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Abstract

This study examines the effect of processing parameters and reactive extrusion on the mechanical, thermal, morphological,
and rheological properties of low-density polyethylene (LDPE) and sepiolite composites (LDPE/sepiolite: 95/5 wt/wt)
produced by in situ reactive extrusion in a twin-screw extruder. Using a design of experiments, the contribution of the
factors reverse mixing elements (RE), maleic anhydride (MA), and dicumyl peroxide (DCP) was determined. The results
showed that a better interaction between LDPE and sepiolite phases occurred when reactive extrusion was carried out,
leading to a satisfactory balance between mechanical properties and thermal stability behavior. The rheology analysis
revealed that a more pronounced solid-like behavior was achieved in the composite prepared by reactive extrusion
and in the presence of the filler. The SEM micrographs showed the appearance of a network-like morphology in the
composite processed in the presence of additives and sepiolite filler.
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1. Introduction

Low-density polyethylene (LDPE) is extensively
used in consumer goods and packaging due to its desired
properties, such as toughness, high flexibility, and easy
processability!?! However, according to Liang?!, some
applications are not met solely by neat polymers. In this
sense, the addition of nanofillers to the LDPE matrix can
enlarge the application window by improving, for instance,
its barrier and mechanical properties. Zhang et al.®! revealed
that these improvements are strongly dependent on the
interfacial effect between the nanofiller and polymer matrix.
The addition of inorganic nanofillers into a polymer matrix to
produce a nanocomposite has been found to be an interesting
possibility for improving some properties of a polymeric
material™. In this regard, many types of nanofillers, such
as graphene, carbon nanotubes, natural inorganic minerals,
and layered double hidroxides, have been used in polymeric
nanocomposite developments due to their significant impact
on microscale properties, resulting in improved mechanical,
thermal, flame retardancy, and barrier properties®™®!.

According to Ballesteros et al.l’), research efforts are
still necessary to better understand the interaction between
nanoparticles and polymeric matrix to achieve a suitable
dispersion and, consequently, desired properties. In particular,
lamellar silicate fillers, such as clays (hydrophilic fillers),
have low compatibility with nonpolar matrices. One of the
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most common strategies to reinforce interfacial interactions
between clay and nonpolar polymers is to add modified
polyolefins bearing polar groups, namely compatibilizers or
interfacial agents. For this purpose, maleic anhydride-grafted
polyolefins have been widely used as interfacial agents!®!°!,

Regarding mineral fillers, such as inorganic clays
(e.g., bentonite, halloysite nanotubes, organically modified
nanoclays, and sepiolite), these materials have been used
as plastic additives to improve mechanical, thermal, and
barrier properties!®!12, According to Fashchi and Ostad!'*,
sepiolite is a fibrous nanofiller with a 2:1 phyllosilicate with
a crystalline structure in a needle-like morphology. This
nanoparticle has open channels extended along the fiber
direction and presents the following theoretical unit cell
formula: Si Mg O, (OH),(OH,),.8H,0"*'41. Sepiolite has
fiber sizes varying between 0.2 pm to 2 um in length, 100 nm
to 300 nm in width, and 50 nm to 100 nm in thickness!'¥.
Its porosity and specific area are 0.4 cm®.g™! and 350 m>.g",
respectively. As reported by Ajmal et al.l'>! this nanofiller has
been widely used to improve the thermal and mechanical
properties of different polymers, such as polyethylenes,
poly(lactic acid) and polyamides.

Composites based on polyolefins and sepiolite have been
developed!®'¢18] Within this context, Li et al.[% studied the
effect of the addition of a flame retardant-modified sepiolite
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on thermal degradation and fire retardant properties of LDPE
matrix. Initially, the sepiolite fiber was acidified and then
the flame retardant was added, interacting with the fiber.
Next, in an extruder, the modified fiber was blended with the
PE.The results of the thermal degradation kinetics analysis
and the combustion test showed that the incorporation of
the modified fiber with the flame retardant improved the
thermal stability and flame retardant property of the final
composite.

