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Abstract

Two antioxidant modified layered double hydroxidd®©-LDHs) were successfully prepared by the
intercalation of 3-(3,5-di-tert-butyl-4-hydroxyphgjpropionic acid (IrganoxCOOH) and 6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid (Tx)lin the layered structure of LDH. It was found
that by anchoring the phenolic moieties to the L¥Ers the antioxidant power is retained in theecas
of Trolox, and even amplified in the case of Irgg@®OH. A small amount of the two AO-LDHs was
incorporated into poly(lactic acid), PLA, by sotuti mixing and melt extrusion. The thermo-oxidative
stability of the composites was compared with tfahe neat PLA and PLA containing free AOs. SEC
analysis indicates that, after a controlled pewbddgeing, both the AO-LDHs protect the PLA from
chain scission. The oxidation induction time (ODSC) at 230 °C shows also the beneficial effects of
the presence of the functional filler in the polym®atrix. Further, results from a preliminary migoa
test suggest that the AO species have a low tegdenmuigrate away from the AO-LDHs embedded in
the polymer matrix thus keeping the AO protectesida the nanofiller layers thereby remaining active

for a longer time.
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1. Introduction

Polymers are normally exposed to thermo- and pbgidative degradation during both processing and
service life, affecting their performance, espégifdr long-term applications [1, 2]. To avoid atard
the oxidative degradation process, low concentnafih05-0.5 wt.%) of antioxidants (AOs), such as
hindered phenols or amines and organophosphorupaiomds, are typically added to polymers [3].
Even though the chemistry of AOs is now well knowimere remain a number of issues including
problems related to poor thermal stability of A@wir migration from the bulk to the surface, their
deactivation by reactions with other chemicals, awentual toxicity particularly for food contact
packaging applications. In particular, physicalslag AOs is promoted by their volatilization, poor
solubility and migration. To overcome this problemgh molecular weight AOs have been used;
however, the poor solubility of such AOs and thghysical loss by leaching due to aggressive service
conditions are open challenges [4-6]. The covakstaichment of AO moieties onto a polymer
backbone as well as their immobilization into a thsslid support are considered as alternative
approaches to reduce their physical loss. The paiypation of hindered phenol bearing monomers [7],
the copolymerization of ethylene with AO functiomadd norbornene [8], and the free radical grafting
of mono and bis-acrylate/methacrylate and maleirsiglestituted with hindered phenols or sterically
hindered amines onto polyolefins are successfumglkes of macromolecular AOs preparation and
grafting of AOs [9-13]. The extraction resistance soich AOs by solvent media is dramatically
improved even if the antioxidant efficiency decesgspresumably due to the low mobility of these
AOs.

Among the host-guest methods, AOs have been sdicligsgafted on nanosilica particles and then
dispersed in polyolefins to demonstrate their amdiant ability [4, 14, 15]. It was shown that the
antioxidant efficiency of the nanosilica-immobiltzeAO particles is improved with respect to the
corresponding low molecular AOs and high stabilgyretained against migration. Similarly, AO-
containing organo-modified montmorillonite [16] ad@® modified carbon nanotubes [17, 18] have
been prepared and compounded with polymers. Laydoethle hydroxides (LDHs) have been also
proposed as host matrix. LDHs are inorganic sohdsle of positively charged and pillared hydroxide
lamellae balanced by interlayer anions, which canebsily exchanged with organic anions thus



increasing the basal spacing and improving comitititvith polymer matrices [19-21]. LDHs are
excellent host matrices for storage and deliveryio&ctive molecules and drugs, which are in thay w
protected against degradation by light, temperaturggen, alkali metals, etc. [22-24, 25]. LDHs dav
been specifically used as nanocarriers of AOs, sscbarnosine, gallic acid, vanillic acid, and heru
acid [26, 27]. The intercalation between the laymsects the AO from oxidation during storage [22,
24], reduces the effects of migration, and shovusase behaviour suitable for their use in contdblle
delivery systems [22]. Similarly, trans-cinnamigaidatives (ferulic acid, cafeic acid, hydroxycinnam
acid), known as AOs and UV blockers, have beenessgfally entrapped between LDH layers for
cosmetic use as UV sunscreens and UV stabilize8]. [Recently, 3-(3,5-di-tert-butyl-4-
hydroxyphenyl)propionic acid, containing the 2,6ét&it-butylphenol functional group that is one loé t
most used AO in industry, has been intercalatediwitDH galleries through co-precipitation [29] and
regeneration method [30, 31]. The modified LDH bagn dispersed in polypropylene (PP) [29, 30].
Thermo-mechanical properties as well as thermo- @rato-oxidative resistance of composites were
evaluated demonstrating that the AO-intercalateddL&nhances the long-term performance of PP
composites.

Poly(lactic acid) (PLA) is an emerging polymer fraenewable sources, having good thermoplastic
behaviour, good processability and fulfilling bigdadable requirements and, for these reasons, is
considered an interesting candidate to replace nmaditional materials like polyolefins in differen
industrial applications (packaging, films for agnatustry, fibers etc.). However, PLA performance in
terms of durability are limited by multiple chemi@geing mechanisms, such as hydrolysis, thermal
decomposition, photo-oxidation under natural wedtige conditions and thermo-oxidation at high
temperature which is an important issue considettiegprocessing methodologies [32]. In particular,
PLA degradation at the normal processing tempezataround 200 °C) follows a random chain
scission mechanism determining a significant lewdl molecular degradation and polymer
embrittlement. It is reported that under these @, acyl-O and alkyl-GB-C initiated homolytic
chain-scission can occur as well as radical reastioduced by oxygen, thus determining random
chain cleavage and leading to formation of linegirbxyl and carboxyl terminated species [33]. In a
recent study, it has been also demonstrated tleto#idative degradation of PLA at moderate
temperatures (below PLA melting temperature) folow radical pathway [32] with a significant
reduction of the polymer molar mass.

