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Abstract

Cobalt/aluminum and nickel/aluminum layered double hydroxide (LDH - M2 Al molar ratio of 3:1) were intercalated
with dodecylsulphate (DDS), laurate (LAU), stearate (STE) and palmitate (PAL) and used as filler in low-density
polyethylene (LDPE) in percentages between 0.2 and 7.0wt%. After injection molding, the samples were submitted to
morphological characterization by scanning electron microscopy (SEM), analysis of thermal behavior by differential
scanning calorimetry (DSC) and investigation of rheological properties. All Co/Al-LDPE samples showed the formation
of a high temperature polymer crystal domain, induced by the LDH filler. The rheological properties indicated in
general a reduction of shear modulus due to incompatibility between some regions of LDH and LDPE, which promoted
phase separation. However, interaction with the LDH surface indicated higher affinity of the Ni/Al-LDH for the LDPE
compared to Co/Al-LDH, forming permanent networks.
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1. Introduction

Low-density polyethylene (LDPE) is widely used in the
production of packaging films, but its use can be expanded
by improving its properties. Polymeric composites using
natural and synthetic layered fillers can be interesting
alternatives to improve some polymer properties, especially
mechanical, gas barrier, flame retardancy, etc!'.

Polymer nanocomposites (PNC) are materials in
which the matrix is a polymer and the filler has at least
one dimension of nanometer magnitude, normally smaller
than 100 nm!®. Layered compounds are composed of two
dimensional nanosized layers, which are stacked along the
basal axis, being ideal for use as fillers in PNC). Normally,
hydrophilic layered compounds can become hydrophobic
after the intercalation of specific organic anionic species.
The most common are the carboxylates and sulphonates!®°!.
The majority of studies devoted to PNC use clay minerals
of'the 2:1 groups cation exchangers, but they present many
disadvantages, which can be overcome by the use of synthetic
layered compoundst>->10-11,

Layered double hydroxide (LDH) having the general
formula [M*, _M" (OH),]**[A™] _.yH O, where M** and
M3* represent di and trivalent metals, respectively occupying
octahedral sites coordinated by hydroxyl groups and A™(H,0),
an intercalated hydrated anion, have been recently proposed
as alternative materials for use as fillers in the formulation
of PNCE11 T DHs can be obtained with variable chemical
composition, and to overcome the hydrophilic properties of
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LDH, long carbon chain anionic species are intercalated, such
as those derived from ethylene diaminetetraacetic acid!'”,
aromatic acid"®, dihydroxybenzoic acid', chromotropic
acid!™, dodecylsulphonic acid!'), stearic acid!'”), oleic
acid!™®, and dodecylbenzenesulphonic acid!”.One extra
advantage of using LDH is the possibility to impart color
to the polymeric matrix, where the intercalated anions or
layers of structural cations can be colored®?!!. This will
avoid the use pigments or dyes as polymer colorants.

To date, very few studies have been published described
the rheology of LDH-polymer (PE) interactions??*32.
For example, Costa et al.*>*] studied the rheological properties
of Mg/Al based layered double hydroxide-polyethylene and
polyethylene grafted with maleic anhydride and demonstrated
only strong interactions between the LDH with grafted
maleic anhydride matrix. The authors also observed some
structural aggregation, ruptured by shearing but reformed
after resting.

In our previous study®®!, we described the preparation
of a LDPE nanocomposite containing organo-modified
Ni/Al and Co/Al-LDH using melt extrusion. The mechanical
properties, transmission electron micrographs and differential
scanning calorimetric results showed that the addition of
these LDHs had a small influence on the polymer properties,
even in the case of good dispersions and exfoliation of the
LDH layered crystals.
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To date, very few studies have been published described
the rheology of LDH-polymer (PE) interactions!?>32],
For example, Costa et al.??! studied the rheological properties
of Mg/Al based layered double hydroxide-polyethylene and
polyethylene grafted with maleic anhydride and demonstrated
only strong interactions between the LDH with grafted
maleic anhydride matrix. The authors also observed some
structural aggregation, ruptured by shearing but reformed
after resting.

