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The present study was to evaluate the effect of polyethylene terephthalate (PET) particle sizes on
the mechanical and physical properties of extruded fiber-cement composites with different particle
sizes combined to cellulose pulp in the production of fiber cement by the extrusion process. The design
consisted of four formulations, one composed of 5% cellulose and the other three with 2.5% cellulosic
pulp and 2.5% of PET particles with different particle sizes. Physical, mechanical and microstructural
tests were performed without aging cycles and after 200 and 400 accelerated aging cycles. The
degradation of vegetable fibers in the cement and the decrease of properties with aging was observed.
PET particles were more resistant in alkaline environment and did not degrade. However, particle size
did not exert great effect in the physical and mechanical properties of the composite. Thus, the use of
PET particles shows potential as a reinforcement for fiber-cement composites.
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1. Introduction

Cement based composites are normally brittle, feature
low tensile strength, low ductility, and low tenacity. One
way to improve these requirements is to add small fractions
of fibers, which range from 0.5% to 5% of volume during
mixing'.

The incorporation of fibers is widely used to improve
tensile and flexural strength of concrete and mortar, further
allowing a reduction in cracking by retraction at an early age,
restricting the spread of cracks in cement, thereby increasing
resistance to the entry of aggressive agents, with a resultant
increase in the durability of the structure®?.

Conventionally, the material used as reinforcement in
fiber-cement is asbestos; however, due to the worldwide
tendency of reviewing the use of this mineral fiber, various
studies have been conducted regarding the incorporation
of different types of fibers in cementitious composites,
including vegetable fibers, agribusiness waste and even
recycled polymers*®.

The use of vegetable fibers as a reinforcement in fiber-
cement composites leads to a set of advantages, such as
wide availability, low cost, besides being a material that is
renewable and not harmful to health. However, long-term
durability of fiber-cements reinforced with lignocellulosic
material is problematic due to the degradation of vegetable
fibers in alkaline environment, which leads to loss of reduction
in toughness and maximum strength, of the composite after
accelerated wetting and drying cycles, that simulates the
conditions of use'*'s.

*e-mail: camila.farrapo@dcf.ufla.br

To circumvent this problem, one of the evaluated
alternatives is the insertion of polymeric fibers by themselves
or in combination with vegetable fibers in cementitious
composites'®?. The addition of synthetic fibers confers
excellent physical and mechanical properties to the fiber-
cement composites, because improvement better tensile
performance and strength. Synthetic fibers are less sensitive
to alkali attack and possess good mechanical properties,
resulting in composites with better performance in the long-
term'8, However, besides not being derived from renewable
sources, polymeric fibers can increase the final cost of the
material by up to 40%?'. Currently, the Brazilian industry
uses a mixture of fibers derived from Eucalyptus cellulosic
pulp with polymeric fibers, mainly Vinyl polyacetate (PVA)
and polypropylene*-2.

Solid waste generated in urban centers, like packaging
and food waste, is one of the most prominent environmental
topics in discussions about the environment. Some studies have
focused on the generation, collection, disposal, and recycling
of these materials?. Polymeric waste from packaging, in
particular, poses a great challenge in regards to its destination
after consumption. Due to its excellent characteristics, clarity,
light weight, and selective gas permeability, the consumption
of polyethylene terephthalate (PET) in the form of bottles has
been significantly increasing and, as it takes approximately
180 years to decompose in nature, the cumulative amount
of this waste has been drastically growing?**. Data from the
National Association for PET Container (NAPCOR) shows
that in 2014 in the USA, the number of PET containers
available for recycling was 2.65 million tons; however, 0.82
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million tons were recycled, in other words, only 31% of the
waste?*?’, In Brazil, it is estimated that PET is about 20%
of solid urban waste?® and in 2015 only 51% of Brazilian
PET was recycled according to Associagdo Brasileira da
Industria do PET (ABIPET)”.

