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Abstract

Polypropylene (PP) is a highly sought-after synthetic polymer. Due to its properties, it has
wide applications in a number of industries. One-dimensional molded materials (fibers
and strands) are widely used in the textile and construction sectors. Concrete reinforcing
using PP fiber is an intriguing use in construction. Fiber can be provided in two forms: fine
fibers (microfiber) and extrudates (macrofiber). The macrofiber has a length of up to 60
mm and a thickness of up to 300 microns. The aim of the work was to obtain PP-based
macrofibers from recycled polymer using the natural antioxidant tocopherol. The initial
polymer is used to produce the fiber, whereas, in this work, it is proposed to use a secondary
PP. Vitamin E, a natural antioxidant, was added to the system to stabilize the melts. It has
been demonstrated that adding up to 0.5% Vitamin E reduces the heat degradation of the
polymer and yields melts with the appropriate viscoelastic characteristics. Rheological
data was used to determine the fiber’s formability window. Macrofibers were derived
from melts with varying histories. Their structure was investigated using X-ray structural
analysis and IR spectroscopy, and their mechanical characteristics were assessed.

Keywords: polypropylene; vitamin E; antioxidants; melts; rtheology; fiber spinning; macrofiber

1. Introduction

According to [1], cement refers to materials that produce a significant quantity of CO,,
accounting for 8% of total carbon dioxide emissions. To minimize carbon dioxide emissions
while using cement, the Global Cement and Concrete Association recommends placing
an emphasis on the manufacture of low-carbon cement composites [2]. Fillers in concrete
limit the propagation of microcracks [3,4], allowing composite systems to be built with
less cement.

The percentage of fibers introduced is determined such that the stresses in the concrete
structure do not cause their destruction. The polymer phase in the form of fibers serves
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as a structure-forming mechanism, preventing the spread of material degradation [5].
In [6], Mustafaraj showed that the use of polypropylene (PP) fibers significantly improves
the in-plane load-carrying capacity of the masonry. At the same time as improving the
mechanical properties, the introduction of PP fibers into cement allows for reducing the
weight of the structure, increasing its corrosion resistance, reducing cost, and improving
material processing.

The appeal of PP stems from its chemical structure and the operational properties
of the materials obtained on its basis [6-8]. Among the many advantages of PP, we will
focus on its high mechanical strength, rigidity, chemical resistance, temperature resistance,
and low density. All of these characteristics are critical for the development and use of
composite materials reinforced with PP fibers.

Currently, there is a substantial number of studies supporting the use of PP fibers to
improve the characteristics of concrete structures [9-15]. Because moisture is removed dur-
ing the construction of concrete buildings and the concrete dries with increasing strength,
stresses arise in it, resulting in the formation of microcracks. Cracks can emerge when a
concrete building is loaded; they frequently appear on the surface [16]. The introduction of
a dispersed phase in the form of one-dimensional materials allows for the restraining of
these processes while retaining structural stability [17].

The main task is to evenly distribute the fibers in the volume of concrete, while the
fibers themselves do not have a predominant orientation in the matrix. Schematically,
the concept of the reinforcement of a concrete matrix can be represented as randomly
distributed monofilaments that do not form agglomerates and have contact with each other
like a sparse mesh of meshes (Figure 1).

Figure 1. A schematic illustration of the original (a) and fiber-reinforced (b) concrete.

Evenly dispersed fibers can boost the strength properties of concrete, as seen in [18],
where the addition of 1 kg/m3 PP fibers increases strength by 40%. The addition of 1.5% by
weight PP fiber in concrete increases compressive strength by 16% [19]. In their work, Shah
and Rangan [20] showed that the fiber-dispersed phase does not have a significant effect
before cracks appear. However, a small amount of filler significantly improves the strength
and ductility of concrete after cracking. Furthermore, the use of a fibrous filler is intended
to inhibit crack propagation by minimizing the breadth and distance between them. As
a result, the risk of water and abrasive liquids entering fissures and causing structural
collapse is minimized [21].

