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In this research, the use of layered double hydroxides (LDHs) as ultraviolet (UV) light-protecting additives for
PP is explored. Different LDHSs, such as ZnTi, ZnSn, ZnGa, ZnCr and CdCr LDHs, were prepared and their UV
absorptions were characterized. The ZnTi LDHs showed higher UV absorption than the other four metallic
combinations and were further organically modified with dodecylbenzene sodium sulfonate (SDBS) and
lauric acid (LA). Nanocomposites of polypropylene (PP) with four different types of LDHs, ZnTi, ZnSn,
ZnTi-SDBS and ZnTi-LA, were prepared at concentrations of 5%. The crystallinities and layered structures
of all the metallic combinations of LDHs were characterized by wide angle X-ray spectroscopy (WAXS)
and ultraviolet visible (UV-vis) absorption spectroscopy, and their crystal morphologies were studied by
scanning electron microscopy (SEM). The decomposition and thermal properties of the nanocomposites
and pure PP were analyzed by thermogravimetric analysis (TGA) and transmission electron microscopy
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LDHs showed significant changes in the thermal decomposition of PP. The thermal stability of PP was

DOI: 10.1039/cBra05447a increased to around 70 °C by the addition of SDBS-modified ZnTi LDHs (5% by weight), and an increase
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Introduction

Polypropylene (PP) has several advantages in daily life and is
used worldwide for various applications. Many of its applica-
tions function in open environments; in many cases, PP is
exposed to sunlight, which makes it susceptible to photo-
degradation." The chances of photodegradation of poly-
propylene (PP) from sunlight are very high; therefore, the
stability and long life of PP mainly depend on ultraviolet light
(UV) protection when it is used in sunlight.** Sunlight can
cause degradation and color loss of different polymers; conse-
quently, the mechanical strength of the polymers decreases.
Different types of polymers can be severely affected by aspects of
the external environment, such as light, oxygen and tempera-
ture. Sunlight can produce reactive free radicals that can lead to
a decrease in the strength of polymers.>*

The basic strategy to avoid degradation of polymeric mate-
rials is to decrease the damage that occurs due to radiation and
suppress radical formation. This can be accomplished using UV
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in induction time of about 300% was determined.

light absorbers, hydroxide decomposers and radical scavengers.
Various types of additives are commercially available to protect
polymers against UV degradation, including organic and inor-
ganic additives.® The common additives for UV absorbers in
polymers are organic UV absorbers. Some issues arise when
using only organic UV absorbers; for example, they can absorb
energy from sunlight and dissipate it as heat, which can
promote thermal degradation of the polymer matrix. Because
they can leach out from the matrix, the efficiency of these UV
absorbers is much lower. Also, there are other concerns, such as
efficiency and, especially, long life efficiency; sometimes, these
organic absorbers can leach out from the matrix. There are
some environmental concerns in using only organic UV
absorbers; for example, cinnamates, triazines and benzophe-
nones are not environmentally friendly. These issues mostly
occur when organic UV absorbers are used in high
concentrations.®

The counterparts of organic UV absorbers are inorganic UV
absorbers, which are currently in use. Inorganic UV absorbers
are also useful, although they do have drawbacks. For example,
TiO, and ZnO are the most widely used inorganic UV absorbers
because they are thermally stable compared to organic UV
absorbers. Because inorganic UV absorbers are relatively large,
polymer composites containing inorganic absorber particles are
nontransparent,”® and these particles must be coated due to
their ability to electrocatalytically degrade polymer
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structures.’** Inorganic fillers can also cause a severe decrease
in the mechanical strengths of polymers if used alone.>*®
Although both organic and inorganic additives are used to
protect polymers from different types of degradation, their use
in polymers also has drawbacks.

