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Abstract

Carbon nanotubes (CNTSs) having controlled radical’/enging activity have been achieved tuning
the content of their lattice defects induced bydra-sound (us) treatment. The reactivity of CNTSs,
subjected to ultra-sonication for different timeeivals, toward 1,1-diphenyl-2-pycr¢iDPPH) and
hydroxyl (¢OH) radicals has been estimated andedlto defect concentration, evaluated through
Raman spectrometry. The radical scavenging effogienf ultra-sound treated CNTs (us-CNTSs)
increases with increasing the content of the strattdefects, suggesting that the defect resulting
from us treatment can be capitalized to obtain mupliied and controlled radical scavenging
activity. The us-CNTs have been incorporated irraulhigh molecular weight polyethylene
(UHMWPE) matrix by hot compaction with the aim tepéoit their anti-oxidant activity against
photo- and thermo- oxidative degradation. The ug€Nontaining nanocomposites show
progressively improved photo- and thermo- oxidatresistance with increasing the us time,
highlighting that the stability of the nanocompesitan be profitably modulated by controlling the
amount of CNT structural defects.
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1. Introduction

In the last decade, carbon nanotubes (CNTs) haevesl a great attention due to their excellent
electronic, mechanical and thermo-mechanical ptmsefl]. Besides, recent researches have
probed that the CNTs exhibit peculiar radical sogueg activity, opening new avenues toward
their use in some biomedical applications [2] amthie protection of polymeric matrices against the
oxidative degradation [3]. Also theoretical studiEssed on Density Functional Theory predicted
that CNTs can act as free-radical traps. Partigylttre reactions between CNTs and radicals have
been modeled through two different mechanisms:treledransfer and adduct formation, also
considering the influence of length, diameter, ality and possible functionalization on the CNT
reactivity [4]. An interesting approach to enhatioce CNT radical scavenging activity involves the
immobilization of moieties carrying specific antiidant functionalities. In particular, Lucente-
Schultz et al. [5] grafted butylated hydroxytoluef@HT) onto CNTs showing that, when the
functionalization occurs through existing functibties, the radical scavenging activity is
increased. In our previous studies, the anti-oxidartion of CNTs against thermo- and photo-
oxidation of polyolefin matrix has been increasédotigh the chemical linkage of stabilizers
molecules [6]. The improved anti-oxidant activity @NTs has been attributed to the gathering of
the anti-oxidant functionalities at the polymer-oflter interface, that represents a critical afea
the degradation of the polymer-based nanocomposites

The exceptional radical scavenging activity of CNJ selated to their electron donor and acceptor
capability, coming from their peculiar electronicusture. In fact, the CNT extended graphitic
lattice, involving several conjugated double bonpisivides CNTs with high electronic affinity,
similarly to fullerenes, which are known to be effnt against free radicals [7]. Watt et al. [8] fo
the first time, reported that the acceptor-likectlanic properties of CNTs are mainly responsible
for their radical scavenging activity. Particularue to the presence of lattice defects, CNTs have
acceptor-like localized states, accountable forinkerruption of chain propagation during polymer
degradation. Based on these findings, we amplifreel CNT anti-oxidant activity through the
increase of the structural defects onto CNTs. Sipally, the last has been achieved exploiting the
strong interactions established between immobilimedecules, such as Vitamin E and Quercetin,
and CNTs, that induce change of the hybridisatibeome carbon atoms onto outer surface from
Sspf to sp, thus increasing the concentration of the lattietects [9-10].

To sum up, considering that the radical scavengnogerties of CNTs are strictly dependent from
the defects present on their surface, the CNT@atlant ability can be profitably modified through

the variation of the defect concentration. Withstim mind, in this work we propose an innovative



approach to amplify and control the radical scawemgbility of CNTs through ultra-sound-assisted
defects formation. Ultra-sonication is one of thestrused method to disperse CNTs in solutions, as
the CNTs aggregates, formed due to the intrinsicdexr Waals attraction among nanotubes, can be
broken by the forces rising from cavitation effeftg]. Furthermore, recently it has been shown
that ultra-sonication can be profitably used toctionalize CNTs [12-13] and to formulate CNTs
containing polymer nanocomposites by in-situ polgeation [14]. However, the ultra-sonication
treatment, due to strong shear forces coming framitation phenomena, causes the formation of
lattice defects in CNTs. Therefore, the main gdathis research is the capitalization of CNT
structural defects, caused by ultra-sound treatmintobtain nanofillers with tunable radical
scavenging activity. The ability to trap radicalsGNTs subjected to ultra-sonication for different
time intervals has been accurately investigatedthadCNT anti-oxidant activity against thermo-

and photo-oxidation of UHMWPE-based nanocompositssbeen evaluated and discussed.