Currently, various types of fibers are used as one-dimensional fillers for concrete. Since
the environmental requirements for the material used are currently increasing, preference
is given to fibers from renewable raw materials.
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To increase cement quality, Refs. [22-28] propose using cellulose fibers from bleached
kraft pulp and lignocellulose fibers. Unfortunately, natural fibers, unlike synthetic ones,
have a wide diameter distribution, which can reach 50-100% of the average values [29].
Large deviations from the average diameter values make the mechanical response of the
structure poorly predictable.

Steel fiber has a number of advantages over natural fibers. Auwal [30-34] showed
that using up to 2% metal cord separated from old tires in concrete may greatly enhance its
structural properties. Since steel fiber is characterized by its rigidity, its uniform distribution
in the matrix is not a trivial task, which is solved by introducing additives in small portions
and the constant mixing of the mass.

Another popular concrete filler is polypropylene fiber. Its introduction into the matrix
does not increase the weight of the mixture or create difficulties associated with uniform
distribution of the material and is easily achieved by mixing compared to steel fiber.
The uniform distribution of fibers within the mortar slows the formation of microcracks,
reducing the likelihood of cracks caused by concrete shrinkage during drying.

Since polypropylene is widely used and its features have previously been fully de-
scribed, we see that the broad usage of polymer products results in their accumulation
in huge numbers. As a result, ecosystems are actively polluted, and non-renewable fossil
resources used in plastic synthesis are exploited irrationally. The involvement of recycled
thermoplastic raw materials has demonstrated its advantages, and within the framework
of the problem considered in the current work, it is of interest to process PP into fiber for
concrete reinforcement. Hence, the research hypothesis is formed that it is possible to use
secondary PP for forming polymer fibers.

It is known that the PP recycling process has a thermomechanical effect on the polymer.
For PP, processing temperatures can reach 240 °C in the absence of oxygen and high shear
stresses [35]. Harsh processing conditions can act as a catalyst for polymer degradation,
primarily thermal oxidative degradation [36]. During processing, a radical chain reaction
is triggered, leading to the rupture of macromolecules (a decrease in molecular weight)
and the formation of new chemical groups (carbonyl groups). In parallel, the processes
of mechanical degradation occur, caused by the destruction of macromolecules under the
action of shear stresses.

Chemical transformations and a decrease in molecular weight affect the performance
properties of PP-based materials (mechanical strength decreases, melt viscosity decreases,
elastic properties of the system change, formability deteriorates, the polymer acquires a
yellowish color, and transparency decreases). The weak point of PP is the hydrogen atom
of the tertiary carbon atom, which has a lower dissociation energy (~322 kJ/mol), making
it more labile and which detach when exposed to external forces. The presence of oxygen
in contact with the polymer accelerates the destruction processes of polypropylene. If
additives are introduced into the system that block oxygen access (collapsing upon heating),
then PP degradation will decrease [37]. The wood-dispersed phase, which releases volatile
compounds when heated, can act as such additives.

Complex systems of stabilizers (antioxidants) are used in industries to suppress the
PP destruction described above. Primary antioxidants (Irganox 1010 or 1076) function
as radical traps. Secondary antioxidants (phosphites and phosphonites, Irgafos 168 or
TNR) act by a different mechanism, acting as destroyers of hydroperoxides. The use of
synthetic antioxidants to produce PP fiber from recycled materials is possible and does
not raise a number of issues related to the migration of stabilizers or changes in polymer
properties with the introduction of additives. However, natural stabilizers are of greater
interest, primarily because of environmental issues. In [38], it is proposed to use vitamin E
(tocopherol) as a natural stabilizer. Its molecule is a naturally occurring phenolic compound
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with a chromane cycle and a long aliphatic side chain. As an antioxidant, vitamin E works
by the mechanism of a hydrogen donor, effectively ending chain reactions of oxidation.
The stability of vitamin E can be maintained at high temperatures up to 180-250 °C, which
corresponds to the temperature range of PP processing.

Despite the potential of Vitamin E as a PP melt stabilizer, its use in recycled PP systems
has not yet been adequately studied. Furthermore, there are few studies in the literature
on the rheological behavior of melts containing Vitamin E and its effect on viscoelastic
properties. This raises the question of how the Vitamin E dosage would alter the rheological
behavior of PP melts throughout repeated processing (at least five cycles).