To overcome the shortcomings of both types of additives,
they must be combined to optimize their properties. If they can
be combined together in a certain way, the benefits of both
additives can be exploited and their shortcomings can be
minimized. Using hybrid UV absorbers with organic anions
hosted by inorganic cations in polymers has several advantages,
such as increased thermal and photostability of the polymers. A
mixture of inorganic and organic UV absorbers is advantageous
over both organic and inorganic additives; the simplest exam-
ples are organic anions hosted by inorganic cations, such as
layered double hydroxides (LDHs). LDHs are a special kind of
anionic clay with a formula of [M;_>"M,> (OH),[*"-[(A" )y
-yH O], where M**, M*" and A"~ are divalent metal cations,
trivalent metal cations and interlayer anions, respectively.™
LDHs have a wide range of applications in polymers and elas-
tomers; these materials have been widely studied for different
applications in recent years.* There are several possible
methods to prepare different types of LDHs; for example, ]J. J.
Bravo-Suarez et al. presented a summary of several possibilities
to prepare LDHs. They studied almost the entire periodic table,
theoretically proving that changing the metal ratio and
changing the combination of metal species can change several
properties.*

The interlayer anions of LDHs can also be replaced with
different anions with different properties; thus, LDHs are
unique materials with multifunctional applications. LDHs can
act as host materials for different anions. There are several
options for modification with organic and inorganic modifiers,
and different functionalities can be created. These types of
materials can be the best option to obtain desired properties for
different types of polymers. These combinations of inorganic
cations/organic anions (host-guest) can function as optimized
additives for polymers.*® There are numerous possible replace-
ment anions with different functionalities. Due to this
replacement with different types of anions, LDHs can be used as
multifunctional materials for polymers, resulting in the fabri-
cation of polymers as multifunctional composites.*”~*!

One less frequently studied application of LDHs for poly-
mers is their UV absorbing characteristics. Few researchers have
studied the UV absorption of LDHs with different viewpoints in
the last few years. Moreover, the UV absorption and protection
capabilities of LDHs and the modification of LDHs for UV
protection of polymers is even less frequently discussed.?*>° The
main aim in protecting PP against UV is to add LDHs with good
UV light absorbing capability. If the LDHs have good ability to
absorb most UV light, it is highly possible to decrease or
completely prevent the photo-degradation of PP. LDH struc-
tures may allow intercalation of organic UV absorbers, thus
enlarging the processing window for compounding. Generally,
organomodification of LDHs is important to achieve highly
dispersed particles on the nanometer scale without sacrificing
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the optical properties of the compound in the visible light
region."

Our group has worked in the field of LDHs for many years
and has produced different types of LDHs for multifunctional
applications in polymers and elastomers.'®*”*® In this research,
different types of LDH systems were prepared with different
types of metal salts; then, their UV absorbing qualities were
verified by UV-vis spectroscopy. After that, selected LDHs were
modified with two organic modifiers, dodecylbenzene sodium
sulfonate (SDBS) and lauric acid (LA), which have good UV light-
absorbing capabilities. Then, these organically modified LDHs
and unmodified LDHs were melt-compounded in PP, and the
photo-degradation and thermal degradation of all the PP
composites were compared.

Experimental techniques and
characterization
Materials

The chemicals used for the synthesis and modification of
different LDHs were Zn(NOj),-6H,0, TiCl,, urea, Na,Cos,
Ga(NO;),-4H,0, Cr(NO;),-9H,0, NaOH, SnCl,, Cd(NO;),-
4H,0, Cr(NO3),-9H,0, polypropylene (PP) (Borealis MFI 2.5-
3.5/10 min, M: 310 000, density: 0.9), PP-g-MA (Exxon Mobil-
Exxelor, MA content: 0.5% to 1%, density: 0.91 g cm ™, MFI-
110), lauric acid (LA) and dodecylbenzene sodium sulfonate
(SDBS). All these chemicals were purchased from Sigma-
Aldrich, were of analytical grade and were used without
further purification.