Several studies have been conducted with the insertion of
PET bottle waste in concrete and have provided satisfactory
results in flexural tests, showed that the concretes containing
PET achieved a higher peak load, but results obtain without
aging. However, these studies reveal that the durability of
the material is affected over time due to PET degradation
in alkaline environment*3°*2, Combined with this fact, there
is no studies in literature that describe the insertion of PET
particles for reinforcement of fiber-cements produced by the
extrusion process, which is continuous process that consists
of forcing the passage of a pseudoplastic mixture through an
opening that sets the form of the final product®®. Therefore,
the objective of this study was to evaluate the effect of PET
particle sizes on the mechanical and physical properties of
extruded fiber-cement composites.

2. Materials and Methods

2.1 Raw material

As areinforcement of the cementitious matrix, cellulosic
pulp bleached (fiber with 0,8 mm) and polyethylene terephthalate
(PET) bottle waste were used. Commercial Eucalyptus cellulosic
pulp (Eucalyptus urograndis) with an approximate age of 7
years (Jacarei, SP, Brazil). PET bottles were ground and sieved
with three different particle sizes: PET 1 (between 20 and 24
mesh sieves), PET 2 (between 24 and 32 mesh sieves) and
PET 3 (between 32 and 35 mesh sieves).

2.2 Constituents of the cementitious matrix

Ordinary Portland cement (OPC) correspondent to type I
(ASTM-C150) and ground agricultural limestone, were used
as cementitious matrix. Limestone was incorporated as a
partial replacement of Portland cement with the objective of
reducing the production costs of fiber cement*. The additives
added during the process -Hydroxypropyl Methylcellulose
(HPMC) and carboxylic polyether (ADVA) - have the purpose
of facilitating the extrusion, ensuring the pseudoplastic
behavior of the mixture.

2.3 Fiber-cement production

Cellulosic pulp was dispersed in water by mechanical
stirring in a mixer and was insert wet (0.43g/mL) in matrix.
Fiber-cement composites with different particle sizes of
PET waste, in association with the dispersed cellulose pulp,
were produced in laboratory scale by extrusion process. The
formulations used in the production of the composites were
based on previous studies®. The percentages of reinforcement
materials for each formulation can be verified in Table 1.

Table 1. Formulation of fiber cement composites.

Pulp PET PET Particle Size
Formulation
% Mesh
PET 0 5 0 —
PET 1 2.5 2.5 20-24
PET 2 2.5 2.5 24 -32
PET 3 2.5 2.5 32-35

All formulations used 65% Portland CPV-ARI cement,
30% agricultural limestone and 5% reinforcing fiber,
considering that 1% of each additive (ADVA and HPMC)
was added in relation to the cement, and the water-cement
ratio used was around 30%. The mixture of all materials took
place in a planetary mixer. First, the cement, limestone and
HPMC were mixed at a rotation of 140 rpm for 2 minutes;
next, the cellulose pulp, PET, ADVA, and water were added,
remaining at a rotation of 285 rpm for another 5 min in order
to promote the homogeneous distribution of the cellulosic
pulp in the formed mixture.

The cementitious paste formed was processed in a
helical extruder, Verdés brand, model 051, with screw
speed of approximately 25 rpm. After the test specimens
were produced, they were stored for three days in saturated
environment. The complete curing of the material took place
for seven days in a vaporization chamber at 70°C.

2.4 Accelerated aging cycles

The mechanical, physical and microstructural properties
of the composites were analyzed in samples without aging
and with accelerated aging cycles. The wet-dry accelerated
aging simulates composite aging under the effects of the
weather. For such treatment, an accelerated aging chamber
was used through wet-drying. The samples were submerged
in water for 170 min. Upon being removed from the water,
they were heated up to 70°C for drying for the same length
of time. All formulations went through 200 and 400 cycles
of this accelerated aging.

2.5 Mechanical, physical and microstructural
characterization of composites

The mechanical test was performed using the universal
machine, Arotec brand, equipped with a 20 kN load cell.
The bending test was performed to establish the modulus of
rupture (MOR), modulus of elasticity (MOE), and tenacity.
This test was performed using 9 specimen repetitions,
following the procedures described in RILEM* and using
a three-point bending configuration, gap of 150 mm, and
speed of 2 mm/min.