In the present study, morphological, thermal and
rheological experiments were conducted on LDPE
nanocomposites containing hydrophobic Ni/Al-LDH and
Co/Al-LDH as filler. Rheological analyses investigate the
linear viscoelastic properties of the nanocomposites and
proved to be a good technique to understand more clearly
the nature of particle dispersion in PNC. Under the linear
viscoelastic regime, rheological behavior is very sensitive
to any change in microstructure of composites when the
shearing is carried out under very low shear rates, and it
can provide information that can explain the clay particle
state dispersion and possible particle-particle and particle-
polymer interactions. These possibilities for improvement
will be discussed in this manuscript.

2. Materials and Methods

2.1 Materials

LDPE, PB608 (MFI 30 g/10 min and density 0.915 g/cm?)
was a resin free of additives and was kindly donated by
Braskem (Brazil). Hydrophilic Ni/Al-LDH and Co/Al-LDH
(M*2:M* molar ratio of 3:1), intercalated with the anions
carbonate, chloride and nitrate, were prepared by hydrolysis
and the hydrophobic materials, intercalated with the anions
laurate (LAU), palmitate (PAL), dodecylsulphate (DDS)
and stearate (STE), were prepared by ion exchange method
and characterized by different techniques, as describe in the
previous article®. Briefly, first the carbonate derivatives
were prepared by urea hydrolysis, serving as matrix for the
preparation of the chloride derivative, obtained by treating
the sample in an acetate buffer solution containing NaCl.
Next, chloride anions were replaced by the specific organic
anions by exchange reactions.

2.2 Instrumental techniques

The LDH samples were characterized and were added to
LDPE, using different percentages in relation to the LDPE
mass (0.2, 0.5, 2.0, 5 and 7wt%)B3). The mixture was fed
into a HAAKE MiniLab II micro compounder and then
specimens were prepared of each composition by melting
the LDPE/filler mixtures at 160 bar, 130 °C for 5 minutes.
The material was then injected at 320 bar into a mold cavity
(at 40 °C) to produce ASTM D638 samples (type IV) in
a HAAKE MiniJet II injector. For statistical purposes, ten
specimens were evaluated for each composition and average
values are presented, excluding outliers.

The samples for the scanning electron microscopy (SEM)
measurements were obtained by dipping the composites
in liquid N, followed by fracturing and placement on
aluminum stubs with conductive glue for gold sputtering.
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The images were recorded with a Tescan VEGA3 LMU
microscope at 10 kV.

Differential scanning calorimetry (DSC) analysis of
the nanocomposites was performed with a Netzsch DSC
200 calorimeter under nitrogen atmosphere using the
following running cycle: heating from room temperature to
180 °C (at 10 °C.min "), stabilization for 5 min at 150 °C,
cooling to —80 °C (at 10 °C.min™"), and heating to 150 °C
(at 10 °C.min™"). After eliminating the thermal history of
the PNC, only the first cooling and second heating curves
were recorded.

Rheological studies were performed with the aid of
an ARES rheometer from Rheometrics Scientific, USA,
using parallel plates. The torque transducers varied from
0.02-2000 g.cm™ and the temperature of the sample was
controlled in a closed chamber under nitrogen atmosphere.
The samples were pressed and molded with diameter of
25 mm and thickness of 1.5 mm. The dynamic oscillatory
shear experiment occurred at 190 °C with a frequency sweep
0f0.063-100 rad.s™!, where the amplitude was maintained at
10%, which is the range for viscoelastic polymers.

3. Results and Discussions

In order to gain a better understanding of the LDH-LDPE
nanocomposites’ behavior, SEM (Figure 1) and DSC
(Figure 2) measurements were performed with all the Ni/Al
and Co/Al samples. After, a complete rheological description
of the interactions between LDH-LDPE will be presented
(Figure 3-8 and Appendix A).