Synthesis of LDHs

The ZnTi and ZnSn LDHs were synthesized by a urea hydrolysis
method. In a typical procedure, a 3:1 molar ratio of
Zn(NOj3),-6H,0 and TiCl, was used. 0.22 ml of TiCl,, 1.19 g of
Zn(NOj3),-6H,0 and 3 g of urea were dissolved in 100 ml of
deionized water under vigorous stirring. The reactants were
aged for 48 hours at 130 °C. A 4 : 1 molar ratio of Zn(NO;),-
-6H,0 and SnCl, was used. 0.04 M aqueous solution of
Zn(NOj3),-6H,0, 0.01 M SnCl, aqueous solution and 0.16 M urea
solution were mixed together and heated at 100 °C for 30
hours.*

The ZnGa, ZnCr and CdCr LDHs were prepared by a co-
precipitation method. A solution of Zn(NO;),-6H,O and
Ga(NO3),-4H,0in a 2 : 1 molar ratio was added dropwise to 1 M
Na,COj; solution. The pH was maintained at 8 by the addition of
sodium hydroxide solution. The aging time of the precipitates
was 22 hours at 80 °C.*?° Zn(NO3),-6H,0 and Cr(NOj3),9H,0
solutions in a 2:1 molar ratio were mixed dropwise with
sodium hydroxide and Na,COs; the pH was maintained at 9.
The aging time of the precipitates was 24 hours at 60 °C.*
Solutions of Cd(NO3),-4H,0 and Cr(NO3),-9H,0 in a 2:1
molar ratio were mixed dropwise with sodium hydroxide, and
the pH was maintained at 8. The aging time of the precipitates
was 18 hours at 100 °C.** All five different types of LDHs were
filtered and washed. The LDHs were dried in an oven at 60 °C
overnight.

This journal is © The Royal Society of Chemistry 2018
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Modification of LDHs

In a typical method, 4 g of SDBS was dissolved in 100 ml of
deionized water. 1 g of ZnTi LDH was mixed in SDBS solution
and stirred for 24 hours at 80 °C under nitrogen. The modified
ZnTi LDHs were filtered, washed and dried in an oven at 60 °C
overnight.*> A mixture of LA :ZnTi LDH in a ratio of 4:1 at
120 °C was melted in a strictly inert atmosphere for 3 hours and
then thoroughly washed with warm MeOH.

Polypropylene nanocomposite preparation

The nanocomposites were prepared by a melt intercalation
method using a twin screw extruder microcompounder (5
cm®). The first master batch with a ratio of LDHs and PP-g-MA
of 1:3 was prepared using a DSM twin screw micro-
compounder (5 cm®). A processing temperature of 180 °C was
used with a screw speed of 200 rpm, and the residence time
was 06 min. In the next stage, the master batch was diluted in
PP; a processing temperature of 180 °C was used with a screw
speed of 200 rpm for 05 min. In the final composite, the
composition was PP : PP-g-MA : LDH (80 : 15 : 5), i.e. 5% LDH
loading.'** The abbreviations and compositions are given in
Table 1.

Characterization techniques

Powder X-ray diffractogram patterns were recorded using a 2-
circle diffractometer (XRD 3003 h/h, Seifert-FPM Freiberg/Sa.,
now: GE Sensing & Inspection Technologies GmbH) by wide
angle X-ray spectroscopy (WAXS). The scanning was performed
in the range of 5° to 35°. Thermogravimetric analysis (TGA)
was performed using a TGA Q5000 instrument from TA
Instruments under air between 40 °C and 600 °C with a heating
rate of 10 °C min . The surfaces of the samples were observed
by scanning electron microscopy (SEM); the images were taken
with an Ultra Plus (Fa. Zeiss), and transmission electron
microscopy (TEM) images were taken with a Libra 200 MS (Fa.
Zeiss). Samples were prepared for SEM by distributing the
LDHs on a stub and sputter-coating it with 3 nm platinum. UV-
vis spectroscopy was carried out using a Lambda 800 instru-
ment from Perkin Elmer. Infrared spectra (FTIR) were recor-
ded with a Nicolet 5SX-FTIR Spectrometer with OMNIC
software. The spectra were obtained in the absorbance range
of 4000 cm ™" to 400 cm ™. Photo-oxidation studies were per-
formed using the method described in our previous article, in
which a SEPAP 12.24 instrument equipped with mercury
lamps was used.*®

Table 1 Details of the samples and their abbreviations

Sample LDH (wt%) PP (Wt%) PP-g-MA (Wt%)
SPL-0 — 84 16
SPL-1 ZnTi (5%) 80 15
SPL-2 Zn$n (5%) 80 15
SPL-3 ZnTi-SDBS (5%) 80 15
SPL-4 ZnTi-LA (5%) 80 15

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 UV-vis spectra of the different types of LDHs.