Currently, PP processors do not have clear standards for the use of stabilizing addi-
tives. The types and properties of such additives vary greatly depending on the polymer
processing conditions chosen by the manufacturer. Natural stabilizers are not always used
in PP processing. In the case of secondary processing, information on the amount of addi-
tives previously added is completely unknown. Therefore, it is important to understand
how the melt will behave in the presence of natural stabilizers in amounts of at least 0.5%.
This is one of the goals of this study.

Thus, PP fiber is a sought-after material that can be obtained from the initial polymer
with additives of antioxidants of various natures. Vitamin E is proposed to be considered
as a promising natural supplement. It is possible to expand the previous hypothesis;
the introduction of Vitamin E into the volume of secondary PP can affect the stability
of polymer melts and will stably produce fiber, which can then be used as a reinforcing
phase. Hence, the purpose of this work was to obtain PP-based compositions with Vitamin
E additives, perform multiple cyclic processing of melts with fiber formation, study the
rheological behavior of melts with Vitamin E and without stabilizer, and study the structure
and properties of the resulting fibers.

2. Materials and Methods

The work used a polypropylene homopolymer of the Balen 01030 brand (Ufaorgsintez,
Ufa, Russia), designed for injection molding and extrusion to produce fibers, filaments,
and films. Melt flow index: 3.0 g/10 min (230 °C/2.16 kg). Density: 0.9 g/ cmB. Melting
point: ~165 °C.

This PP’s usage is governed by its widespread use, property stability, and purity (the
absence of turbidifying additives or specialized stabilizers in the composition), allowing
for an objective assessment of the impact of the Vitamin E.

Vitamin E (alpha-Tocopherol) in powder form (VITAJOY, Moscow, Russia) was used
as a stabilizing additive. The particle size of the powder did not exceed 10 microns.

The use of secondary PP is modeled by cyclic mechanical recycling using virgin material.

The viscosity and elastic properties of the melts were evaluated using an MCR
702 rheometer (Anton Paar GmbH, Graz, Austria) (cone-plane geometry, 20 mm, 1°) under
continuous deformation conditions in the shear rate range y from 1072 to 10% s~!. Dynamic
tests were carried out in the frequency range (w) of 0.1-100 Hz at a constant set stress of
10 Pa. The tests were carried out at a temperature of 185 °C.

2.1. Macrofiber Spinning

The compositions were prepared by mechanically mixing 0.5% by weight of Vitamin
E with polypropylene granules. Mixing was carried out in a laboratory mixer at room
temperature for 15 min until visual homogeneity was achieved. The resulting mixtures
were then used for loading into a twin-screw extruder.
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Mixed systems were prepared on a HAAKE Minilab II twin-screw laboratory mixer
(Thermo Fisher Scientific, Waltham, MA, USA) at a temperature of 185 °C and a screw
rotation speed of 30 rpm in mixing mode for 15 min.

The quality of the melts was evaluated using a polarization microscope with a heated
stage (microscope “Boetius”, VEB Kombinat Nadema, Ruhla, Germany, former GDR).

The melt was then pushed through a die to obtain PP macrofiber. The formed extru-
dates were wound onto a drum at a winding speed of 0.6 m/min.

The second and subsequent passes were performed according to the following algo-
rithm. The sample was crushed into granules with a size of no more than 3 mm. They were
then placed in a twin-screw extruder (Vitamin E was added as needed), actively stirred at
185 °C for 15 min, and the resultant melt was passed through a die to create a macrofiber.

2.2. Characterization of Polypropylene Macrofibers

IR spectra of the samples were recorded on a HYPERION-2000 IR (Bruker, Billerica,
MA, USA) microscope coupled with an IFS-66 v/s Bruker IR Fourier spectrometer (crystal-
Ge, scan 50, resolution 2 cm ™, range 4000600 cm ') (Bruker Optik, Ettlingen, Germany).
The attenuated total reflectance method was used. Software—Opus (7.5).