2. Experimental part

2.1 Materials
Ultra High Molecular Weight Polyethylene, UHMWPEs a commercial grade purchased by
Sigma-Aldrich in the form of a white powder. Its imgroperties are: average molecular weight
Mw=3+6 MDa, softening poini=136°C (Vicat, ASTM D 1525B), melting poiiit,=138°C, degree
of crystallinity about 48.1 % (estimated through@®®easurement considering a heat of fusion for
perfectly crystalline polyethylengH; = 288.84 J/g), and densjiy¢0.94 g/mL at 25°C. The average
molecular weight was detected by means of intringscosity (]) measurements according to
ASTM D4020-05 using a Lauda Pro-line PV15 viscomelehe UHMWPE was dissolved in
decahydronaphthalene (reagent grade Sigma-AldatH)50 °C and maintained under magnetic
stirring for one hour. The viscosimetric average lenolar weight, estimated from three
independent measures of] Jusing the Margolies equation, Mv=5.37#[4]**", wasMv=4.9*1(°
g/mol.
Multiwalled Carbon Nanotubes, CNTs, were prepargdhe typical Chemical Vapor Deposition
(CVD) protocol, using ethylene as carbon sourcq Hrid a catalyst based on Fe supported on
alumina (typically 10% w/w of Fe). The process @nducted in a fluidized bed reactor. The
catalyst is loaded and heated at a temperatureebaté00 and 800 °C undep Now, then treated
with a mixture of H-N, 30%-70%. The reacting mixture, composed by etlgyldth and N in
20%-30%-30% v/v proportion is fluxed through theatyst. The reaction is monitored by in-line
GC. At the end of the process the CNTs purity isvben 70 and 85% w/w. The impurities are

mostly residual catalysts and there are evaluatd@B and TGA analyses, see Figure 1.
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The purification was performed with 50% aqueoususia acid, obtaining carbon nanotubes with
outer diameters ranging between 14 and 20 nm, idiaeneters in the range of 2 to 5 nm, length
1+10 um, and purity > 96 wt.%. The last has been evatubteICP and TGA analysis (Figure 1).
Moreover, after the purification process the contdrcarboxylic groups was estimated to be about
0.5% by means of XPS analysis and acid/base @itrati

All chemicals and reagents were used as receivigdowt further purification.

2.2 CNT sonication
Six identical samples of 0.2 g of CNTs were plaicedl0 mL one-neck round bottom flasks, then 20
mL of distilled water were added in each one. Tlhsks were placed in an ultrasonic bath (water
volume 2.5 L, power 260 W) taking care to have weder level higher than the level of the
suspension. The six reaction mixtures were sordcaite room temperature for different time
intervals, particularly, 15’, 30’, 60’, 90’ and 120he us treated CNTs are labeled as usX-CNTs,

where X is the us treatment time.

2.3 Nanocomposite preparation
The UHMWPE powder and 1 wt.% of untreated CNTs as«CNTs were manually mixed at room
temperature and the resulting powder has been hemmeyl by thorough grinding in a porcelain
mortar to the visually homogeneous state. Afterwartie composite powder has kept under
magnetic stirring for about 12 hours, until theiagement of a homogeneous black powder.
The blends were then hot compacted at 210°C fomSamd under a pressure of 1500 psi to get thin
films (thickness less than 1@@n) for the subsequent analyses.

The neat UHMWPE was subjected to the same procéducemparison.

2.4 Characterization

Thermo-Gravimetric Analysis (TGA) was performedaRerkinEImer STA 6000 thermal analyser;
the samples were heated from 35 °C to 900°C (1&ft}/in both air and nitrogen atmosphere in
order to evaluate catalyst residual and organiterdnn CNTS, respectively.