Singh et al.' evaluated the addition of different contents
of sepiolite (1 — 10 wt.%) in high-density polyethylene (HDPE)
matrix. PE-graf-maleic anhydride (PE-g-MA), varying molar
mass and MA content, was used as compatibilizer agent.
The results showed that the addition of sepiolite into HDPE
matrix up to 10 wt.% increased the complex viscosity values
and the viscoelastic behavior as compared to neat HDPE.
In the presence of the PE-g-MA, the viscoelastic behavior
decreased as compared to uncompatibilized systems at the
same filler content. The reduction in the viscoelastic properties
was more pronounced in composites with compatibilizer
of lower molar mass.

Nufies et al.!'"” studied nanocomposites based on poly(lactic
acid) (PLA), low-density polyethylene (LDPE) and sepiolite
(SEP). The systems were prepared by corotating twin-screw
extruder and using two grafted polymers as compatibilizer
agents —a styrene/ethylene-butylene/styrene rubber (SEBS-
g-MA) and a grafted polyethylene (PE-g-MA). The addition
of sepiolite clay reduced the thermo-oxidative degradation
of the neat PLA. The presence of SEP at the PE interface
and in the PLA matrix phase reduces the effectiveness of
these compatibilizer agents, resulting in lower elongation
at break than those of the blends without clay.

Garcia etal."8 compared the effect of different nanofillers
(sepiolite, silica nanoparticles and montmorillonite) as
thermal stabilizers in LDPE matrix. The nanocomposites
were prepared in a Haake mixer chamber by using a
concentrated masterbatch procedure. The results showed
a strong stabilization effect for both fibrous (sepiolite) and
laminar silicate (montmorillonite), but not for the spherical
silica nanoparticles. According to the authors, these results
suggested the occurrence of a protective layer against
thermos-oxidation on the film surface when sepiolite and
montmorillonite were added on LDPE matrix.

Although composites based on polyolefins and sepiolite
have been developed, research concerning the effect of reactive

Table 1. Design of experiment matrix of Simple Factorial 23.

extrusion on the compatibility of this nanoclay with LDPE
matrix is still limited. Therefore, the goal of this research
is to determine whether the amount of grafting additives in
reactive extrusion and shear rates during processing influence
the LDPE interaction with sepiolite. The factors screw
profile and dicumyl peroxide (DCP) and maleic anhydride
(MA) contents were investigated using a Factorial 23 design.
Furthermore, extra experiments were performed to compare
the conventional with reactive extrusion. The mechanical,
thermal, morphological, and rheological properties of LDPE/
Sepiolite composites were assessed, with a particular emphasis
on their potential for packaging processing.

2. Materials and Methods

2.1 Materials

Low-density polyethylene (LDPE) commercial-grade
352E is produced by Dow Chemical Company. Sepiolite
with a surface area of 300 m”.g"!, an average length of
1-2 um, and channels with dimensions of 3.6 x 10.6A
was donated by TeaditIndustria e Comércio Ltda. Maleic
anhydride (MA), grade STBH9257, and dicumyl peroxide
(DCP), grade Retilox 40 SAP, both used as additives for in
situ reactive extrusion, were purchased in the local market.

2.2 Design of Experiments (DOE)

The experimental design matrix is shown in Table 1.
The experimental code used is A/B/C, where A, B, and C
represent, respectively, the actual values of MA, DCP, and RE
(the number of reverse elements in zone 4 of the extruder).
The amounts of MA (0.5 — 1.0%w) and DCP (0.05 — 1.0%w)
were defined based on previous tests. Figure 1 shows the screw
extruder used, in which three screw profiles were evaluated
in the Zone 4 (compression zone): (i) four KB45 kneading
elements (RE:0), (ii) three KB45 kneading elements and one
reverse element (RE: 1), and (iii) two KB45 kneading elements
and two reverse elements (RE:2).Furthermore, neat-LDPE
and LDPE with 5% wt/wt sepiolite were processed using a
traditional extrusion process so that they could be used as
control materials and provide more information for comparison
with the reactive extrusion experiments. As shown in Table 2,
these additional experiments were coded as LDPE-X and
LDPE-SEP-X, where X is the actual value of RE related to
levels 0 (level -1) and 2 (level 1), respectively.