The physical properties were analyzed according to
the ASTM C 948-81 standard®®. Through this analysis,
bulk density, water absorption and apparent porosity were
obtained. For each formulation, nine test specimens were
analyzed.
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Scanning electron microscopy (SEM) was applied for the
characterization of the fracture surface of the test specimens
after flexural test. The objective of this evaluation was to
check the interface of the cellulosic pulp and PET waste with
the cementitious matrix before and after the aging cycles.

2.6 Analysis of the results

The results of this study were evaluated in a randomized
design. The variance analysis and the Scott-Knott mean test
were performed at 5% of significance.

3. Results and Discussion

3.1 Physical properties of the composites

Figure 1 shows the average and standard deviation
values of the bulk density of the composites without aging
and after 200 and 400 cycles of accelerated aging. It can
be observed that the composites produced with fine (PET
3-32to 35 mesh) and medium (PET 2- 24 to 32 mesh) PET
displayed greater density soon after curing. This fact can
be justified as the increase in PET particle size (PET 1- 20
to 24 mesh) may generate an increase in void spaces due to
interlacing at the time of extrusion, whereas smaller particle
sizes ease the filling of void spaces in the matrix, resulting
in greater compaction and higher density values®. The low
density observed for the composites produced only with
cellulose is due to the lower density of the reinforcement
material, since the density of PET bottle particles found in
literature by Mancini et al.”’ is close to 1.345 g/cm? and the
density of cellulosic pulp varies from 0.50 to 0.65 g/cm?33.

After the accelerated aging cycles, all formulations
displayed increased bulk density; this fact is related to the
hydration of the cementitious matrix that takes place over
exposition to water and natural carbonation during the aging

Figure 1. Average and standard deviation values of bulk density of
fiber-cement composites produced with PET particles. Consecutive
means of the same letter do not statistically differ by the Scott-Knott
mean test, at 5% of significance. PET 1= 20 to 24 mesh, PET2= 24
to 32 mesh and PET3 = 32 to 35 mesh.
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cycles, as Portland cement is a hydraulic binder consisting of
silicate and calcium aluminates. The continuous availability
of water that takes place with aging favors the development
of silicate hydrates and calcium aluminates, benefiting the
densification of the cementitious material®**!. Almeida et
al.3, upon evaluating fiber-cement reinforced with cellulose
pulp, reported improvement of mechanical properties of the
composites and associated this characteristic to the increased
density. In this study, the authors described values of 1.52
g/em?, 1.56 g/cm?® and 1.58 g/cm?® for composites evaluated
without aging, after 200 and 400 cycles of accelerated aging,
respectively. Teixeira et al.*?, upon evaluating fiber-cement
reinforced with cellulose and polypropylene in concentrations
of 4% and 2% respectively, found density values equal to
1.42 g/cm® for samples without aging and 1.67 g/cm?® for
samples tested after 50 cycles of accelerated aging.
However, it was observed that after both aging cycles,
bulk density was higher for composites produced only with
cellulosic pulp as, with aging, the ions from the hydration
phases of the cement re-precipitate in the lumen and in the
cellular wall of vegetable fibers. Therefore, the structures
degrade due to the breakdown of intermolecular links, what
is called fiber mineralization'"'2. This phenomenon, taking
place after aging, leads to a decrease in void spaces of the
composites containing cellulose fibers, consequently decreasing
water absorption, as can be seen in Figure 2, and it is related
to the decrease of the porosity of the composite (Figure 3).
Water absorption is an important property of composites
reinforced with vegetable fibers, since it evaluates their
potential for external environments applications. High water
absorption by fibers may result in a reduction of mechanical
properties, high dimensional changes and reducing the
durability of composites®®. No statistical difference was
verified between water absorption of the composites with
different PET particle sizes, both before aging and after 200