The SEM images (Figure 1) are shown with lower
magnification to have an idea of the whole sample surface and
with higher magnification to note the surface details. In the
SEM images of the samples of Ni/Al-LDPE (Figure 1a-d),
poor dispersion of the filler is observed in micrometric scale,
with segregation of agglomerates consisting basically of
LDH (see white particles in Figure 1a, ¢). These aggregates
were sometimes detached from the polymeric matrix during
cryogenic fracture, as observed in Figure 1b, d, leaving large
depressions (layered particles pull-out).

The sample Ni/Al-STE (Figure 1b) presented the best
dispersion, since no agglomerations were detected, even
in the low magnification image, suggesting low phase
separation of LDH Ni/Al-STE and LDPE.

In the SEM images of the samples of Co/Al-LDPE
(Figure le-h), relatively homogeneous phases were observed
in micrometric scale, with the segregation of some particles
rich in LDH but embedded in the LDPE matrix, in which LDH
was also dispersed. This was more frequently observed in
the cases of Co/Al-LAU (Figure 1g), Co/Al-PAL (Figure 1h)
and Co/Al-STE (Figure 1f). In the Co/Al-STE phase, the
XRD patterns also indicated the delamination/exfoliation
of the layered crystals in the polymeric matrix.

Since these layered particles were particularly evident in
the Co/Al-LDPE samples, we suppose this can be attributed
to those observed in high melting/crystallization peaks by
DSC (Figure 2a, b), also exclusive for the same samples.

As can be observed for Co/Al-STE (Figure 2a), the first
cooling presented two exothermic peaks, at 89 and 109°C.
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The first is attributed to the crystallization of LDPEP!" and occurs due to the effective interaction between polymeric
the second is related to the formation of crystalline domains chains and the LDH particles surface, where different
at high temperature, with the influence of the filler, which crystal sizes or even different polymorphic phases of
acts as a nucleating agent®?.. This high temperature phase HDPE are obtained, due to different chain conformations.
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Figure 1. SEM images of cryogenic fracture for the LDPE nanocomposites containing 7% of the fillers: Ni/Al-DDS (a), Ni/Al-STE (b),
Ni/Al-LAU (c), Ni/Al-PAL (d), Co/Al-DDS (e), Co/Al-STE (f), Co/Al-LAU (g), and Co/Al-PAL (h). The LDH crystals can be seen as
white plates.
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Figure 2. DSC curves of the Co/Al-STE (a) and Co/Al-PAL
(b) LDPE nanocomposites containing 0.2, 0.5 and 7% of the fillers.

- al
¥
.
L
103 5 o &
O
& goQ H 8 8 g : 0%0
o gz v 0.2%
1029 Y e " 05%
o 2.0%
A 50%
o 7.0%
10!
101 100 10! 102
w/rad.s1
104 b1
§§§§
o]
pce
103 E § = &,
v O
e n R BT o
O ol v 02%
10275 e = 05%
o 20%
A 50%
o o 7.0%
10" 100 10! 102

o/rad.s™1

In the second melting, three endothermic events
were observed, at 102, 123 and 128 °C. The first is
attributed to the melting of LDPEP!Y and the second
and third to the melting of the phases obtained at high
temperature, induced by the LDH filler!'l. In the phase
of Co/Al-PAL (Figure 2b), similar behavior was observed
with the same position of the melting/crystallization
temperatures (Table 1).

One important aspect to be observed is that the proportion
between the regular phase of LDPE and the high temperature
phase was almost constant with rising filler content. This can
be seen when the melting and crystallization enthalpies of
both phases are compared (Table 1). Similar high temperature/
low temperature phase ratios were observed for the samples
Co/Al-PAL and Co/Al-STE for crystallization and melting.