Factor code level

Factor actual value

Code A/B/C

MA DCP RE MA DCP RE
0.5/0.05/0 -1 -1 -1 0.5 0.05 0
0.5/0.05/2 -1 -1 1 0.5 0.05 2
0.5/0.10/2 -1 1 1 0.5 0.1 0
0.5/0.10/0 -1 1 -1 0.5 0.1 2

0.75/0.075/1 (*) 0 0 0 0.75 0.075 1

1.0/0.05/2 1 -1 1 1.0 0.05 0
1.0/0.05/0 1 -1 -1 1.0 0.05 2
1.0/0.10/0 1 1 -1 1.0 0.1 0
1.0/0.10/2 1 1 1 1.0 0.1 2

(*) center point: replicates three times. All experiments have LDPE: Sepiolite:95:5 ratio (wt.%).
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Figure 1. Screw profiles used in the experimental design.

Table 2. Extra experiments.

Code Factor actual LDPE Sepiolite
value of RE (Yowt/wt) (Yowt/wt)
LDPE-0 0 100 -
LDPE-2 2 100 -
SEP-0 0 95 5
SEP-2 2 95 5
gLDPE-2* 2 100 0

* LDPE grafted with 0.5 (wt.%) of MA and 0.10 (wt.%) of DCP.

2.3 Composite preparation

Before extrusion, neat-LDPE and sepiolite were dried
for 20 hours in a forced-air oven at 60°C. The neat polymer
and all composites were extruded in a Tecktril DCT-20 co-
rotating twin screw extruder (L/D: 36 and D:20 mm) at a
screw speed of 400 rpm, temperature profile of 90/120/18
0/185/190/195/200/200/200°C, and feed rate of 18 kg.h'.
The raw materials were added simultaneously to the main
feeder.

All test specimens were prepared using an Arburg
injection-molding machine, model 270S. The temperature
profile of the barrel was set at 160/175/185/195/205 °C
from feed section to nozzle. The injection pressure and
holding pressure were set at 1200 and600 bar, respectively.
The cooling time 30 s, and mold temperature of 30°C.

2.4 Characterizations

ATR-FTIR (Attenuated Total Reflection Fourier Transform
Infrared) was performed on a Perkin Elmer spectrometer
Spectrum One in the 4000 - 400 cm™ range. The purpose of
this analysis was to confirm the presence of sepiolite filler
in the composites and determine the carbonyl index (CI)
(Equation 1) in the LDPE matrix!'?:

A(1850-1670)
Cl =———+
A(1500-1420)

(M

Where (T is carbonyl index; 41850-1670) is referred to range
of carbonyl group and A(1500-1420) 1 related to the range
of -CH, group!..

The areas under the bands were calculated through the
Perkim Elmer software options, using the peak analysis tool.

Dynamic rheological properties of the material were
analyzed using an oscillatory rheometer (TA Instruments

Polimeros, 34(2), 20240015, 2024

|

M

ZRE

TRIOS Discovery HR-1 Rheometer, using 25 mm-diameter
parallel plates) operating at 200 °C. The gap between the
parallel plates was 1 mm. First, a stress sweep test was
conducted to determine the linear viscoelastic region of the
material. Next, dynamic frequency sweep tests (oscillatory
stress: 100 Pa; frequency range: 0.03 to 600 rad/s) were
performed to determine the dynamic properties of the
material. The rheological behavior of the samples was
evaluated based on their complex viscosity (n*) and storage
modulus (G’) as a function of frequency (o).

The cryofractured surface morphology of composites
was analyzed by JEOL-1200 scanning electron microscope
(SEM). The elements (Mg and Si) from sepiolite were mapped
by using the EDS (energy-dispersive X-ray spectroscopy)
accessory, Thermo Scientific model 5225 Verona Road,
coupled to the SEM microscope.

Tensile tests were performed using a universal testing
machine (EMIC, model DL3000) following ASTM
D638 (Type I). The crosshead speed was 50 mm.min.
The results were also averaged over five replicates of each
composition.

Thermal stability was evaluated by thermogravimetric
analysis (TGA) using a Q500 analyzer (TA Instruments).
About 15 mg of sample was analyzed at a heating rate
of 10 °C.min"" from 25 to 900 °C under N, atmosphere.
The temperatures at weight loss onset (T, ....) and maximum

) -~ ONSET
degradation rate (T,,, ) were determined.