The aim of the present study is to determine tHeuence of stabilised-LDHs, that have been

intercalated with two different hindered phenolinitiaxidant functions (AO-LDH), on the



thermoxidative stability of PLA-LDH nanocompositpsepared by both solution mixing and melt
extrusion. The intercalation of the AO-moleculed &meir amount in the hybrid system, as well as, th
free radical antioxidant activity of the resultidgd-LDH are discussed (the latter examined using
DPPH, 2,2-diphenyl-1-picrylnydrazyl, assay [34])}datte migration of the intercalated-AO moieties
from PLA composites is also addressed.

The antioxidant-modified LDHs (AO-LDHs) were prepd by intercalation between the inorganic
layers via anion exchange of 3-(3,5-di-tert-butyytiroxyphenyl)propionic acid (IrganoxCOOH) and

6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxykidaTrolox), a water-soluble analogue of vitamin
E (Scheme 1), respectively. The oxidation inductione (OIT) was determined by differential

scanning calorimetry (DSC).

OH

HO TOH

IrganoxCOOH Trolox

Scheme 1. Chemical structure of 3-(3,5-di-tert-bdthydroxyphenyl)propionic acid (IrganoxCOOH)
and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carbioxgtid (Trolox)

2. Experimental

2.1 Materials

Poly(lactic acid) (PLA) Inget’ Biopolymer 2003D 96% L-lactide produced by Natum®é®, USA,
MFI (2.16 kg/190 °C) 4 - 8 g/10 min was used aypar matrix. PLA was dried in a vacuum oven for
18 h at 110 °C before use. Pural MG63HT, a magnesiluminum hydroxy carbonate (LDH-GQ
with the molecular formula MgeAlo34{OH)2(COs)0.170.62H0 as previously determined [35] and
Perkalite F100S [36], a magnesium aluminum LDH rfiediwith hydrogenated fatty acids (organo-
LDH, containing 55 wt.% of stearate and palmitategre kindly supplied by Sasol Germany GmbH
and Akzo Nobel, respectively. The octadecyl-3-(@iert-butyl-4-hydroxyphenyl)propionate (Irganox
1076, ex. Ciba Specialty Chemicals, BASF) was hydesl to obtain the 3-(3,5-di-tert-butyl-4-



hydroxyphenyl)propionic acid (IrganoxCOOH) [37]. Hy«droxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid (Trolox, Sigma-Aldrich), 3,5-tk¥t-4-butylhydroxytoluene (BHT, Sigma-Aldrich),
free radical 2,2-diphenyl-1-picrylhydrazyl hydrgi@PPH, Sigma-Aldrich), methanol (Sigma-Aldrich),
chloroform (Carlo Erba, RPE grade), and chlorof¢@mgma-Aldrich, HPLC gradez99.8%, ethanol

stabilized) were used without further purification.

2.2 Preparation of the antioxidant intercalated LDHs (AO-LDHs)

LDH-COs; was first converted into the nitrate form (LDH-j)CGaccording to the titration procedure
reported by Muksinget al. [21]. LDH-CO; was dispersed in a 1 M NaNGqueous solution
(mass/volume = 2 g/100 ml) and the suspension ivated with a 1 M HN@ solution. After titration,
the white solid was washed several times with,-@€e deionized water and dried overnight at 60 °C
in a vacuum oven. The calculated anion-exchangecoigp(AEC) of LDH-NG having the formula
Mgo.66Al 0.34(OH)2(NO3)o.34 0.44H0 (determined according to the analytic proced@scdbed in Ref.
[21]) is 3.85 mmol of N@/g, calculated as follows: AEC = x/Mw-1Qmequiv/g), where Mw and x
are the molecular weight and the layer charge ptahedral unit, respectively. The AO-LDHs were
then obtained by anion exchange. An amount of Aesponding to 1.5 times the AEC of the LDH-
NO3 was dissolved in 300 ml of G@ree deionized water and heated at 70 °C. A Na®@Hstlution
was added drop wise until pH= 9 (for IrganoxCOOH) @H= 6 (for Trolox) were reached. Once the
antioxidant was completely solubilized at the targe values, 1 g of LDH-N@was added to the
solution under nitrogen atmosphere, and then kegéwustirring for three days in dark conditiong @t
°C. Both AO-LDHs, labelled as IrganoxCOOH-LDH andblbx-LDH, were recovered by filtration,
washed several times with deionized &@e water until pH=7, and finally dried under uam at 60

°C to constant weight.