Results and discussion

UV-vis spectroscopy, XRD and SEM analysis of modified and
unmodified LDHs

UV-vis absorption spectroscopy was used to analyze the various
nanoparticles. Fig. 1 shows the results of UV-vis spectroscopy
for five different types of LDHs. From the UV-vis spectroscopy
results, it is evident that the LDHs with different metal combi-
nations have different UV-vis absorptions. In Fig. 1, it can be
seen that the ZnTi and ZnSn LDHs show a strong single UV-vis
absorption peak in the UV-vis range of the graph, in contrast to
the other LDHs. There is no strong UV-vis absorption peak in
the case of ZnGa, as can be seen in Fig. 1. Meanwhile, ZnCr and
CdCr show three UV-vis absorption peaks, one in the UV range
and two in the visible range, as shown in Fig. 1. Based on the
evidence of the UV-vis absorption peaks, ZnTi was chosen for
further organic modification due to its strongest UV-vis light
absorption. The UV-vis absorption peak in the ZnTi LDHs is
similar to those of ZnO and TiO,, which have been used previ-
ously for UV protection of different polymers.®**3*

WAXS was used to characterize the structures and crystal-
linities of the different LDHs. SEM analysis was used to deter-
mine the surface morphologies and crystal structures of the
different LDHs. Further investigation of these five types of LDHs
can be seen in the WAXS graphs and SEM images in Fig. 2. The
XRD graph represents the typical crystal reflections and layered
structures of the LDHs. From the XRD graphs in Fig. 2, the
layered structures of ZnTi and ZnSn can be confirmed. Layered
structures of the other three types of LDHs cannot be confirmed
through their XRD curves. The layered structures of ZnTi and
ZnSn can also be seen in the SEM images in Fig. 2. The SEM
images of the other three types of LDHs show fluffy structures.
There is no clear indication in the XRD and SEM images that
ZnGa, ZnCd or CdCr are layered structures.'® On the basis of
these results, it can be stated that ZnTi and ZnSn show better
layered structures and UV absorption compared to the other
three LDH combinations. Scheme 1 represents the process by
which ZnTi LDHs can absorb UV light and can protect PP.*®

Organomodification is important to achieve highly dispersed
particles in PP. In Fig. 3, typical reflections of crystals can be
observed in the XRD graphs at (003) and (006). The peaks

RSC Adv., 2018, 8, 29789-29796 | 29791
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Fig. 2 XRD and SEM results of the (a) ZnTi (b) ZnSn (c) ZnGa (d) ZnCr
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Scheme 1 Schematic of the UV absorption effect of ZnTi in PP.*¢

indicate the good crystallinity of the LDHs. The reflection peak
at (003) indicates the repeating unit of the LDH; it is the sum of
one metal hydroxide layer and the spacing between two adja-
cent layers. This peak appears at a 26 angle of about 12° in the

5 10 15 20 25 30 35

and (e) CdCr LDHs.

ZnTi LDH; it moves to about 3° in the case of ZnTi-SDBS and
2.5° in the case of ZnTi-LA. This indicates the intercalation of
ZnTi LDH and enhancement of the interlayer distances of the
ZnTi LDH layers." Schematic representations of the ZnTi LDH
before and after modification with LA and SDBS are also shown
in Fig. 3.*® The interlayer spacing is enhanced due to SDBS and
LA, as confirmed by the XRD results shown in Fig. 3.'® Orga-
nomodification of ZnTi was achieved successfully with SDBS
(sodium dodecyl benzene sulphonate) and LA (lauric acid).