Another observation is the reduction of the enthalpies
compared to the neat LDPE and with increasing content of
both fillers, indicating reduction of LDPE chain mobility,
hindering formation of polymer crystal domains. This can
be attributed to the good interaction between the two phases.
In fact, both evaluated samples did not show any diffraction
peak in the X-ray diffraction pattern, even with 4% filler,
indicating delamination/exfoliation (data not shown). The DSC
splitting of the crystallization/melting peaks were not observed
for the samples containing Ni/Al-LDPE, independent of the
intercalated organic anion, as reported previously*3l.

The LDPE nanocomposites filled with different
proportions of hydrophobic LDH (Ni/Al-LDH and Co/Al-LDH
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Figure 3. Frequency dependence of the shear modulus G’ and G” of Ni/Al-LAU (al and a2) and Ni/Al-STE (bl and b2)

(0.2,0.5,2.0, 5.0 and 7wt%) in LDPE at 190 °C.
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intercalated with the anions DDS, LAU, PAL or STE), were
also evaluated by shear modulus frequency dependence using
rheological analysis at 190 °C. In the first part of the results
and discussion section, Ni/Al-LDH filler will be presented
while in the second part, the focus will be on Co/Al-LDH
and LDPE mixtures, for comparative purposes. The elastic
modulus (G”) and viscous modulus (G”) of Ni/Al-LAU and
Ni/Al-STE are presented in Figure 3a and 3b, respectively.
The shear modulus for Ni/AI-LDH DDS and PAL are
presented in the Appendix A (Figure Al).

Atlow LDH concentration, no significant effect on LDPE

shear moduli was observed. However, with the increase
of concentration (> 2 wt%) for all Ni/Al-LDH in LDPE, a

reduction of G’ and G” values was observed compared to
neat LDPE (without any filler). This reduction of G’ and G”
was not expected, and the shear moduli reduction at higher
frequencies can be attributed to a phase separation processes.
Such hypothesis will be investigated below.

To improve the comparison between all the fillers and
concentrations with LDPE, master curves were constructed,
using a vertical shift factor (a ) obtained at high frequency
range (~100 rad.s™). The shift factor was used on both G’
and G” raw values (Figure 4). The a values were obtained
by the ratio of LDPE with the shear modulus of LDPE-LDH
mixtures. This high frequency was chosen to calculate a,
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Figure 4. Master curves of the frequency dependence of G’ (1) and G” (2) for LDPE filled with Ni/Al-LDH, intercalated with DDS (al, a2),
STE (bl, b2), LAU (cl, ¢2) and PAL (d1, d2), obtained by the superposition of different LDH loadings, from 0 to 7 wt%. The reference

used was neat LDPE.
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Table 1. Neat LDPE and LDPE/LDH thermal properties obtained from DSC curves.

Melting Crystallization
Peak ratio
Sample T, (°C) AH_ (J/g) T, (°C) AH_ (J/g)
T,CC0) T, AH (/g AH ,(J/g T, (O T,(°C) AH, (J/g) AH,(/g) c2/el m2/ml
Neat LDPE 105 - -88.2 - 88 - 74.5 - - -
Co/Al-STE 0.2% 103 128 -80.8 -14.7 89 109 50.1 14.7 0.29 0.18
Co/Al-STE 0.5% 103 128 -73.1 -13.1 89 108 48.1 12.7 0.26 0.18
Co/Al-STE 7% 103 128 -54.6 -13.6 88 108 48.4 14.0 0.29 0.25
Co/Al-PAL 0.2% 103 128 -81.7 -18.2 88 109 54.4 17.8 0.33 0.22
Co/Al-PAL 0.5% 103 128 -51.9 -9.7 89 107 39.6 9.80 0.25 0.19
Co/Al-PAL 7% 104 128 -40.7 -10.8 88 107 39.5 11.5 0.29 0.27

m = melting; ¢ = crystallization; Peak 1 = low temperature; Peak 2 = high temperature.

due to the presence of transient networks, usually observed
for polymers and characteristic of chain entanglements.