2.3 Preparation of the PLA/AO-LDH composites

PLA/IrganoxCOOH-LDH and PLA/Trolox-LDH compositespntaining 0.50 wt.% of AO-LDH with
respect to the polymer matrix, were first prepasgdsolution mixing (labelled as S) followed by film
casting. In a typical experiment, the AO-LDH wasstfisuspended in a chloroform/methanol 70/30
(v/v) solution, stirred and sonicated for 20 miheTAO-LDH dispersion was observed by exposing the
suspension to a red beam and, in accordance vatfithdall effect, a continuous red laser line agros
the suspension was observed for both the samplehw¥as taken to indicate the occurrence of a
delaminated morphology [38, 39]. Subsequently stiipension containing the hybrid filler was added



to a PLA chloroform solution (1.5 g of PLA per 60 af CHCIl;) and kept under stirring for 1 h at
room temperature. A film of the composite was tlodxtained by solution casting and dried under
vacuum at 60 °C for 24 h until constant weight. Eomparison, films were also prepared for the neat
PLA and PLA-containing the free AO species (Irgad®OH and Trolox) as well as films of PLA
with the organophilic LDH Perkalite F100S (Table 1)

PLA/AO-LDH composites containing 0.50 wt.% of AO-EDwere also prepared by melt extrusion
(labelled as E). The two composites were procegsedHaake Minilab Micro Compounder model
CTW5S fitted with a co-rotating twin-screw conicadteider. The extrusions were performed at 170°C,
screw speed of 100 rpm, and the residence timeSwas. Then the extrudates were pelletized, and
thin nanocomposite films were prepared by compoessioulding with a Carver 12 Ton Hydraulic
Units, model 3912, working at 170°C.

Later films of all the samples obtained by solutiixing and melt extrusion were aged at 200°C in a
ventilated air oven for different times (1, 3 andhd@urs). At the end of the ageing treatment, sasnple
were analyzed by SEC.

Table 1. PLA/AO-LDH composites and reference sampliepared by solution mixing (S) and melt
extrusion (E)

sample LDH? Free AC
(wt %) (wt %)
PLA/IrganoxCOOH-LDH (S) 0.50 -
PLA/Trolox-LDH (S) 0.50 -
PLA/organo-LDH (S) 0.50 -
PLA/IrganoxCOOH-LDH (E) 0.50 -
PLA/Trolox-LDH (E) 0.50 -
PLA/IrganoxCOOH (S) - 0.14
PLA/Trolox (S) - 0.13

®The quantity of AO-LDH and organo-LDH was calcuthtas percentage of the hybrid system with
respect to the polymer.

®The free AOs were added in equal amount with resjethe AO species contained in the PLA/AO-
LDH samples.

2.4 Characterization
Wide-angle X-ray diffraction (WAXD) analysis was rfirmed at room temperature with a X'Pert

PRO (PANalytical) powder diffractometer in the 1.80° D range at the scanning rate of 0.016°/min,



using a Cu & radiation (1.5406 A). The interlayer spacing betwehe LDH layers, @ds was
computed by applying the Bragg’s law.

Infrared spectra were recorded with a Fourier Th@ans Spectrometer PerkinElmer Spectrum 100 over
the wavenumber range of 450 - 4000 crithe spectra of LDHs as well as those of the A@sew
obtained by mixing the samples with potassium bden{KBr 99.4% spectroscopic grade purchased
from Sigma-Aldrich).

Thermogravimetric analysis (TGA) was performed gsam Exstar TG/DTA Seiko 7200 instrument.
Samples (5-10 mg) were placed in alumina sampls pad runs were carried out at the standard rate
of 10 °C min* from 30 to 900 °C under air flow (200 mL rifjn

Number average molecular weight {Mand weight average molecular weight ,)\Mas well as
dispersity (M/M,) were determined using size exclusion chromatdgrdBEC). The system used is
an Agilent Technologies 1200 Series comprising gadser, an isocratic HPLC pump, a refractive
index (RI) detector, and two PLgelyn MiniMIX-D columns conditioned at 35 °C using chidéorm
(CHCL) as the mobile phase at a flow rate of 0.3 mL ifhe system was calibrated with polystyrene
standards in a range from 500 to 3 X f0mol*. Samples were dissolved in CHE2 mg mL') and
filtered through a 0.20 micron syringe filter befaanalysis. Number average molecular weight) (M
and weight average molecular weight,(Mvere calculated using the Agilent ChemStatiorveare.

All SEC measurements were performed in triplicatee values in Table 3 are approximate values of
averaged values and the standard deviation idlfabaut 5% of the value.

UV-Vis absorption spectra were recorded at roomptnature with a Perkin-Elmer Lambda 25 UV-
Vis Spectrometer.

Oxidation induction time (OIT) measurements wererfggened using a differential scanning
calorimeter DSC 4000 (Perkin-Elmer). Measuremen&ewperformed on disk-shaped specimens
having a thickness ranging from 0.20 to 0.45 mm wamight around 5 — 10 mg. Samples were
isothermally treated at 30 °C under nitrogen fl&® (L min') for 5 min, then they were heated from
30 °C to 230 °C at 20 °C/min under nitrogen flovd (6L mir"). After maintaining in nitrogen for 5
min to attain thermal equilibrium, the gas was shéd to oxygen flow (50 mL mi). The OIT was
determined from the onset of the exothermic oxafatieaction of PLA shown in the calorimetric
curves. Five determinations were done for each kaamg the OIT average number was reported.
Bright field transmission electron microscopy (TEBRperiments were performed on thin films using
a FEI TECNAI G12 Spirit-Twin (120 kV, LaB6) microgge equipped with a FEI Eagle 4k CCD



camera (Eindhoven, The Netherlands). Thin sectidrtie samples (hominal thickness 100 nm) were
cut using a Leica UC7 ultramicrotome (Wien, Augtaad placed on 400 mesh copper grids.