Figure 2. Average and standard deviation values of water absorption
of fiber cement produced with PET particles. Consecutive means of
the same letter do not statistically differ by the Scott-Knott mean
test, at 5% of significance. PET1= 20 to 24 mesh, PET2= 24 to 32
mesh and PET3 =32 to 35 mesh.
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Figure 3. Average and standard deviation values of apparent porosity
of fiber-cement produced with PET particles. Consecutive means
of the same letter do not statistically differ by the Scott-Knott mean
test, at 5% of significance. PET 1= 20 to 24 mesh, PET2= 24 to 32
mesh and PET3 = 32 to 35 mesh.

and 400 accelerated aging cycles. The composite produced
only with cellulosic pulp obtained the highest absorption
value, which is justified since vegetable fibers are porous
and hydrophilic, resulting in higher water absorption when
compared to polymeric particles.

The NBR 12800 standard* establishes that the maximum
water absorption acceptable for corrugated roofing sheets
made of fiber cement without asbestos should be 37%. In the
data observed in all situations, water absorption displayed by
the composites in this study can be considered satisfactory,
since it did not exceed the maximum required by the standard.

After curing, there was no statistical difference between
composites with different PET particle sizes. The composite
reinforced only with cellulosic pulp obtained the higher
apparent porosity value before and after accelerated aging
cycles. Moreover, it was possible to observe that the higher
the PET particle size, the lower the apparent porosity after
aging. This can be explained by the fact that these particles
feature greater voids between themselves, easing the filling
with hydration products of cement, as well as smaller particle
sizes may suffer greater degradation with the alkalinity of the
cement due to the higher area of contact of PET 3 particles.

Pelisser et al.*? reported lower porosity in cementitious
composites reinforced with PET when compared to composites
without PET after 150 days of aging. However, after 365
days, the authors reported higher porosity due to the slow
degradation of polymeric particles. Such fact was not observed
in this work for larger particles, since PET1 particles were
kept in alkaline matrix even after 400 cycles of accelerated
aging, as can be seen in Figure 4.

As happened with the values of water absorption, the
reduction of apparent porosity and the increase in bulk density
in composites reinforced only with cellulose, observed after
accelerated aging cycles, is related to the mineralization
and degradation of vegetable fibers in a highly alkaline

environment, as can be seen in Figure 5. It is possible to
notice that before aging (Figure 5A) the amount of fiber
dispersed in the matrix is higher than after 400 cycles of
accelerated aging (Figure 5B).

Almeida et al.”%, studying fiber-cement reinforced with
cellulosic pulp, observed a reduction in apparent porosity
of close to 31%, 28% and 23% for those samples evaluated
without aging, after 200 and 400 cycles of accelerated aging.
Teixeira et al.*, upon evaluating fiber-cement reinforced with
cellulose and polypropylene in concentrations of 4 and 2%,
respectively, found the respective values 0f23.3% and 33.0%
for water absorption. For apparent porosity in the samples
evaluated before accelerated aging and after 50 cycles, the
values decreased to 21.5% and 30.9% respectively. Other
authors have also reported that, after cycles of accelerated
aging, there is a decrease in water absorption and apparent
porosity, as well as an increase in bulk density>2*%.

3.2 Mechanical properties of the composites

Upon analyzing the results obtained for MOR (Figure 6),
it can be observed that there has been a significant difference
between composite formulations without aging and after
200 cycles of aging, which showed higher values. This
increase of MOR found after 200 cycles can be related to
an incomplete curing of composites after seven days in the
vaporization chamber, causing the fiber cement to continue
curing during the beginning of accelerated aging. This fact
was also reported by Pelisser et al.* that, upon studying the
mechanical properties of concrete produced with PET fibers
with average diameter of 25-30mm, found values of MOR
between 3.75 and 4.47 MPa after curing and between 4.48
and 4.67 MPa after 150 days of aging.