The structure of the macrofibers was studied using X-ray diffraction analysis (XRD)
and IR spectroscopy. The X-ray diffraction study of macrofibers was carried out using a
TD-3700 diffractometer (Dandong Tongda Science & Technology Co. Ltd., Dandong, China)
equipped with a ceramic sealed X-ray tube with a copper anode (linear focus 1 x 10 mm,
source operating mode 40 kV-30 mA, characteristic X-ray wavelength CuKa A = 1.542 A) and
a linear semiconductor detector. Diffraction patterns were recorded at room temperature in
the “transmission” mode according to the Bragg—Brentano scheme in the continuous 6-6
scanning mode in the angular range of 5-35°, a scanning step of 0.02°, and an intensity
accumulation time of 1 s per point.

The mechanical properties of the macrofibers were evaluated using an Instron
1122 tensile testing machine (Instron, Norwood, MA, USA). The macrofibers’ deforma-
tion rate was 500 mm/min. The macrofibers for tensile testing were cut into staple fibers
with lengths of 30 mm. The initial distance between grips was 10 mm. The diameter of
the macrofiber was measured using a MITUTOYO Digimatic IP65 electronic micrometer
(Mitutoyo Digimatic, Kanagawa, Japan).

3. Results and Discussions
3.1. Morphology of the Melts

During the repeated processing of polymers, their color may change, which is as-
sociated with chemical reactions occurring at high temperatures and a decrease in the
length of the macromolecule. It is known that the PP melt has no color and is transparent;
with an increase in the number of polymer processing cycles, it acquires a yellowness that
intensifies with each pass [39]. Figure 2 shows the morphology of PP melts with Vitamin E
supplements and without stabilizer.

The initial polymer acquires a slight yellowness after the first processing cycle. After
five PP processing cycles, the yellowness intensifies, but the melt still has transparency.
When using vitamin E, the melts were radically different in color from the control melts
of PP. The addition of tocopherol to PP contributed to the formation of a homogeneous
morphology of the melt without visible heterogeneities and agglomerates. After five
passes, accompanied by exposure to high temperatures and mechanical deformation of
the samples, melts with Vitamin E are also characterized by a yellow color. Various
secondary products can be formed during the repeated processing of melts with a stabilizer.
For LDPE systems, these are stereoisomers of various oxidation products, for example,
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dihydroxydimers, spirodimers, trimers, and aldehydes [40]. Higher concentrations of
tocopherol lead to higher levels of polymer color change [41]. Thus, the introduction of
more tocopherol into the system leads to a pronounced change in the color of the melt,
which is associated, among other things, with the formation of secondary products in the
system, the concentration of which increases with the proportion of additives. Although
the color change indicates changes in the polymer, it does not limit its processing. It is
important to note that the Vitamin E additive is uniformly distributed, as evidenced by the
homogeneous morphological pattern of the melts. Therefore, melt spinnability will not
be complicated by residual additive particles and will be determined by the viscoelastic
properties of the system.

d | 250 um

Figure 2. Morphology of PP melts without stabilizer (a,b) and with Vitamin E (c,d), after 1 (a,c) and
5 (b,d) processing passes.

When defining systems based on PP and Vitamin E, the literature only considers three
processing cycles. According to the work of Al-Malaika [42], the excellent stabilizing effect
of tocopherol is especially noticeable at very low concentrations, for example, 150 ppm. The
higher stabilizing effect observed at higher concentrations of tocopherol is accompanied by
a higher retention rate (up to >90%) of the initial antioxidant in the polymer. However, in
this study, the concentration of Vitamin E did not exceed 900 ppm, which is much lower
than the concentrations considered in the current study.

3.2. Rheological Properties

The stabilizer concentration for polypropylene depends on its type and purpose,
usually ranging from 0.1% to 2.0% [43—45]. It is important to select the concentration while
taking into account the characteristics of a particular product, its operating conditions,
and the type of stabilizer. The most effective antioxidants are active at low concentrations
from 50 to 500 ppm (0.005-0.05%). Since the concentration of the stabilizer is often used
when using a secondary polymer and its type is not known, the total concentration of the
antioxidant may increase with increasing numbers of passes. Hence, it is of interest to
study the behavior of melts with a higher proportion of antioxidants than described in
traditional studies.
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The degradation of polypropylene affects its rheological behavior, namely, a decrease
in complex viscosity and apparent viscosity. The melt flow index, on the contrary, increases
significantly with a decrease in the molecular weight of the polymer. The initial state
of the system is polypropylene without stabilizer additives, which exhibits rheological
properties typical of thermoplastics—its melt is a pseudoplastic liquid, that is, the viscosity
decreases with increasing shear rate. During repeated thermomechanical processing, pure
PP undergoes oxidative degradation. High temperatures and mechanical stress lead to
the rupture of polymer chains, which causes a gradual decrease in the average molecular
weight and, as a result, an irreversible and gradual decrease in melt viscosity from cycle to
cycle. Figure 3 shows the flow curves of PP melts with different prehistories.