The rheological characterization was performed gasirRheometric Scientific (USA) RDA Il plate-
plate rotational rheometer, at T = 170°C and stdaformation at 5%; this latter was chosen aftat th
amplitude sweeps were performed to ensure thatlyhamic tests were in the linear viscoelasticity
region. The complex viscosityW() and the storage (G') and loss (G") moduli wexeorded as a

function of frequency in the range 0.1-100 rad/sec.

2.5 Assessment of the antioxidant activity of AO-LDHs

The radical scavenging activity of AO species ar@-ADHs was determined according to the DPPH
method [34, 24, 29, 31]. A 25 mL methanol stockusoh of DPPH (60uM) was prepared and the
related UV-Vis spectrum was recorded as referehtehe case of the pure antioxidants (BHT,
IrganoxCOOH, and Trolox), their stock solutions &v@repared by solubilizing an amount of the AO
(about 5 mg) in 2 mL of MeOH and then solutionslifferent concentration (ranging between 6 10
M and 4 x 1¢ M) were prepared by diluting the appropriate aiguof the stock. Later, for each AO
diluted solution, 8QuL was added to 3 mL of the DPPH stock solution #m kinetic assay was
followed immediately by UV-Vis spectroscopy by mimming continuously the absorbance at 516 nm.
For each sample the analysis was repeated thres,tiamd average values of parameters as well as
standard deviation were reported.

For comparison also a solution of DPPH in the absesf other additives was also analysed during
time. In the case of organo-LDH and AO-LDHs (IrganoxCOOBH and Trolox-LDH), the stable
stock suspensions were prepared by ultrasoundessispersion (5 - 10 min at medium frequency) of
the hybrid filler in MeOH (about 5 mg in 2 mL of I[@#). Subsequently, aliquots of 80, 40, 20, and
10 pl, were added separately to 3 mL of the stock DBBIdtion and the absorbance at 516 nm of the
resulting suspension was recorded. In the caseeobrtgano-LDH only the first dilution was followed
during time.In all cases, the absorbance values were recosladunction of time until a steady state
was achieved, i.e. no further change in the absoihaThe percentage of DPPH remaining at the
steady state was plotted against the AO/DPPH nnatay, taking into account that, in the case of AO-
LDH, the concentration of AO used in the DPPH dohluttorresponds to that of the organic amount
present as determined from the TGA measurementsefibctive concentration (kg value, i.e. the
concentration of the AO needed to decrease thmlimibncentration of DPPH radical by 50%, was

determined from these plots.



The percentage of the remaining DPPH at the ststadly was calculated as follows:

% of remaining DPPH at the steady state = (Abs;/Abs;) - 100%

where Abg and Abs; are the absorbance of the solution at the timen® at the steady state,
respectively. The antiradical power (ARP), taken 148G, was also calculated as well as the
stoichiometric value, which represents the numifenoles of DPPH reduced by 1 mole of AO and
calculated as 1/(X ECs).

2.6 Migration test

The release of AO moieties from PLA/AO-LDH compesitand PLA/AO physical blends obtained by
solution mixing was investigated preliminarily bygration tests. The migration test was performed by
immersing films of the samples (0.75 Tof contact area per 1.5 mL of liquid) in etharRPE grade
96%)/water 95/5 v/v solution at 40°C for 24 h [40hen, after the contact time elapsed, the filmsewe
recovered and dried. After migration, all the sasplere analyzed by DSC for determining the OIT

values following the same procedure previously diesd.

3. Results and discussion

3.1 Structural and chemical properties of the AO-LDHs

Two different AO-LDHs were prepared and comparegdanoxCOOH-LDH and Trolox-LDH. The
successful intercalation via anion exchange ofAfespecies between the LDH sheets was confirmed
by WAXD and FT-IR. The mean interlayer spacing o§ahoxCOOH-LDH and Trolox-LDH
determined from the WAXD patterns (Figure 1) is@mm (D= 3.4°) and 1.73 nm @= 5.1°),
respectively, whereas the precursor LDH-Nfas a basal spacing of 0.89 nm correspondingst@ag
(003) reflection at @= 9.9°. Higher order reflection peaks (00l) evidegcthe formation of well-
ordered AO intercalated LDH layers were observedéth IrganoxCOOH-LDH and Trolox-LDH.
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Figure 1. WAXD patterns of the Trolox-LDH (a), IigaxCOOH-LDH (b), and LDH-N®@(c)

Besides the characteristic stretching vibrationstied hydroxide layers [21], FT-IR spectra of
IrganoxCOOH-LDH and Trolox-LDH (Figure 2) show abstions due to the AO moieties (Figure S1,
Supplementary Material) thus confirming the hybmature of both the systems. In particular, in the
case of IrganoxCOOH-LDH the peak at 1543"cis assigned to the stretching vibration of the
carboxylate group (C=0(0)-), whereas the absorqtieaks ranging between 2960 and 2850 amise
from the —CH and -CH stretching vibrations of the hydrocarbon grougse Broad signal at 1630 ¢m
! partially overlapped with the absorption peaktessd at 1543 cih is due to the bending vibration
of crystal water. Similarly, the FT-IR spectrum ®Bfolox-LDH shows a peak at 1571 €nwhich
corresponds to the stretching vibration of the caytate group (C=0(0O)-), whereas the absorptions at
2927 cni-and 2852 cr, respectively, are due to the C-H stretching ‘ibre of —CH, -CH; and —
CH groups of Trolox. The absorption band due toctlystal water is clearly visible also for this higb

as well as a band at 1384 ¢rdue to the stretching vibration of the nitrateup® that had not been

totally exchanged.
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Figure 2. FT-IR spectra of a) LDH-NCb)IrganoxCOOH-LDH, and c) Trolox-LDH