Structural characterization of PP nanocomposites

The most common crystalline forms of PP are the monoclinic
a and hexagonal B forms. The a crystalline form is the most
common in PP, while the B crystalline form is found only in
special cases of quenching or when using different types of
nucleating agents.*® Fig. 4 represents the XRD results of the PP
and PP/LDHs. It can be observed in Fig. 4 that there is an

BOb b bbb b bl Rab bbb bl
! 3 3
Rabbhbhbbbl Rabbbbabl ., * . B Im - 5 £ 2
I + . — o, 08 o, = EEY
I NV %o 3 3 RAb AL 3 s
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Fig. 3 XRD results of ZnTi LDH, ZnTi LA and ZnTi SDBS and schematics showing the intercalation of organic molecules.
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Fig. 4 XRD results showing the beta nucleation of PP.

intercalation effect of the LDHs in PP. More f nucleation occurs
in PP/ZnTi and PP/ZnSn, while there is no § phase in PP/ZnTi-
SDBS or PP/ZnTi-LA; this shows the good dispersion of organ-
ically modified LDHs in PP.***® ZnTi and ZnSn acted as
a nucleating agent and developed a B phase.*® It was previously
reported that other inorganic nanoparticles can act as p nucle-
ating agents in the PP matrix, such as CaCos, Al,O; and ZnO.*
In Fig. 4, peaks of B nucleation can be observed at 26 = 16° in
the cases of PP/ZnTi and PP/ZnSn. The surface morphologies of
all the PP/LDHs were determined by TEM analysis, as shown in
Fig. 5. From the TEM images, it can be seen that the organically
modified LDHs are well dispersed in PP. From the TEM images,
it can be seen that the intercalated nanocomposites were
synthesized; tactoids are present in all the composites, as
shown in Fig. 5. Intercalated tactoids can be observed in PP/
ZnTi-SDBS and PP/ZnSn-LA in Fig. 5. In PP/ZnTi-SDBS and PP/
ZnSn-LA, more dispersion can be seen in Fig. 5. The XRD and
TEM evidence show better intercalation for the organomodified
PP/LDHs over PP/ZnTi and PP/ZnSn.

Fig. 5 TEM results showing the tactoids.

This journal is © The Royal Society of Chemistry 2018
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Thermal properties

Polymers are subject to physical and mechanical degradation with
increasing temperature. The thermal degradation behavior of
these nanocomposites and neat PP were studied using TGA, and
the data are shown graphically in Fig. 6(a and b). In TGA analysis,
the mass of a sample is monitored as a function of temperature or
as a function of time while the sample is maintained at
a controlled temperature. The LDH-filled PP nanocomposites
showed enhanced thermal stability, as can be seen in Fig. 6(a and
b). The thermal stability increased more significantly in the case
of the ZnTi-SDBS LDHs, by almost 70 °C. Usually, the thermal
stability increases marginally with the addition of clay to PP.* The
onset temperature of the degradation of PP increased by 22 °C
over that of pure PP by the addition of 3 wt% clay.* Previously,
TiO, was used in different ratios in PP; the onset of degradation
was found to improve compared to that of neat PP, which is
29.88 °C, by the addition of 1.5 wt% TiO,.** Fig. 6 shows that the
presence of LDHs causes distinct changes in the thermal
decomposition behavior of PP in comparison to unfilled PP.
Fig. 6(a and b) show the TGA graphs and derivative TGA graphs,
respectively (Table 2).

The thermal stability increased by around 70 °C by the addition
of 5% ZnTi-SDBS LDHs, as can be seen in Fig. 6(b). The thermal
stability of polymers can be understood in terms of two temper-
atures: (T0.1), at which 10% weight loss occurs, and (T0.50), at
which 50% weight loss occurs. Fig. 6(c) shows a comparison of
these two temperatures of pure PP and the LDHs/PP composites.
The onset of decomposition is delayed in the case of the ZnTi-
SDBS/PP composite.” It is clear from Fig. 6(a—c) that the disper-
sion and organomodification of LDHs play significant roles in the
thermal stability of the PP composites.** This enhancement of the
thermal stability of PP may be due to hindrance of the thermal
motion of the PP chains due to the presence of LDHs.**

RSC Adv., 2018, 8, 29789-29796 | 29793
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Fig. 6 (a) TGA and (b) derivative TGA of PP and the PP + LDHs
composites. (c) Influence of different LDHs on the decomposition
temperature of PP at 10% weight loss T(0.1) and 50% weight loss T(0.5).