10* E

10°
wn
*
£

10k
—

10" B

100 i ol .l ol A o .

0% 107 102 1070 100 10! 100 10°

-1
Y. S
Figure 3. Flow curves of the melts of the initial PP, with Vitamin E and without stabilizer. The number
of passes is indicated in the figure, T = 185 °C.

The flow curve of the initial PP has the traditional form for melts and consists of a
Newtonian region where the viscosity does not depend on the shear rate and structural
branch. The structural branch, on the flow curve, begins with the shear rate at which the
viscosity begins to decrease, i.e., the internal structure of the melt collapses when it is de-
formed. For the initial PP (0 passes), the melt viscosity is about 10* Pa-s. After deformation
of PP in the extruder for 15 min, its viscosity changes slightly. After five PP passes, the
viscosity decreases by almost three orders of magnitude and is about 10! Pa-s, which is as-
sociated with polymer degradation. Decomposed polypropylene exhibits more Newtonian
properties than the initial polymer and is a more shear-thinning (pseudoplastic) polymer.

Complex and multiphase rheological behavior is observed when Vitamin E is intro-
duced into the system. The viscosity of the melt decreases after the first processing pass.
Despite the decrease in viscosity, the flow curves have a similar character as for melts
without additives. During the two subsequent processing passes, the viscosity of the melt
decreases slightly, which is probably due to the activity of the stabilizer. Starting from the
fourth processing cycle, the viscosity decreases noticeably and drops by almost two orders
of magnitude at pass 5. As the number of passes increases, the Newtonian domain extends
to high shear rates. The evolution of viscosity depending on the number of processing
cycles can be observed in Figure 4.
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Figure 4. Dependence of the viscosity of melts on the number of processing cycles, T = 185 °C.

After the first pass, the viscosity of the PP melt does not decrease critically. This is
probably due to the short-term mechanical impact on the system and the low temperature
of polymer processing. However, after just the second pass, the viscosity decreases by
almost half. The reduction in viscosity then becomes more significant, reaching 10 Pa-s after
five cycles. For systems with Vitamin E, although the viscosity decreases already during
the first processing cycle, then changes slightly up to three passes, that is, a new portion of
Vitamin E introduced during each pass allows you to maintain the viscosity of the melt, at
passes 4 and 5, the viscosity decreases sharply and almost reaches 100 Pa-s.

The observed changes in viscosity, depending on the history of melt production, are
probably related to a complex of competing processes: a physical plasticizing effect that
reduces viscosity, and a chemical antioxidant effect that temporarily stabilizes the polymer
structure and counteracts a drop in viscosity.

To evaluate the viscoelastic behavior of melts, the frequency dependences of the
storage modulus (G’) and the loss modulus (G”) were obtained (Figure 5).

At low deformation frequencies, the loss modulus is greater than the elastic modulus
in all examined systems. Depending on the prehistory of the melts, there is a shift in the
crossover point, where G’ = G, to the region of high frequencies. This point determines the
transition of the material from viscous (G” dominates) to elastic behavior (G’ dominates).
Its position is inversely proportional to the characteristic relaxation time of the polymer
system, which is the average time it takes for a polymer chain to break out of its entangled
state and begin to flow irreversibly. The shift in the crossover point to the right, towards
high frequencies, clearly indicates a decrease in relaxation time. This may be due to the
plasticizing effect of the low-molecular-weight phase of Vitamin E or a decrease in the
molecular weight of the polymer. A decrease in the crossover point along the y axis may
indicate the formation of a wider molecular weight distribution in the system.