After 400 cycles, the values of MOR have a downward
tendency and all formulations have shown to be statistically
equal between themselves, showing that over time the use
of PET bottle particles associated to cellulose confers the
same performance when compared to cellulosic pulp in fiber-
cement. It is possible to observe that after 200 cycles of aging,
the formulation using only cellulose pulp as reinforcement
presented the highest values (Figure 6). After 400 cycles,
it is the one that presented the lowest value. According to
Teixeira*?, the value of MOR is related to the interaction and
distribution of tensions between the fiber and the matrix,
in addition to tensile strength during flexure. Thus, it can
be concluded that after the most severe aging (400 cycles),
there was greater degradation of cellulosic fiber due to the
mineralization of the vegetable material, when compared
to PET particles, as it was observed in Figures 4 and 5,
causing the cellulosic fiber to lose its capacity to distribute
the stress and, consequently, displaying less resistance to
fracture. Teixeira et al.*’, upon evaluating fiber-cement
roofing sheets reinforced with 2% polypropylene combined
with 4% cellulose, found higher values in the order of 40%
when compared to composites reinforced with 6% cellulose.
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Figure 4. Scanning electron microscopy (SEM) micrographs of the surface of fracture of test specimens reinforced with 2.5% cellulosic
pulp and 2.5% PET1(20 to 24 mesh): (A) without aging (B) after 400 cycles of accelerated aging.

Figure 5. Scanning electron microscopy (SEM) micrographs of the surface of fracture of test specimens reinforced with 5% cellulosic

pulp: (A) without aging (B) after 400 cycles of accelerated aging.

Figure 6. Average and standard deviation values of modulus of
rupture of fiber-cement composites with PET particles. Consecutive
means of the same letter do not statistically differ by the Scott-Knott
mean test, at 5% of significance. PET 1= 20 to 24 mesh, PET2= 24
to 32 mesh and PET3 = 32 to 35 mesh.

The authors attribute this to the lower degradation of the
polymeric fiber in alkaline environment, even after 50 cycles
of accelerated aging. Almeida et al.'®, upon evaluating
fiber cement reinforced with cellulosic pulp produced by
the extrusion process, reported an increase of MOR in the

order of 5 MPa to 10 MPa for samples tested without aging
and after 400 cycles of accelerated aging. Alamshahi et al.*
found values ranging from 8.09 to 11.03 MPa for cement
composite reinforced with polypropylene in the order of
2.16 to 4.28% combined with cotton and viscose fiber. In
the same study, the authors found values of 6.25 to 7.35
MPa for fiber-cements reinforced with polyester in the same
conditions. The authors attributed those lower values to the
poor dispersion of polyester fibers in the cementitious matrix.

The NBR 15498 standard*’ for cementitious flat plate
without asbestos sets values of MOR in regards to flexure,
for plates tested in saturated state, of 4 MPa for category
2, of 7 MPa for category 3 and of 13 MPa for category 4.
According to this standard, the cementitious composites
produced are in category 3, not varying category according
to the formulation.

For MOE values (Figure 7), no significant difference
was observed between the formulations without aging, but
after 200 and 400 cycles of accelerated aging, composites
reinforced only with cellulose showed lower values and
were statistically different from the others. There was no
significativedifferences among them, demonstrating that
PET particle size did not exert influence on this property.
However, this increase of MOE with the insertion of synthetic



Cellulose Associated with Pet Bottle Waste in Cement Based Composites 1385

Figure 7. Average and standard deviation values of modulus of
elasticity of fiber cement produced with PET particles. Consecutive
means of the same letter do not statistically differ by the Scott-Knott
mean test, at 5% of significance. PET 1= 20 to 24 mesh, PET2= 24
to 32 mesh and PET3 = 32 to 35 mesh.

particles after aging may be related to the lower degradation
of PET particles in alkaline environment when compared
to cellulose®.

Pelisser et al.*, studying the mechanical properties of
concrete reinforced with PET fibers varying from 0.0 to
0.3% of composite volume, found that the degradation of
polymeric fibers in the cementitious matrix is slow, with no
differences after 28 and 150 days. Koo et al.*}, upon evaluating
the insertion of recycled PET particles in concrete, concluded
that the variation in relation to the control samples was very
low, remaining within an acceptable margin, between 23
and 25 GPa, being insignificant for the results when only
considering elements of civil construction.