Photo-oxidation studies

Fig. 7 presents FTIR spectra showing the degradation occurring
in the PP nanocomposites. In Fig. 7, it is shown that degrada-
tion of PP occurs in all the samples on exposure to UV light. The
graph shows different times (0 to 70 h) of exposure to UV light.
Carbonylated products and hydroxylated products are
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Table 2 Temperature at which maximum degradation occurs in
different LDH/PP composites

Tmax at
LDHs which maximum degradation occurs (°C)
SPLO 302
SPL1 339
SPL2 332
SPL3 372
SPL4 349

representative of the degradation of PP, as shown in Fig. 7. The
traces of carbonyl groups for 0 h-exposed PP are probably due to
thermal oxidation during processing. The major products of
degradation that can be observed in Fig. 7 are carbonylated
(1700 to 1800 cm™') and hydroxylated (3300-3600 cm ™ ") prod-
ucts. The carbonylated and hydroxylated products increased as
the time of exposure increased, as can be seen in Fig. 7.** This
photo-oxidation study was performed on all the samples of PP,
and the combined results are shown in Fig. 8(a). The carbony-
lated and hydroxylated products were further used to charac-
terize the photo-oxidation kinetics of all the nanocomposites. In
Fig. 8(a), it can be seen that ZnTi-SDBS showed the highest
stability effects on PP against photo-oxidation. All the other
LDHs showed relatively less stability toward photo-oxidation in
PP compared to the ZnTi-SDBS LDHs. A schematic of the
addition of ZiTi-SDBS to PP is shown in Scheme 2. In Scheme 2,
ZnTi-SDBS absorbs more light compared to the ZnTi LDH in
Scheme 1; this may be due to the enhanced interlayer distance
and the presence of SDBS in the layers of ZnTi LDHs. Not only
the interlayer distance but the modifiers, functional groups and
sizes of the modifiers are important. Also, the dispersion of
sulphonate modifiers is better than that of other modifiers. As
the size of modifiers increases, the intercalation of polymer
chains within the interlayer regions of the LDHs in the nano-
composites is facilitated.* These phenomena can also be seen
in the UV-vis reflectance spectra shown in Fig. 8(b). The addi-
tion of ZnTi-SDBS to PP showed a good UV stabilization effect
compared to other types of LDHs, as can be seen in Fig. 8(a
and b).

58h
38h ‘
18h !
Oh |
£l | |
= 11 1)
£ |
2 || i
2
= | ! I ’l
|
) Carbonylated Products ! ] |
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Fig. 7 FTIR spectra of the PP/ZnTi LDHs composites.
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Scheme 2 Schematic of the effects of ZnTi SDBS on the UV absorp-
tion of PP.*®

Conclusion

UV-vis-absorbing LDHs were prepared and modified with
organic modifiers. The ZnTi LDH modified with SDBS showed
the highest UV absorbing effect among the LDHs. The protect-
ing capability of PP against photo and thermal degradation was
enhanced by the addition of ZnTi-SDBS LDHs, which is
important and can be used in other polymers. The degradation
temperature of PP was enhanced by 70 °C by the addition of
only 5% of ZnTi-SDBS LDHs; increasing the LDHs amount may

This journal is © The Royal Society of Chemistry 2018
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further enhance these properties. Also, this enhancement is
greater than that of previously described inorganic additives
and clays. This research can provide a new method for pro-
tecting polymers from UV-vis degradation by using different
types of LDHs compared to conventional use of organic and
inorganic UV-vis protecting agents. Depending on the applica-
tion of the final product, different types of LDHs with combi-
nations of organic anions and metallic cations can be
synthesized. In the case of UV-vis absorbing LDHs, these results
appear to open a new field of research in UV-vis absorbing LDHs
for polymers; this may be used in different applications with
a combination of polymers, such as in solar cells, electrostatic
devices, LED devices and other energy-related applications.
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