The TGA/DTG curves (collected under air flow) of HENO3, IrganoxCOOH-LDH, and Trolox-LDH
are shown in Figure 3. The thermogram of LDHN®igure 3a) shows a two step decomposition
process: an initial weight loss step, up to 150 &tjbuted to the loss of adsorbed and intercdlate
water, and a second weight loss step, between 2860@0 °C attributed to the combined loss of the
interlayer nitrate ions and to the dehydroxylatiminthe metal hydroxide layers [21]. The thermal
decomposition of the two AO-LDHs (Figures 3b and Bminly takes place in three steps. The first
decomposition step, up to 180 °C, is due to the tdghe surface- and crystal-water molecules &xtat
in the interlayer region. In the temperature rabhgéwveen 180 and 800 °C, two main overlapping
degradation steps are observed up to the formatiothe metal oxides. This degradation stage is
attributed to a succession of thermal processesdédtomposition of the intercalated AO molecules
(180 - 260 °C), the loss of some unexchanged ayerlnitrate ions, and the dehydroxylation process
of the layers. The amount of AO molecules anchtwetie LDH was calculated taking into account the
weight loss associated with the organic materiatodgosition. Accordingly, the quantity of
intercalated AO anions was 26.1 wt.% for the Irged@@OH-LDH and 22.6 wt.% in the case of the

Trolox-LDH. The chemical formula of the AO-LDHSstisntatively reported, assuming no change in the
Al/Mg ratio:



IrganoxCOOH-LDH: [Mg,66A| 0,34(OH)2(N03)0,21(C17H2503)o,13]*0.56 H,O
Trolox-LDH: [Mgo.66A|0.34(0H)z(N03)0.24(C14H1804)o.10]*0.25 Hzo
The moles of water per formula weight of compouraenestimated by the first step of degradation of

the TGA curve.
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The antioxidant activity of AO-LDHs was determinedth the DPPH method. The consumption of
DPPH radicals in methanol solutions containing edéht concentration of the AO precursors
(IrganoxCOOH and Trolox), BHT (used here as AO nexfiee) and AO-LDHs was followed by UV-
Vis spectroscopy applying a model based upon tadgtstate theory [34]. The analysis was carried
out monitoring the absorbance of the band at 516 (om DPPH) versus time (Figure S2,
Supplementary Material); the reduction in the 516 and is attributed to the reaction of the DPPH
radical with the AO. To exclude that the absorbasheerease in the case of the AO-LDHs may be due
to a possible adsorption of the DPPH onto the LRikls, the organo-LDH having no antioxidant
activity was reacted with DPPH. The absorbance edsa& of this sample is comparable to that
observed in the case of a solution of DPPH in mmeihan the absence of AO (Figure S3,
Supplementary Material).

The percentage of DPPH remaining at the steady &iatifferent amounts of AO was determined and
plotted against the AO/DPPH initial molar ratiogéie S4, Supplementary Material). Accordingly, the
effective concentration (Bg) was determined (see Table 2).

Table 2. Effective Concentration (Ef; antiradical power (ARP) and
stoichiometry of the reaction between AO and DPPH

Antioxidant EGo '(6‘1?; o) Stoichiometry
BHT 0.31+0.03 3.28+0.27 1.64+0.14
IrganoxCOOH 0.284£0.02 3.62+0.20 1.81+0.10
Trolox 0.25+0.02 4.06+0.26 2.03+0.13
IrganoxCOOH-LDH 0.13+0.01 7.72+0.60 3.86+0.30
Trolox-LDH 0.24+0.01 4.12+0.20 2.06+0.10

The results shown in Table 2 suggest that Irgand®B@.DH has a higher DPPH activity compared to
those of both BHT and IrganoxCOOH; indeed, it hdsvweer EG, value, i.e. higher antiradical power
(ARP). Accordingly, the stoichiometric value, whidpresents the number of moles of DPPH reduced
by 1 mole of AO, is significantly higher for Irgax@OOH-LDH than that for IrganoxCOOH. As a
result, 1 mole of Irganox-CO@nions intercalated into the LDH layers is abledduce 4 moles of
DPPH, whereas 1 mole of IrganoxCOOH can reduce 2niyoles of DPPH. Conversely, the DPPH
activities of free Trolox and Trolox-LDH are comphte. Clearly, the anchoring of the IrganoxCOOH

to the LDH layers appears to magnify the antioxidantivity of the AO.