However, for LDPE or LDPE-LDH, no crossing
between G’ and G” was observed, and G” > G’ throughout
the frequency sweep, evidencing that in melted state no
transient networks were identified for the LDPE at 190 °C.
The absence of crossing could reflect the low molar mass
of the melted polymers used, and the shift of the crossing
between G’ and G” to higher frequencies indicated lower
relaxation time (t) for LDPE at 190 °C.

For the fillers Ni/Al-STE and Ni/Al-PAL, almost
the same a_ values were observed. Ni/Al-LAU LDPE
nanocomposites presented a shift factor higher than the
previous two fillers and the most significant a values
were related to Ni/Al-DDS. The significant reduction of
G’ and G” due to presence of LDH can be attributed to
a phase separation process, as hypothesized above, with
polymer concentration reduction in the bulk. Based on the
a_ values calculated at higher frequencies, LDH and LDPE
fractions were excluded from the LDPE matrix, and it was
found that the phase separation can reduce the concentration
of both LDH and LDPE in the bulk.

This LDPE-LDH phase separation was attributed
to formation of aggregates that are segregated from
the continuous phase of LDPE-LDH nanocomposites.
This effect will be better described in SEM and DSC
measurements (Figure 1 and 2). Apparently, some regions
of LDH interact strongly with the LDPE, but somehow
this fraction separates from the continuous phase. Other
possibilities are some incompatibility and inducement of
crystallization of LDPE. The same aggregation of PE/LDH
was demonstrated by Costa et al.?>?], who reported that the
grafting of polyethylene with maleic anhydride, increased
the dispersion and rheological performance, mainly due to
hydrophilic interactions.

Despite the phase separation observed, the hydrophobic
segments of LDH and LDPE also formed permanent networks,
from 0.0631 to 5 rad.s™, since the elastic modulus at low
frequencies increased, suggesting the formation of a new
network, not observable in the matrix of LDPE, with longer
relaxation time. This increase was also observed by Costa et al.
12223 who attributed it to LDH-LDPE matrix interaction.

In the present case, two different events were observed:
one responsible for a significant phase separation process,
quantified by a , and a permanent network at lower frequencies.
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The first one can be attributed to strong hydrophobic
interactions between LDPE and LDH, creating nuclei for
aggregation, followed by phase separation of the aggregates.
Another possibility is some hydrophilic incompatibility
between LDH and matrix, due to lateral zone interactions of
the layered crystals and LDPE, promoting phase separation.
A final hypothesis investigated by DSC is that LDH induces
crystallization of the LDPE, with phase separation (Figure 2).

The permanent network can be associated with interaction
of LDPE with the hydrophobic surfaces of LDH, observed
as a rise at lower frequencies. This increase was directly
related to the new network formed due to association of
LDPE-LDH, and it is dependent on filler concentration
for Ni/AI-LDH. This network was still present at higher
temperatures (190 °C) and can be attributed to the hydrophobic
interactions between the LDH and LDPE. A compilation of
the vertical shift factors (a ) used due to Ni/Al-LDH fillers
in LDPE is observed in Appendix A (Figure A2).

To complement the permanent network characterization,
the complex dynamic viscosity (n*) was calculated, as
presented in Equation 4 and Figure 5. The complex viscosity
(m*) (Figure 5) was calculated from G’ and G” after vertical
factor (a, ) correction, using the following Equations 1 and 2.

G =\(G'a,) +(G"a,) M
T]* _ G ((1),) (2)
(@)

where, G* is the complex shear modulus and e, is the
frequency i.

Atlow frequencies, the rise observed in the calculated n*
was much more evident in Ni/Al-DDS (Figure 5a) and
Ni/Al-LAU (Figure 5¢), and the increase of viscosity was
much more significant after a_ correction, demonstrating
the formation of a network in LDPE induced by the filler.
This up-turn also appeared at higher frequencies with
increasing LDH concentration, suggesting that the permanent
network started to dominate the bulk phase.