MAX

3. Results and Discussions
3.1 Fourier-transform infrared spectroscopy (ATR-FTIR)

Sepiolite is a 2:1 microfibrous tri-octahedral silicate
mineral with the formula Si Mg O, (OH),(OH,),.nH,0. Itis
composed of polysomes and channels that extend along the
direction of the fiber. The polysomes are composed of an
octahedral sheet containing Mg and linked by inversion of
tetrahedrons through Si-O-Si bonds, called siloxane bridges,
surrounded by two silica tetrahedral sheets, which form
continuous tetrahedral sheets with the apices on adjacent
polysomes pointing in opposite directions. The absorption
bands at 976, 1010 and 1210 cm' in the ATR-FTIR spectra
(Figure 2) are ascribed to the siloxane bridges (Si-O-Si)
of sepiolite!™”!,

Further, the bands around 3640 and 1620 c¢cm’ are
attributed to the stretching and bending vibrations of water
molecules, respectively. In the range of 900-600 cm™,
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the absorption bands can be attributed to the vibrations of
hydroxyl groups associated with octahedral Mg?*and water
molecules of the bound type. The bands with shoulders at
535 and 500 cm™'are related to the deformation vibrations in
tetrahedral sheets!'®. According to Zhang et al.’), there are
three types of water in sepiolite: zeolitic water within the
channels varying with relative humidity, coordinated water
molecules binding to the terminal Mg atoms, and structural
water referring to the OH- groups of the octahedral sheet
as phyllosilicate.

The superposition of the LDPE and g-LDPE spectra and
the integrating areas are shown in Figure 3. Table 3 shows
the CI calculated using Equation 1.

According to Almond et al.!", the CI index was determined
from the ratio between the integrated band absorbance of the
carbonyl (C=0) peak (1850 —1670 cm™') and of methylene
(CH,) scissoring peak (1500 — 1420 cm™). As can be seen
in Figure 3b, the peak which appears in the range 1850-
1670 cm'is very small, almost non-existent. In Figure 3¢ it
is already possible to identify characteristic carbonyl bands.
On the other hand, in the FTIR of the gLDPE-2 sample, the
absorbance intensity at wavenumber of 1466 cm™ (related
to CH, band) is smaller than that of LDPE-2, which leads
to a higher CI value for the gLDPE-2 sample, signaling the
occurrence of a grafting process.

Figure 3b exhibits a peak at around 1640 cm!, associated
with amines incorporated into polyethylene resins as UV
stabilizers as HAS (Hindered Amine Stabilizers)?”. This
peak is not present in the material after reactive extrusion.
Apossible reason for this finding is that the grafting additives

——SEP
05 underwent a reaction with the amine groups during the
Mg-Mg-O reactive extrusion, thereby shielding the amine groups.
0.4 4 Si-0-Si
© ) 3.2 Oscillatory rheology and SEM microscopy
=3
E 0317 The frequency dependency of the storage modulus (G”)
= and loss modulus (G”) of the materials determined from
'g 0.2 o frequency (o) sweep analysis is shown in Figure 4, which
<
0.1 4
Table 3. Carbonyl index of LDPE and g-LDPE.
0 Sample Integrated area of Carbonyl
T T T T T T _ -1 _ -1 i
e e Tl Code 1850 — 1670 cm™ 1500 — 1420 cm™  index (CD)
wavenumber (ecm™") LDPE 0.06 291 0.026
Figure 2. ATR-FTIR spectra of sepiolite (SEP). gLDPE 0.19 2.30 0.083
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Figure 3. ATR-FTIR spectra of (a) LDPE-2 and gLDPE-2; (b) LDPE-2 (zoom at 2500— 1300 cm™) and (c) gLDPE-2 (zoom at 2500 —

1300 cm™).
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also shows the micrographs from SEMand the EDS images
(scoring the Si element).

Table 4 shows the values of the crossover point, at which
G’=G", determined from G’ and G” versus the frequency
curves. The decrease in both G’=G” and o, values of
SEP-2 relative to LDPE-2 shows that the addition of sepiolite
filler led to an increase in the elastic behavior, signaling the
reinforcing effect of the clay in the LDPE matrix.

