the thermal properties of PPRR and its blends
is shown in Fig. 6. An increase in the storage modulus with
increasing frequency was observed, regardless of the tem-
perature. The same trend was observed over the entire
temperature range for the loss modulus. With increasing
frequency, the glass transition determined from both loss
modulus and tan & curves shifted to higher temperature,
generally with more than 10 °C if the results for 1 Hz and
100 Hz are compared. At a higher frequency, the polymer

Table 6 Mechanical characteristics of PPRR blends

chains have less time to respond to the effort and higher
energy is required for their movement and, therefore,
higher glass transition is observed (Table 4) [29].

Tensile tests

The mechanical properties of PPRR and virgin PP are
different, in particular the tensile strength and modulus of
PPHM are higher by 15% and 17% (Table 5). The poorer
mechanical properties of the recycled PP probably result
from the thermo-mechanical degradation during the mul-
tiple heating-shearing cycles. The higher stiffness and
strength of the virgin PP, highlighted by the better Young’s
modulus and tensile strength, contributed to the improve-
ment of the mechanical properties of PPRR (Table 6). An
increase by about 20% of the tensile strength and modulus
was observed in the case of PPRR + 50% PPHM. This
shows the benefic effect of virgin PP in PPRR/PPHM
blends, which is important for applications.

The effect of a small amount of virgin PP on the
mechanical properties of the blend is not clear; the unusual
increase in elongation at break may arise from the inho-
mogeneity of the blend. This may be due also to the
presence of polyethylene waste, observed by DSC analysis.
A significant increase in the elongation at break was
reported for recycled PP modified by thermoplastic elas-
tomers [30]. PPRR + 10% PPHM is the sample with the
lowest density (Table 6); therefore, the presence of pores
and voids may also increase the ductility. It is worth
mentioning the high density of PPRR, and all the other
blends compared to virgin PPHM. This is caused by the
presence of polyethylene, emphasized by DSC analysis and
by the filler.

Sample Tensile strength at  Tensile strength ~ Elongation at  Increase in Young’s Young’s modulus ~ Density/
break/MPa increase/% break/% elongation/% modulus/MPa  increase/% gcm
PPRR 26.3 11.0 1146.0 0.925
PPRR + 10% 27.1 + 3.0 18.3 + 66.4 1162.9 + 1.5 0.909
PPHM
PPRR + 20% 29.8 + 133 12.0 + 9.1 1223.3 + 6.8 0912
PPHM
PPRR + 30% 27.7 + 53 10.4 - 55 1244.5 + 8.6 0.917
PPHM
PPRR + 40% 29.7 + 129 10.3 — 64 1300.2 + 135 0.913
PPHM
PPRR + 50% 31.0 + 179 10.0 —-9.1 1387.5 + 21.1 0.921
PPHM
PPHM 35.7 8.2 1619.8 0.893
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Fig. 7 AFM topographic (a, b,
¢) and peak force error (d, e,
f) images of PPRR, PPHM and
PPRR + 30% PPHM; detailed
AFM images (height) of the
same samples (g, h, i)

Height

1.0 ym

The variation of the tensile properties with the amount
of more ductile PPHM in the blend is not linear, and lower
values of the mechanical properties than those proposed by
the law of mixtures were obtained (Table 6). This is not
uncommon for polymer blends with different ductility
components and was reported for blends of polypropylene
and low-density polyethylene studied for a more econom-
ically attractive recycling [31].

Morphological characterization

The surface morphology of PPRR, PPHM and the blend
with 30% PPHM, isothermally crystallized at 130 °C for 1
h, was investigated by AFM (Fig. 7).

AFM images show that all the PP samples (PPHM,
PPRR and their blend) are characterized by a crystalline
structure. Cross-hatched lamellae, characteristic to the o
form of polypropylene, are visible in all the samples
(Fig. 7). The higher magnification AFM topographic ima-
ges (Fig. 7g—i) better show the lamellae (lighter color)
separated by amorphous material (darker color). No
important differences were observed between samples by
AFM, except for more light objects (100-400 nm) on the
surface of PPRM and its blend, probably due to the filler
and impurities. Values between 10 and 20 nm were
determined for the lamellar thickness for all the samples

@ Springer

73.3nm

> 0.0 nm

0.0 nm ;

Height

1.0 ym Height 1.0 ym

from the AFM topographic images using the NanoScope
1.20 software. However, the lamellar thickness cannot be
precisely determined from the AFM images because of the
tip broadening phenomenon [32]. According to the Gibbs—
Thomson equation [33] and considering for the melting
temperature a value of 162 °C, as determined from DSC
(Table 3), an average lamellar thickness of about 10 nm
was determined, similar to other reports [33-35].

Conclusions

Finding the best proportion between recycled and virgin
polypropylene for reintegration by compounding in engi-
neering applications was the main aim of this study. The
thorough analysis of the blends and references showed
small structural changes and almost no modification of the
thermal behavior but important variation of the mechanical
behavior. The appearance of an absorption band at
1720 cm™" in the FTIR spectra of PP waste and blends
indicated slight oxidation. However, the temperature at the
maximum degradation rate was higher for the recycled
blends than for virgin PP probably because of the filler; this
was detected by the larger residue at 700 °C. An increase
by 20% of the tensile strength and modulus and 2.5 times
increase in the melt flow index were observed in the case of
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the blend with 50% virgin PP, also an important increase in
crystallinity and thermal stability. These results recom-
mend the blends with 30-50% virgin PP for the recycling
of PP from raffia in high-performance applications.
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