To confirm the permanent network, aggregation and
hydrophobic interactions induced by the filler for comparative
purpose, another LDH (Co/Al), with the same intercalated
ions (DDS, LAU, PAL and STE) was used. The G’ and G”
of Co/Al-LDH with LAU and STE are presented in Figure 6.
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Figure 5. Complex viscosity (n*) obtained from G’a_ and G”a_for LDPE filled with Ni/Al-LDH, intercalated with DDS (a), STE (b),
LAU(c) and PAL (d), obtained by the superposition of different filler concentrations, from 0 to 7 wt%. The reference used was neat

LDPE, at 190 °C.
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Figure 6. Frequency dependence of the shear moduli G’ and G” of Co/Al-LAU (al and a2) and Co/Al-STE (bl and b2)

(0.2,0.5,2.0, 5 and 7wt%) in LDPE, at 190 °C.

The shear modulus for Co/Al-LDH DDS and PAL are
presented in Appendix A (Figure A3).

Shear moduli reduction was observed for Co/Al-LDH
fillers in mixtures with LDPE, compared to Ni/Al-LDH
fillers, since in both cases G’ and G” moduli of LDPE
were smaller. However, the relation was not Co/Al-LDH
dependent. All the fillers presented almost the same behavior
at high frequencies and high LDH concentration (7 wt%).
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The G’ and G” moduli were normalized, for comparative
purposes, using a_at high frequency (~100rad.s™) (Figure 7).

For Co/Al-LDH with different intercalated ions, the
up-turn at lower frequencies was much more evident than
for Ni/Al-LDH, even at low Co/Al-LDH concentration
(0.2-0.5 wt%). With relation to aggregates formed, the
phase-separation from the continuous phase was much more
evident for Co/Al-STE, even at the lowest concentration
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Figure 7. Master curves of the frequency dependence of G” and G” for LDPE filled with Co/Al-LDH, intercalated with ions of DDS
(al, a2), STE (b1, b2), LAU (cl, c2) and PAL (d1, d2), obtained by the superposition of different filler concentrations, from 0 to 7%.

The reference used was neat LDPE.

(0.2 wt%) (Figure 7). The up-turn observed at low frequency
in the samples is consistent with the observation that the
sample was delaminated/exfoliated in the polymeric matrix!*3.

The higher phase separation of the Co/Al-LDH for
the LDPE compared to Ni/Al-LDH was also evident
due to lower concentration of LDH, which induced
aggregation and shear moduli reduction, clearly observed
by the shift-factors (Appendix A, Figure A4). Also, after
normalization of G* and G” by a, no evident differences
were observed when using a higher concentration of LDH

Polimeros, 29(1), 2019007, 2019

(7 wt%) at higher frequencies (> 10 rad.s!), suggesting that
most of the LDPE-LDH phase separated, and the G’ and G”
values of the continuous phase were almost independent of
the filler at higher concentration.

In the lower frequency region (0.0631 to 5 rad.s™'), where
the permanent network was observed for LDH and LDPE
PNC, the samples with the strongest remaining networks
in the continuous phase were Co/Al-LAU and Co/Al-PAL
mixtures with LDPE (Figure 8c, d). All the samples at low
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Figure 8. Complex viscosity (n*) obtained from G’a and G”a_ for LDPE filled with Co/Al-LDH, intercalated with DDS (a), STE (b),
LAU (c) and PAL (d), obtained by the superposition of different filler concentrations, from 0 to 7 wt%. The reference used was neat LDPE.

concentration presented almost the same shear thinning
behavior at very low frequencies, compared to LPDE samples.

The contrast between the SEM images and rheological
clearly demonstrate phase separation, it can be a very
powerful association technique to indicate LDH and polymer
incompatibility and inhomogeneities.