Further, comparing LDPE-2 to LDPE processed by reactive
extrusion (gLDPE-2), it can be seen that gLDPE-2 presented
higher elastic behavior in the whole frequency range analyzed,
confirming the occurrence of the grafting reaction during
processing. When sepiolite was added in the presence of
MA/DCP additives, a composition with a more pronounced
elastic behavior was produced, showing the effect of the

Table 4. Dynamic modulus and frequency values at the G’/G”
crossover point for neat LDPE and LDPE compositions.

Modulus at crossover  Crossover point

Sample code

point G’=G” o_(rads”)
LDPE-2 15,500 15.40
SEP-2 8,800 0.10
gLDPE-2 - -
0.5/0.10/2 - _
100000 R P
& Loss Moduius (6') (Pa) "': -
—— Storage Modulus (G (Pa) i
e
R T
5 a
£ 40000 100005
= E 3 Q
o . ]
5 ./.’ 3 g
S g <]
K ._,/' - =
b= " <
w 10004 Mo L1000 @
0 w s
8 " S
8 S
p »
100 (a) 1nn
0.01 0.1 1 10 L
Frequency (rad/s)
100000 100000
—m— Loss Modulus (G") (Pa)
= Storage Modulus (G) (Pa)
_ ©
S o
5 ! e
= 10000 4 s F 100005y
z ~ 2
5 o &
= ' 2
Ef A g
2 » 3
=z ) =
o] ¥ [sx] =
g ) o
@ 10004 ¥ F1000 &
o
k] 2
B
i LDPE-SEP
100 (8 100
0.01 10 20

01 1
Frequency (w) (rad/s)

grafting reaction in the interaction of LDPE and filler
phases. These results corroborate the findings shown in the
SEM micrographs and EDS images (Figure 4). As can be
seen, LDPE-SEP-2 and 0.5/0.10/2 composite have different
morphologies. The 0.5/0.10/2 composite shows a different
morphology, conforming the occurrence of the grafting
reaction in the LDPE matrix. In addition, it is also possible
to observed that the dispersion of the sepiolite (indicated by
Si element, marked with red points) was more efficient in
the composition processed by reaction extrusion (see Figure
S1 in Supplementary Material).The improved dispersion
was confirmed by EDS images, which show that sepiolite
dispersion increases in samples from reactive extrusion.
It is important to highlight the role of reverse elements in
the dispersion/distribution mechanism of sepiolite in the
LDPE matrix. The greater residence time achieved due
to the presence of these mixing elements allowed greater
efficiency in the grafting process and, consequently, leading
to better dispersion of the filler in the LDPE matrix.

According to Jian et al.?!!, the dependence of G’ on
frequency can indicate the dynamics of the polymer chain
structure. For instance, a homopolymer with a narrow
molecular weight will present the terminal behavior of
the G’a ®® curve. Based on the present experimental
data, neat LDPE (processed without the presence of MA/
DCP additives) deviated from standard terminal behavior,
showing G’ o ©*%° (R?>=0.98). When sepiolite was added to

100000 100000

—m- Loss modulus (G") "
8- Storage Modulus (G) e
g g
2 10000 5 10000 =
) )
= ']
2 3
3 3
=}
k] <]
9 =
2 1000 4 1000 ©
"] > [s)
3 g
= 2
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100 100
0.01 0.1 il 10 100
Frequency (rad/s)
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—u— Storage Modulus (G')(Pa) e /.,l
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" ) I
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© g o]
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10000 4 o F 10000 <
o = e o
5 5
= =
g 8
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% 1000 1000 %
4 2
(0]
@ LDPE-g-SEP
100 100

10
Frequency (rad/s)

100

Figure 4. Storage modulus (G’) and Loss modulus (G”) as a function of frequency a) LDPE-2, b) gLDPE-2, ¢) SEP-2 and d) 0.5/0.10/2

composite.SEM micrographs and EDS (Si element) images.
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the LDPE matrix, the relationship between G’ and ®» was
G’ o ©** (R?=0.99), indicating an increase in the elastic
behavior of the LDPE-SEP composition. When LDPE was
processed by reactive extrusion (gLDPE-2), the relationship
between G’ and © was G” o @”* (R*=0.99), showing a more
pronounced elastic behavior. The 0.5/0.10/2 composite
showed the relationship G’ a2 ®*** (R?>=0.99), indicating that
this sample presented a more pronounced improvement in
solid-like behavior compared to others, probably due to the
higher interaction between the LDPE matrix and sepiolite
phases achieved??>?.