Upon analyzing the results obtained for the specific energy
of cementitious composites and the typical stress vs. strain
curves (Figure 8 and Figure 9, respectively), it is observed
that energy absorption was higher for the formulation with
100% cellulosic pulp in the three conditions analyzed. This
behavior may be related to the structure of the PET particle,
which is more rigid than cellulosic pulp*>?2#**°, Furthermore,
the geometry of vegetable fibers, which have a higher
slenderness index than PET particles, may have influenced
the improved dissipation of energy within the composite
during the flexural test, increasing the specific energy of
the fiber-cement reinforced with cellulose'®.

Moreover, it was observed that right after curing, the
fiber-cement reinforced with larger particle sizes obtained
better results, followed by the average particles and, finally,
the worst result was presented by the smaller particles.
However, after the aging cycles, the association of the three
particle sizes with cellulosic pulp used in these studies was
similar to each other. However, after 400 cycles of aging,
it is possible to see that the formulation composed of larger
particles (PET 1) was more resistant to deformation when
exposed to the same load than the compositions with smaller

Figure 8. Average and standard deviation values of specific energy
of fiber cement produced with PET particles. Consecutive means of
the same letter do not statistically differ by the Scott-Knott mean
test, at 5% of significance. PET 1= 20 to 24 mesh, PET2= 24 to 32
mesh and PET3 = 32 to 35 mesh.

Figure 9. Typical stress vs. strain curves of composites at (a) no
aging; (b) after 200 accelerated aging cycles; (c) 400 accelerated
aging cycles.

particles (PET 3) and that fiber cement composed only of
cellulose (PET 0). In general, the tenacity of composites
reinforced with PET did not show considerable changes
after the aging cycles, what can be related to the slow
degradation and maintenance of these polymeric particles
in the matrix, as it was previously discussed (Figure 4)*2.
Thus, the association of PET particles with cellulosic pulp
was efficient in the maintenance of specific energy even after
the most severe aging cycles (400 cycles).

However, the observed increase in specific energy for
fiber-cements reinforced only with cellulose after 200 aging
cycles may be related to the incomplete curing of the cement
in a vaporization chamber for seven days. Furthermore, for
this formulation, the specific energy decreased considerably
after 400 aging cycles. This reduction may be related to the
increase in MOE of the matrix-reinforcement interface, which
is the result of the densification of the material resulting from
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the re-precipitation of the hydration products of cement that
are deposited in the lumen of cellulosic fibers, resulting in
the degradation of vegetable material in a highly aggressive
environment, causing it to lose its reinforcement capacity'®!3,

The association of cellulosic pulp with PET bottle
particles did not cause variation in MOR values after the
most aggressive aging conditions (400 cycles). However, for
MOE, the insertion of polymeric particles exerted a positive
effect, and for specific energy, the presence of cellulosic pulp
in the mixed composites was effective for the maintenance
of energy absorption after 400 accelerated aging cycles
due to the format of cellulose pulp fibers, which favor the
absorption of energy during their slipping.

4. Conclusions

In general, composites reinforced only with cellulosic pulp
presenter the higher mechanical performance without aging.
However, after accelerated aging cycles, the formulations
containing PET particles in their constitution obtained better
results, as these polymeric particles degrade more slowly in
alkaline environment in relation to cellulose. For the physical
properties, all formulations showed the same tendency of
decreasing water absorption and apparent porosity, as well as
an increase in bulk density after accelerated aging cycles. The
particle size of PET particles did not exert a significant effect
on the mechanical properties of the composites, before and
after cycles of accelerated aging. After aging, fiber-cement
composites reinforced with coarser PET particles presented
lower density, while the apparent porosity was reduced with
the increase in particle size. This way, the insertion of PET
bottle particles shows potential to be used as reinforcement
in cement based materials.
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