The second event observed by DSC (Figure 2 and Table 1)
can be attributed to hydrophobic interaction between LDH
and LDPE also observed by rheology as an up-turn at very
low frequency range (0.0631 to 5 rad.s™). The phase-separated
material was still present in the samples up to 190 °C, the
temperature of the rheological analysis, suggesting melting
of the aggregates at much higher temperatures. Apparently,
the aggregates remaining at higher temperatures promoted
some nucleation and LDPE organization, induced probably
by hydrophobic interactions.

4. Conclusions

Pink cobalt/aluminum and green nickel/aluminum layered
double hydroxide (LDH - M*2: Al molar ratio of 3:1) were
successfully intercalated with dodecylsulphate (DDS), laurate
(LAU), stearate (STE) and palmitate (PAL) as pure phases.
First, the carbonate intercalated phases were obtained by
urea hydrolysis, where carbonate was replaced by chloride
anions from the acetate/NaCl buffer solution, followed by
cation exchange reaction with the desired organic anions.
After characterization by several instrumental techniques,
the nanometric thick layered crystals were used as fillers in
low-density polyethylene (LDPE) in percentages between

Polimeros, 29(1), 2019007, 2019

0.2 and 7 wt%, producing colored polymer nanocomposites
by injection molding.

Scanning electron microscopy (SEM) images indicated that
most of the samples were poorly dispersed in the polymeric
matrix. Thermal behavior analyzed by differential scanning
calorimetry (DSC) indicated that in the Ni/Al samples,
the melting and crystallization were almost unchanged in
relation to the neat LDPE, while in the samples Co/Al-PAL
and Co/Al-STE, a second phase, and to a lesser extent, a
third phase were observed, with higher crystallization and
melting temperature than in the presence of neat LDPE.
This high temperature phase is attributed to the formation of
polymer crystals domain induced by the LDH filler particles.

The measured crystallization and melting enthalpies of
both Co/Al-LDPE samples declined with increasing filler
content, indicating a reduction of the crystallinity indices,
caused by the LDH influence. Rheological properties
indicated the formation of a permanent network, reducing
shear moduli and hindering the filler dispersion, producing
agglomerates, especially for the samples Ni/Al-LAU,
Ni-Al-DDS, Co/Al-LAU, Ni/Co-PAL.

In fact, as reported previously®¥, only samples Ni/Al-STE
and Co/Al-STE presented effective delamination/exfoliation.
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Appendix A. Rheology of LDPE filled with Ni/Al-LDH or Co/Al-LDH intercalated with DDS or PAL and the shift factors (a ) used in
the master curves.
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Figure A1. Master curves of the frequency dependence of G’ (S1, S3) and G” (S2, S4) of LDPE filled with Ni/Al-LDH, intercalated with
ions of DDS (S1, S2) and PAL (S3, S4), obtained by the superposition of different filler concentrations, from 0 to 7wt%. The reference
used was neat LDPE.

8
© Ni/AI-DDS
v Ni/AI-STE
6 { O Ni/Al-LAU
< Ni/AI-PAL

Shift factor (ay)
N

ﬁx

- Sas ® : :

0 2 4 6
LDH/%

Figure A2. Vertical Shift factors (a ) used due to Ni/Al-LDH fillers in LDPE. The a values were calculated based on the shear modulus
G’ of LDPE at 190 °C.
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Figure A3. Master curves of the frequency dependence of G’ (S1, S3) and G” (S2, S4) of LDPE filled with Co/Al-LDH, intercalated with
ions of DDS (S1, S2) and PAL (S3, S4), obtained by the superposition of different filler concentrations, from 0 to 7wt%. The reference

used was neat LDPE.
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Figure Ad. Vertical shift factors (a ) used due to Co/Al-LDH fillers in LDPE. The a values were calculated based on LDPE at 190 °C.
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