The different behaviour observed for the pairs dx6lrolox-LDH and IrganoxCOOH/IrganoxCOOH-
LDH can be tentatively explained considering thhecttire and reactivity of the AO precursors versus
that of the carboxylate species intercalated batwke LDH layers, as well as the geometrical effect
due to the ionic bond between the AO moieties &editorganic layers. It is, indeed, known that a
good phenolic AO is generally characterized by adodissociation enthalpy (BDE) of the O-H bond
lower than that necessary to break the O-H bonthe@fhydroperoxide formed during the inhibition
reaction. Accordingly, it is possible that the A®idaprecursors and the AO carboxylate species
ionically bonded to the lamellae have a differenBRE. In the case of IrganoxCOOH-LDH the
immobilization of the IrganoxCOQarboxylate species between the lamellae may enduchange of
the O-H BDE, thus giving rise to an increase in thgioxidant activity. On the contrary, the
immobilization of Trolox as a carboxylate speciesween the LDH lamellae did not change too much
its antioxidant activity, probably because havimgadkoxyl group in the para position already has a
very low BDE [41]. However, the observed behavioan be also attributed to a simple geometrical
effect because the AO molecules ionically linkedtihe LDH layers are well dispersed and not
aggregated between them, thus favouring the rewastiih the free radical species.

Interestingly, by plotting the DPPH absorbance weréme for solutions/suspensions containing a
different concentration of AO species, it is cléhat the reaction of IrganoxCOOH with DPPH is
slower than that of IrganoxCOOH-LDH. The kinetidsDlPPH consumption proceeded considerably
faster for IrganoxCOOH-LDH than for IrganoxCOOH am®HT. Moreover, in the case of
IrganoxCOOH-LDH a two-step behaviour was observét @ fast decay in the first minutes and then
a slower decay step (Figure S5, Supplementary M#te€Considering that the concentration of AO-
LDH in the methanol suspensions was very low amd we tried to promote the delamination of the
layers by sonicating the solutions (Tyndall effdeigure S6, Supplementary Material), the reaction
between the DPPH radicals and AO moieties anchioréite LDH layers is likely not to be controlled
by diffusion. However, one cannot exclude the csiexice of single layers with intercalated and even
aggregated structures that could affect the DPRidtign with the AO moieties thus explaining the

two-step behaviour.

3.2 Antioxidant stability of PLA/AO-LDH composites

Two PLA-based composites containing 0.5 wt.% ofailrgxCOOH-LDH and Trolox-LDH,
respectively, were prepared by solution mixing €lédd as S) and melt extrusion (labelled as E) for
comparison purposes (Table 1). The hybrid matewals first characterized by WAXD to investigate



the dispersion state of the filler. In all casé® WAXD patterns showed the characteristic reftetdi

of PLA crystals at 14.3, 16.7, 19.3, and 22.3°,alvhiemain unchanged as compared with neat PLA
(Figure 4 and Figure 5). In the range 82.5-12° both PLA/IrganoxCOOH-LDH and PLA/Trolox-
LDH, made by solution mixing and melt extrusiord dot show the (003) basal reflection of the fdler
suggesting the loss of the ordered lamellar stractu
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Figure 4. Comparison between WAXD patterns of ayamoxCOOH-LDH, b) PLA, c¢)
PLA/IrganoxCOOH-LDH (S), and d) PLA/IrganoxCOOH-LDH)
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Figure 5. Comparison between WAXD patterns of @ldx-LDH, b) PLA b), c) PLA/Trolox-LDH
(S), and d) PLA/Trolox-LDH (E)

However, even if the LDH concentration is too low e meaningful for the assessment of an
exfoliated morphology [42-44], the disappearancethsd diffraction peaks suggests a disordered
structure of the inorganic packing.

As a confirmation of the dispersion level, repreaéme TEM micrographs of the PLA composites
obtained by solution mixing (Figure S7, Supplement®aterial) show that the AO-LDHs are
dispersed disorderly within the matrix and thattipkes with average dimensions ranging from 50 to
300 nm can be observed. The high-magnification TEEMges show that the largest particles are
tactoids, made up of ordered lamellae, where palyhains are likely to be intercalated.

In order to assess the influence of the AO-LDHsiregdathe thermo-oxidative degradation of PLA,
accelerated thermal oxidative experiments of al BLA/AO-LDH composites were carried out by
ageing the samples at 200 °C in an air oven fdemdint times. Later, SEC analyses, before and after
ageing, were carried out to evaluate the exteRidf degradation (Table 3). For comparison, mixtures
of PLA with the precursors of the AO-LDHs (i.e. &amgpxCOOH and Trolox), added to the polymer in
equal amount (with respect to the amount of AO igsepresent in the PLA/AO-LDH samples) were
also prepared by solution mixing, aged and chamaet: Further, a film of PLA containing 0.5 wt.%



of organo-LDH (PLA/organo-LDH) was prepared by smio mixing, aged and analyzed similarly by
SEC (Table 3).

It was found that Mn and Mw of PLA solubilised irHCIl; are very close to those of virgin PLA
(pellets), whereas PLA extruded at 170°C showsva@ldw. Moreover, the results obtained show that
the thermo-oxidative treatment of neat PLA giveae o large reduction in its molecular weight (both
Mn and Mw), see Table 3, together with an increagbe dispersity, whereas the decrease was lower
upon the addition of free AOs, e.g. in PLA/Irgan@@QH and PLA/Trolox (Table S1, Supplementary
Material). This experimental evidence is consistgith a thermo-oxidative degradation of PLA (i.e.
polymer chain scission) by free radical procesds47], which are much less probably in the presenc

of AOs, efficiently protecting hence the polymer.