Figure 5 shows the complex shear viscosities (n*) as
a function of the frequency forLDPE-2, SEP-2,gl. DPE-2,
and 0.5/0.10/2 samples.

LDPE exhibits the lowest viscosities at low frequencies.
When sepiolite filler is added to the LDPE matrix (SEP-
2), higher viscosity values are achievedat low frequencies
comparedto LDPE, signaling the reinforcing effect of the
filler in the matrix. The reactive extrusion processing of neat
LDPE (gLDPE-2) led to higher viscosity values compared to
LDPE, demonstrating the occurrence of the grafting reaction.
The reactive extrusion of LDPE with sepiolite led to a pronounced
increase in the viscosity values, showing again the effect of the

5 " LpPE2
v ®  sEp2
¥ 4 glDPE-2
@ T ¥ 0.5/0.10/2
]
010000 g ¢ ¢ v
= "a_ 4 V
2 LAY T J
‘® s
g e
=2 i sy
> sy
5 o}
- v
e 1000 4 M :
S i i
o
100 4
T T T T T
0.01 0.1 1 10 100

Frequency (w) (rad/s)

Figure 5. Complex viscosity (n*) as a function of frequency.

grafting process in the interaction between LDPE matrix and
sepiolite filler. In addition, although higher viscosity values
are achieved at lower frequencies in 0.5/0.10/2 composition,
a shear thinning behavior is observed as frequency was raised.
This signals that the composition has an elastic behavior at
low frequencies, but as shear rate increases, a decrease in the
elastic behavior starts to appear, increasing the flow property
of the material. This behavior indicates the potential of use of
0.5/0.10/2 composition in packaging processing. Almeida et al.
4 revealed that high polymer melt strength ensures good bubble
stability required by the film blowing process. On the other
hand, the material must be sufficiently deformable so that it
is able to expand into the formation of the bubble. Thus, the
rheological behavior of 0.5/0.10/2 composition indicates its
potential use in packaging processing.

3.3 Mechanical and thermal properties

Table 5 shows the elastic modulus, yield stress, and
strain at break for the LDPE composites and the control
experiments.

Figure 6 shows the graphics produced by the analysis
of DOE for elastic modulus. According to the Pareto chart

Table 5. Mechanical properties of neat LDPE and LDPE
compositions.

(1)MA

(2)bcP

2by3 | p: 0.027

1by2 p: 0.35
(3)RE p: 0.45
1by3 p:0.45

(a)

Effect ( Value)

Code MA/  Elastic modulus  Yield stress Strain at
DCP/RE (MPa) (MPa) break (%)
0.5/0.05/0 167+5 92+0.2 64 +1
0.5/0.05/2 168 +5 93+02 64+1
0.5/0.10/2 173+£5 9.6+0.2 65+1
0.5/0.10/0 174 +5 9.1+£0.2 65+1
0.75/0.075/1 164 +5 89+0.2 65+1
1.0/0.05/2 166 +5 89+0.2 661
1.0/0.05/0 160+ 5 88+0.2 65+1
1.0/0.10/0 172+5 9.0+0.2 63+1
1.0/0.10/2 163+5 92+0.2 64+1
Extra Experiments used as control
LDPE-0 121+4 85+0.2 75+3
LDPE-2 124 +4 89+0.2 78 +3
SEP-0 132+5 9.1+0.3 62+2
SEP-2 137+5 9.3+0.3 62£2
190
. (b) (©)
180
w
; 175 is
g 170
E 165 R B
(=]
f 160
E 155
]
150
145 EMA: -1 EMA: A
SEMA: 1 SMA: 1
140
DCP: -1 1 DCcP: -1 1
RE: -1 RE: 1

Figure 6. Plots of Simple Factorial 2* design of Elastic modulus (a) Pareto Chart and (b-c) Means and Confidence intervals.
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a b
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Figure 7. The means and 95% confidence intervals for (a) the elastic modulus and (b) the strain at break of the reactive extrusion

experiments and the control experiments.