Inductively Coupled Plasma Optical Emission Speugty (ICP/OES) was performed on a
PerkinElImer Optima 8300 ICP-OES Spectrometer; dmapies were previously mineralized by
acid treatment and the resulting solutions (prgpaitlited) analysed.

Micro-Raman spectroscopy has been performed at reonperature through a Renishaw Invia

Raman Microscope equipped with a 532 nm Nd:YAGrlaseitation and 100 mW power. Non-



confocal measurements were carried out in the r@2§®—100 cil with a spectral resolution
between 0.5 and 1 ¢h

Transmission Electron Microscopy (TEM) analysesemeerformed on a homogeneous dispersion
of the CNTs in 2% aqueous sodium dodecyl sulfaie§Ssupplied by Sigma-Aldrich) using a
Philips CM 200 field emission gun microscope opatpgat an accelerating voltage of 200 kV. A
Gatan US 1000 CCD camera was used and 2048x2048& pmages with 256 grey levels were
recorded. For the specimen preparation few dropth@fwater solutions were deposited on 200
mesh lacey carbon-coated copper grid and air-doieseveral hours before analysis.

The 1,1-diphenyl-2-pycryl (DPPH, supplied by SigAldrich) free radical scavenging assay was
carried out according to published procedures [4)6-$amples for a typical measurement were
prepared by placing in a screw-capped vial 2 mfuottionalized carbon nanotube, to which 2 mi
of a methanol solution of DPPH (£0M) were added. All samples were thermostated &t for

the time required by the measurement. Then thersagt liquid was removed and the UV-vis
spectrum recorded in a Beckmann DU-800 spectromeBgectra were recorded on a
spectrophotometer equipped with a Peltier tempezationtroller. Scavenging activities were
determined from the drop in absorbance at 517 neaclh sample compared with that of the DPPH
solution in the absence of contact with the malteBaavenging efficiency values were calculated
by equation (1) [16]

Radical Scavenging Efficiency (%)

222 % 100 1)

were A is the absorbance of the DPPH solution artldaB of the DPPH solution after contact with
the materials.

Electron spin resonance (ESR) spectrometer (BrieR-300) was used to monitor the «OH
radicals in presence of CNTs. Hydroxyl radicalsevgenerated using the Fenton reaction [18], and
captured by 5,5-dimethyl-1-pyrroline N-oxide (DMP®)form DMPO/*OH complex. The radical
scavenging activity of us-CNTs was evaluated in bgemeous suspension of 1 mg of each CNTs
in 50 um of 5 wt.% SDS solution.

The photo-oxidative resistance of the samples wasmated using a Q-UV-Solar Eye
weatherometer (from Q-LAB, USA) equipped with UVBnips (313 nm), at T= 55 °C. The
thermo-oxidative treatment has been performed iaiapven at 80 °C. The tests were carried out
on the hot-compacted films with thickness less th@dum.

The progress of the photo- and thermo-oxidativerattagion was followed by analysing the

evolution in time of FTIR spectra on polymer filmoarried out by using a Perkin Elmer FT-IR



spectrometer (mod. Spectrum Two). FTIR spectraectdd on three different films of each sample
were obtained by performing 16 scans between 46@D %00 cnt. The photo- and thermo-
oxidation evolution was quantified by referring the carbonyl index (Cl) as a function of
degradation time. CI was calculated as the ratiovéen the integral of the carbonyl absorption
region (1850-1600 ci) and that of a reference peak at about 2019, amhich account for the

sample thickness variation.



3. Results and Discussion

3.1. Assessment of CNT radical scavenging activity

To assess the effectiveness of ultra-sonicatiatrivent in the formation of CNT structural defects,
Raman analysis of CNTs subjected at sonicatiovdoious time intervals has been carried out; in
Figure 2(a), the Raman spectra are reported. Tereint peaks are visible: the defect induced
disorder mode (D-band), centered at 1340'camd the tangential mode (G-band), centered @ 158
cm’ [19]. Each spectrum was normalized such that the@ intensity was the base line. It can be
noticed that intensity of D-band increases withr@asing the ultra-sonication time, highlighting the
growing of defects concentration due to the damaig€NTs. The high values of D-band for
untreated CNTs could be understand consideringttieapurification treatment caused the CNT
functionalization with oxygen containing groups,reported in the experimental section. Moreover,
the shift of G-band from 1573 ¢hfor untreated CNTs to 1581 ¢hfior us120-CNTs suggests a de-
bundling of CNT aggregates upon us treatment [ZAQ. qualitatively evaluate the defects
concentration, the ratigpllg, between the intensities of two Raman bands, whrolwing account
for the increase of defect sites content, has bekmlated and reported in Figure 2(b) as a functio
of the us time. Thepllg ratio passes from 0.97 for untreated CNTs to i 1.18 for us60-CNTs
and usl120-CNTs, respectively, indicating that tle@ication progressively damages the CNT