Thus, the displacement of the crossover point serves as an independent and visual
rheological proof of the mechanism of action of Vitamin E during repeated processing of
the system. It confirms at the molecular level that the additive affects the viscosity values of
the system and fundamentally changes the relaxation properties of the melt, making it less
elastic and more mobile at high strain rates or short observation times. This is completely
consistent with the observed initial drop in viscosity.
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Figure 5. Dependences of the storage modulus (G') and the loss modulus (G”) on the frequency for
PP melts (a) and systems with Vitamin E (b) after several passes; (c) combined data. The number of

passes of the systems is indicated in the figure.

According to the literature, there are two forms of PP fiber used for concrete reinforce-
ment: microfiber and macrofiber [46]. Obtaining macrofiber has a number of advantages.
For example, with the same rheological properties of the secondary polymer melt, molding
will be more stable at lower speeds (draw ratio). Microfibers introduced into concrete are
able to effectively control the formation of cracks during plastic shrinkage [47], which occur
due to the shrinkage of fresh concrete during the first day after laying due to excessive
evaporation of released water [48]. However, as a rule, they do not have a noticeable effect
on the properties of hardened concrete, as reported by Pelisser and Habib [49,50]. Therefore,
the production of macrofiber from recycled materials is more preferable and predictable.

The modes of producing macrofibers were selected using rheological research data on
a laboratory stand equipped with a twin-screw extruder (Figure 6).

~ PP + vitamin E

— 4

L W.

a b ¢c d

Figure 6. Macrofiber forming stand: (a) twin-screw extruder, (b) strand cooling bath with guide
rollers, (c) drying, and (d) winding shaft.

The melts with Vitamin E and without stabilizer were passed through a single-channel
die and then sent to a cooling bath. After leaving the bath, the strand was dried and wound
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onto the shaft. Regardless of the prehistory of the melts, the strands were formed stably.
The resulting strands are shown in Figure 7.

Figure 7. Photographs of spun strands without stabilizer (a,b) and with Vitamin E (c,d), after 1 (a,c)
and 5 (b,d) passes.

A more detailed morphology of the macrofibers is shown in Figure 8.

i L % " * % 3t * o «"%s 'g*"-‘ .—,,.’"‘ b x vie e
W TWAIRON (T o GE Pt Vi g o R A S e e e SRR

250 pym
 —

Figure 8. Photographs of macrofibers spun without stabilizer (a,b) and with Vitamin E (c,d), after
1 (a,c) and 5 (b,d) passes.

The photos show that the average diameter of macrofibers is around 200 microns.
Along the fiber axis, the strand diameter varies only slightly, indicating stable spinning. No
obvious defects are observed on the macrofiber’s surface.

3.3. Fourier Transform Infrared Spectroscopy (FI-IR)

According to [51], the following characteristic bands are present in the IR spectra of PP
2950, 2914, 2860, 2836, 1457, 1376, 1355, 1166, 997, 974, 898, 841, and 810 cm~'. These bands
correspond to various molecular vibrations: the asymmetrical stretching of CHj, asym-
metrical stretching of CHj, symmetrical stretching of CH3, symmetrical stretching of CH,
asymmetrical bending of CH3, symmetrical bending of CH3, wagging vibration of CH,CH,
asymmetrical stretching and rocking wagging vibration of C-CCH3C-H, asymmetrical
rocking of CHj3, asymmetrical rocking and stretching of CH3C-C, asymmetrical rocking
and symmetrical stretching of CH3C-C, rocking vibration of CHy, and rocking vibration of
CHpy, respectively. Figure 9 shows the spectra for PP samples without antioxidant additives
and with Vitamin E.
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Figure 9. IR spectra of PP macrofibers with different production history (a) and (b,c) enlarged regions
of the 1650-1800 cm ™! spectrum.