(Figure 6a), MA affects the elastic modulus first, followed
by DCP and the interaction between DCP with RE (2by3).
At a RE level of -1 (Figure 6b), there is a slight boost in
elastic modulus when the DCP content is increased from
-1 to 1. However, a opposing finding is observed when
the RE level is +1 (Figure 6¢), where the increase in DCP
only leads to a rise in the elastic modulus at the MA level
of 0.5%wt (level:-1).

Different from what is observed for elastic modulus,
the yield stress and strain at break of the LDPE/sepiolite
composite produced via reactive extrusion are not impacted
by any of the factor tested (MA, DCP, and RE) or their
interactions since all p-values are higher than 0.05.

Figure 7 shows the comparison the elastic modulus and
strain at break for all composites, with the intervals based
on Fisher’s least significant difference (LSD) procedure.
If two composites have the same property, their intervals
will overlap 95% of the time.

The elastic modulus of neat-LDPE (LDPE-0 and LDPE-2)
are unaffected by ER, as shown in Figure 7. Adding sepiolite
to LDPE via conventional extrusion (SEP-0 and SEP-2)
increases the elastic modulus compared to neat-LDPE,
regardless the number of reverse elements, signalling the
reinforcing effect of sepiolite in the LDPE matrix. When
comparing composites processed through reactive extrusion
with those processed through conventional extrusion, it
is evident that the increase in the elastic modulus is not
substantial. Regardless of the extrusion process, all composites
exhibited a reduction in strain at break compared to LDPE,
indicating a decrease in ductility. Thus, it can be inferred
that the changes in the these mechanical properties of LDPE
composites are a result of the reinforcement provided by
sepiolite, while the modification of LDPE with MA/DCP
does not have a substantial impact on these changes.

DOE analysis revealed that process parameters RE (p-value:
0.6), MA content (p-value: 0.4), and DCP content (p-value: 0.4)
had no influence on T, , ., i.., the range of analyzed process
parameters had no significant impact on the thermal stability of
the composites produced (TGA curvesare presentedin Figure
S3 in Supplementary Material). Figure 8 shows a bar chart
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Figure 8. Temperature at maximum degradation rate (T,,, ) - Bar
Chart Plot, where SEP-0 is LDPE-SEP without reverse elements
and SEP-2 is LDPE-SEP processed with 2 (two) reverse elements.

of the temperature at maximum degradation rate (T,,,,) of
the LDPE/sepiolite composites and the control experiments.
The T,,, values of SEP-0 and SEP-2 composites (Figure 8)
are observed to be at around 472 °C on average (the standard
error of each predicted value is 2 °C), which is nearly 30 °C
higher than the T, , of neat-LDPE (LDPE-0 and LDPE-2).
In addition, the grafting composites also present higher T,
values comparing to composites without AM/DCP (SEP-0 and
SEP-2). This behavior can be attribute to the grafting reaction
produced during reactive extrusion. It is important to highlight
that the 0.5/0.10/2 composite tends to present a slightly higher
thermal stability in relation to the other composites processed
in the presence of the additives.

From DOE analysis, it was defined that the better
experimental conditions that lead to a composition with an
optimum balance between mechanical and thermal properties
are a higher amount of DCP and lower MA content, using
a higher number of RE in the screw profile.
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4. Conclusions

This study revealed that the contents of grafting additives
and screw profile affected the interaction between the LDPE
and sepiolite phases. According to the Fatorial 2° design, the
optimum balance between mechanical and thermal stability
behavior was achieved for the 0.5/0.10/2 composition.

The comparison of 0.5/0.10/2 composition with extra
experiments by ATR-FTIR analysis showed that the occurrence
of the grafting reaction was efficient, and that the presence
of sepiolite filler did not inhibit the grafting mechanism
in the LDPE matrix. The micrographs obtained through
scanning electron microscopy (SEM) and EDS imagens
showed different morphologies between the compositions
prepared with and without grafting additives.

The EDS images showed a better dispersion of the
sepiolite in the composition prepared by reactive extrusion.
Beyond this, the oscillatory rheology test showed a more
pronounced elastic behaviour in 0.5/0.10/2 composition,
signaling the effect of the grafting reaction in the interaction
between LDPE and filler phases. The 0.5/0.10/2 composite
presented suitable rheological characteristics to be used
in blow process, signaling its potential use in packaging
processing.
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