Table 3. Molecular weight and distribution of PLAAGPLA composites measured by SEC at different

ageing time
Sampl Ageing Mn Mw Mw/Mn  100[Mn(t)/Mn(0  100|Mw(t)/Mn(
time  (gmol) (g mol) )-112 0)-1F
(min) (%) (%)
PLA2003D pellet 0 122000 203000 _ _ _
PLA (SP 0 115000 205000 1.8 - -
60 109000 192000 1.8 -5 -6
180 39000 94000 2.4 -66 -54
360 18000 43000 2.4 -85 -79
PLA (E) 0 114800 193400 1.7 - -
60 79800 153600 1.9 -30 21
180 43100 85900 2.0 -62 -56
360 24800 50900 2.1 -78 74
540 19700 42600 2.2 -83 -78
PLA/IrganoxCOO}- 0 113000 204000 1.8 - -
LDH (S) 60 109000 191000 1.8 4 -6
180 91000 169000 1.9 -19 -17
360 74000 148000 2.0 -35 27
PLA/IrganoxCOOF-
LDH (E) 0 90300 165800 1.8 - -
60 82900 146100 1.8 -8 -12
180 74800 129800 1.7 -17 22
360 44400 90100 2.0 -51 -46
540 38300 77800 2.0 -58 -53
PLA/Trolox-LDH (S) 0 123000 212000 1.7 - -
60 108000 196000 1.8 -12 -8
180 84000 166000 2.0 -32 22
360 66000 135000 2.0 -46 -36
PLA/Trolox-LDH (E) 0 90800 167500 1.8 - -
60 74900 147900 2.0 -18 -12
180 61500 121700 2.0 -32 27
360 38200 81500 2.1 -58 -51
540 33800 72100 2.1 -63 -57

4100[Mn(0)/Mn(t)-1]% and 100[Mw(0)/Mn(t)-1]% represethe M, and M, loss (in percent) obtained
after ageing (normalised to the unaged samples).
"This PLA sample was prepared by solubilizing thiéepein CHC} and then evaporating the solvent.

A similar effect was also observed for the PLA/AOH. samples (Table 3 and Figure 6). Indeed,
comparing the samples obtained by solution mixihg,decrease of Mn of PLA (S) after 6 h of ageing
was 85%, whereas that of PLA/IrganoxCOOH-LDH (Spkwaly 35%, and, similarly, in the case of
the sample PLA/Trolox-LDH (S) the decrease of Mmsvianited to 46%. The organo-LDH is well



known [48, 49] to induce a detrimental effect oe #tability of PLA; indeed, the degradation of
PLA/organo-LDH (S)was faster than neat PLA (S) (Table S1); e.g. dfterof ageing, the Mn drops to
67% compared to the 5% drop for the neat polymerixa
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Figure 6. Mn and Mw as a function of the ageingetiat 200 °C for PLA, PLA/IrganoxCOOH-LDH,
and PLA/Trolox-LDH made by solution mixing (a) amelt extrusion (b).

The addition of Trolox and IrganoxCOOH is seen timdp about a lower extent of change in the Mn
value, i.e. lower level of degradation, after 6frageing compared to that of the hybrid AO-LDHs in
the PLA composites (Table S1).



Notably, the molecular weight of the samples pregdry melt extrusion, before the ageing process, is
lower than that of the corresponding samples obthlyy solution mixing. PLA is, indeed, reported to
degrade during the thermal processing with LDHs mrgkems that the degradation of the organo
modifier accelerates the degradation of PLA causirdgecrease of the melt viscosity and reasonably
also of the molecular weight [50]. However, durthg ageing of the extruded samples, the AO-LDHs
seem to protect the matrix from additional degriaxedt least within the first 3 hours.

From these results, it appears that the immobidiméanchoring of the antioxidant moieties onto the
LDH is efficient in protecting PLA from the thermmddation, but the system appears less efficient
compared to an analogous sample that containgafde However, it is necessary to consider that the
availability of the AO to protect the polymer dedsron the morphology of the composites and on the
proximity of the AO functionality to the polymer aims. Independently of the morphology, the
anchoring of the AO to the inorganic layers lowtiess AO mobility, presumably decreasing its activity
Dynamic small strain amplitude oscillatory testsrevalso carried out to investigate the viscoelastic
properties of PLA and PLA/AO-LDH (S) samples andctwrelate the changes that occur at elevated
temperature with changes in the molecular struadfifeLA. It is indeed well known that the thermal
degradation of PLA during processing leads not dalynolecular weight reduction, but also to an
overall reduction of rheological properties [51]. particular, the greater the processing sevettity,
greater is the drop in both viscosity and modullise results (complex viscosity, storage and loss
moduli as a function of frequency, Figure S8, Sapmntary Material) suggest that the IrganoxCOOH-
LDH exerts a stabilizing effect on the PLA matribe. resisting changes in its molecular weight, levhi
Trolox-LDH appears to be less efficient under thme preparation conditions. However, the analysis
also highlights that the AO-LDHs promote a reduttad complex viscosity, storage and loss moduli
versus frequency with respect to neat PLA (S), tvinay be attributed to a slipping effect between th
LDH layers in the macromolecular/layer-layer sys{égaj.