Bands in the region of 800-1000 cm~ 1 are observed for all spectra, which indicates the
preservation of an ordered supramolecular structure in PP due to conformational regularity.
The presence of peaks in this region indicates a slight degradation in the system [52].
The intensity of the bands 1452 and 1375 cm ™! (by asymmetric deformation vibrations
of the methylene and methyl groups, respectively) increases with the increasing number
of treatment cycles, which may indicate a break in the polymer chain during repeated
treatment of the system [53]. Thus, the short processing time of PP at 185 °C is reflected
in the presented spectra, but to a lesser extent than under more severe conditions (higher
temperatures). According to [53], at a higher number of processing cycles, the intensity
of the carbonyl group at 1720 cm ™! increased due to the oxidative degradation. As can
be seen from the presented spectra for melts without Vitamin E, the intensity of the band
at 1720 cm~! increased gradually with the number of processing cycles (Figure 9b). The
maximum intensity of this band is achieved at the fifth processing cycle. For systems with
Vitamin E, after five cycles, the intensity of this band is lower compared to the melt without
the antioxidant with the same number of processing cycles (Figure 9c).

3.4. X-Ray Diffraction (XRD)

After a few passes, the XRD transmission patterns of PP macrofibers and macrofibers
containing Vitamin E show comparable curves (Figure 10). The presented diffractograms
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for macrofibers show characteristic reflexes for the x-crystalline phase of polypropylene
in the 20 region 14.3°, 17.1°, 18.7°, 21.8°, and 25.7°, corresponding to the planes (110),
(040), (130), (131)/(041), and (060), respectively [54,55]. The intensity of reflexes decreases
significantly with an increase in the number of PP passes without a stabilizer. For vitamin
E systems, an increase in the number of processing cycles leads to a slight change in the
intensity of reflexes.

15000
PP
—1
. —35
= 10000k PP + vitamin E
S 1
> —5
=
7g]
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0]
E 5000 f P
[Sh—
0 L i 1 i L
10 20 30

20, deg.
Figure 10. Diffractograms of PP strands spun on a laboratory stand.

Mechanical properties were investigated for all spun macrofibers. It is shown that
the prehistory of melt processing (the number of cycles and the presence of a stabilizer),
although they contribute to the formed properties of the strands, remain at a decent level
(Figure 11).

100
£
E 20 PP
+
= vitamin E
=
&
g 60
w2
2
2
540 PP
= +
vitamin E
20

1 . 5
Processing cycles

Figure 11. Tensile strength of PP macrofibers spun without stabilizer and with Vitamin E after 1 and

5 passes.

The diagram shows that macrofibers spun with Vitamin E exhibit higher strength than
samples produced without the stabilizing additive. After the first processing cycle, the
observed difference is approximately 20%. Augmenting the number of melt processing
cycles to five elevates the disparity to about 50%. However, the observed strength values
for macrofibers with Vitamin E also decrease to 43 MPa compared to 86 MPa after the
first pass. The revealed strength values of PP fibers are consistent with those described
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previously in the literature [56]. The decent mechanical properties of macrofiber make it
possible to consider it in the future as a composite additive for concrete reinforcement.

4. Conclusions

The presented paper considers several issues related to the processing of secondary
polymer materials, the evolution of the rheological properties of melts, the formability
of systems with and without stabilizer additives, the effect of natural antioxidants on
fiber production processes, and its structure and properties. Since the background of the
material is not always known, Vitamin E was used in the amount of 0.5% by weight, which
is significantly higher than the concentrations described earlier in the literature. It has
been shown that repeated processing of PP with stabilizer additives leads to a decrease in
viscosity by two orders of magnitude to 100 Pa-s, which is probably due to the simultaneous
action of a low-molecular-weight additive and its stabilizing (antioxidant) effect. Dynamic
studies have revealed a decrease in the elastic properties of melts with an increase in the
number of passes. The position of the crossover point indicates an increase in the molecular
weight distribution.

For the first time, it has been demonstrated that Vitamin E can be used as a stabilizing
additive. Adding Vitamin E to PP does not limit its processing into macrofibers. It has
been shown that, although the rheological properties of the melts change with repeated
processing cycles, fiber formation from them is still possible. After five processing cycles,
macrofiber formation is stable. The prehistory of the melt affects the mechanical properties
of the fibers. For all the obtained batches of macrofiber, the revealed strength properties are
at an acceptable level.

In the future, we plan to investigate the behavior of PP melts with mixed antioxidants
based on Vitamin E and traditional stabilizers, to evaluate the optimal dosages of additives
and the formability of the obtained systems. Based on the data from [57], in the future, the
obtained macrofibers could be used to produce concrete-based composites.
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