To corroborate the outcomes of the thermal agexpgr@ments, the resistance of PLA and PLA/AO-
LDH samples against thermally induced oxidation \aks® evaluated by determining the oxidation
induction time (OIT) by DSC analysis [45, 53]. Ttesults obtained show that the oxidation of neat
PLA at 230 °C begins almost immediately (Figure S@pplementary Material) and that the presence
of AO-LDHs in PLA prevents its oxidative degradatim the case of the samples prepared by solution
mixing. For example, the OIT values (unaged, t ®f0PLA/IrganoxCOOH-LDH (S) and PLA/Trolox-
LDH (S) increased with respect to neat PLA by alduand 8 min, respectively (Table 4). A similar



behaviour was found in the case of PLA/IrganoxCOQ¥) and PLA/Trolox (S) albeit some
differences were observed.

Table 4. OIT values at 230 °C of PLA, PLA/AO-LDH)&hPLA/AO samples (S) and (E) before and
after 12-months storage and migration test

oIT

Sample (min)
Time zero After storade After migration test

PLA® <1 <1 <1
PLA/IrganoxCOOH (S) 7.7+1.7 74+1.1 51+1.1
PLA/IrganoxCOOH-LDH (S) 11.1+2.9 11.4+3.0 160.8
PLA/Trolox (S) 13.2+2.1 6.9+0.9 29+0.8
PLA/Trolox-LDH (S) 83+1.0 8.0+1.0 3.0+£0.7
PLA/organo-LDH <1 n.d. n.d.

®The samples were stored at room temperature fondihs.
The oxidation of these samples began immediatebr #fie switching of the gas from nitrogen to
oxygen carried out at 230 °C.

The results confirm that the AO-LDHs are able tevent the thermo-oxidative degradation of PLA
and considering that the oxidation of PLA/organoH.Btarted immediately after the purge gas was
switched from nitrogen to oxygen, a barrier efidaé to the LDH lamellae can be excluded.

Finally, in order to assess the non-releasing db@raand stability of the AO-LDHs embedded into
PLA, preliminary migration tests were carried out fims of PLA/IrganoxCOOH-LDH (S) and
PLA/Trolox-LDH (S), respectively. Accordingly, Olfalues were determined after a period of natural
ageing (the samples were stored at room temperftude? months) and after migration test of 24 h at
40 °C with ethanol/water 95/5 solution [40], andadarere compared with those obtained for physical
blends (PLA/IrganoxCOOH (S) and PLA/Trolox (S)).e€Tdata in Table 4 show that both storage and
migration test caused a significant decrease irOiein the case of both PLA/IrganoxCOOH (S) and
PLA/Trolox (S), which is most likely due to the eake of the free AOs. In contrast, the OIT values
calculated for the two PLA/AO-LDH (S) compositegeaf12-months storage are almost unchanged
with respect to those obtained for fresh (untréasadnples, thus evidencing the retention of the-hos
guest systems. However, the two composites behdiféetently under contact with the aqueous
alcoholic solution: in the case of PLA/IrganoxCOQ@BH (S), the OIT after the migration test was

similar to that of the untreated sample, whereasaise of PLA/Trolox-LDH (S) the test caused a



consumption of the stabilizer and a decrease of @€. Considering that both Trolox and
IrganoxCOOH are soluble in ethanol/water 95/5 amat both migrate from their respective PLA
physical blend, the difference observed might be tuthe different stability of the AO-LDHs, which
in turn depends on the nature of the simulatingiticand on the ionic bond/interactions between the
AO molecules and LDH layers. This process is alsaitéd by diffusion-controlled conditions
depending on the morphology of composites. Moreoseen if the WAXD analysis demonstrated that
the AO moieties are intercalated in the AO-LDHscannot be excluded that a part of the organic
fraction is only adsorbed and, accordingly, it @asily migrates changing the antioxidant capability
and then the OIT of the sample. Finally, the migratof lamellae can also occur, as previously
reported [40].

4. Conclusions

Two different AO-LDH host-guest systems were susfidly prepared by intercalating between the
inorganic layers a hindered phenol containing mdie¢irganoxCOOH) and, for what we believe was
the first time, a water-soluble analogue of vitargirfTrolox) as a natural AO. In both cases, i.e. fo
hybrids (IrganoCOOH-LDH and Trolox-LDH), it was fod that the DPPH free radical scavenging
capacity of the free AOs was maintained and evemared in the case of IrganoxCOOH-LDH.

Two PLA composites containing 0.5 wt% of IrganoxCG&@0ODH and Trolox-LDH, respectively, were
obtained by solution mixing and melt extrusionnisl of these samples were subjected to controlled
ageing at 200 °C under air for different time intds, and the specimens were analyzed by SEC. PLA
chains undergo thermo-oxidative degradation, witeegere reduction of molecular weight and an
increase in dispersity. The molecular weight resuntthis work indicate clearly that the AO-LDHsar
have been successful in protecting the polymer ftboemmo-oxidative degradation. In addition, the
OIT values at 230 °C for PLA/IrganoxCOOH-LDH (S)daRLA/Trolox-LDH (S) increased to about
10 and 8 times that of the neat PLA, respectivitigreby corroborating the beneficial effects obsdrv
for the AO-LDHs, if the molecular weight of the matis preserved. Finally, a preliminary migration
test was explored to assess the non-releasingatbai@ the AO-LDHs embedded into PLA. These
initial results indicate that the AO-LDH hybridsyaa low tendency to migrate compared to AO
within PLA, due to a robust ionic anchoring of A@tlween the LDH layers, and thus keeping the AO
protected inside the inorganic layers and activeaftonger time. More detailed work on the migratio
of these AO-LDH will be done in future work.
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