graphitic structure, causing the formation of neapditic hybrid structures.
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The visual inspections of CNTs, through TEM, haerbased to detect the morphological changes
associated with the defects formation. As visibléhie micrographs in Figure 2(b), untreated CNTs
show well-ordered graphitic walls, while alterasonf the CNT structural integrity, such as
defective sites, waviness and presence of amorpbamn on the nanoparticles surface can be
noticed for us-CNTs. The above observations ardulh agreement with the Raman results,
demonstrating that the defects concentration is@®avith increasing of us time.

To investigate the correlation between the defeotgent and the radical scavenging activity, the
trapping ability of CNTs toward DPPH and *OH radiichas been evaluated. Firstly, DPPH tests

have been carried out, considering different readiimes.

2.0 2.0

@) (b)

151

Abs.at517 nm

Absorbance, a.u.
Absorbance, a.u.

0.0 . . . 0.0 T T .
300 400 500 600 300 400 500 600
Wavelenght, nm

Wavelenght, nm

2.0 1.2
() (d)
)
c 1.15 I
() P
15 S A A
B T
5 Blank =
g Abs.at517 nm 5 1.1 B ~B-24h
g y S -©--120h
c " > a
& 1.0 1 ] -A-240h
Qo (8] /
: g £/ B
2 8 1.05  F1/ B R — m
< £ /% & B
o
o
0.5 2 é
© 18
9]
o
0.0 . ‘ . 0.95
300 400 500 600 0 15 30 60 90 120
Wavelenght,nm us time, min

Figure 3. UV-VIS spectra of DPPH/MeOH solutions containing T3 after (a) 24h, (b) 120h and

(c) 240h and (d) DPPH radical scavenging efficiea@f CNTs at different sonication times



Methanol solutions of us-CNTs/DPPH have been peghand analyzed via UV/Vis spectrometry
and the results have been compared with thosenalotdor untreated CNTs. The UV/Vis spectra of
untreated CNTs/DPPH and us-CNTs/DPPH solutionteceld after 24h, 120h and 240h are
reported in Figure 3(a-c). In the UV/Vis spectruinBPPH/MeOH solution, the typical DPPH
absorption band at 517 nm is clearly detectabld. [The intensity of this band significantly
decreases in presence of untreated CNTs, indicahag CNTs present an inherent radicals
scavenging activity towards DPPH radicals. The lasamplified by us treatment, as noticeable
looking at the progressively decrease of the bamd5&7 nm in the spectra of us-
CNTs/DPPH/MeOH. To quantify the influence of usdiran CNT trapping activity, the radical
scavenging efficiencies have been calculated aotlegl as a function of us time in Figure 3(d).
Irrespective of the reaction time, i.e. 24h, 126d @40h, the radical scavenging efficiency for us-
CNTs is higher than that of the untreated CNTs stmalvs a progressive increase as a function of
the treatment time.

In order to understand the mechanism of reactiamden DPPH radicals and CNTs, further
analyses on CNTs after the reaction have beeredaorit. As reported in theoretical studies, CNTs
can react with free radicals through two differemchanisms: electron transfer process [21] and
adduct formation [4, 22]. Concerning the first magism, in order to scavenge free radicals, CNTs
can either donate or accept electrons; for thisaeatwo possible directions must be taken into
account: from CNTSs to free radicals and vice ver$ee adduct formation mechanism involves the
CNTs wall functionalization and it was shown thaice the first radical is attached on CNTS,
further addition are increasingly feasible; in otiv®rds, the CNTs act as free radicals sponges. To
discriminate between these two phenomena, andetatifgd the mechanism which really happens
between us-CNTs and DPPH radicals, Raman analgsiv&en performed after 240h of reaction
time. After the reaction CNTs have been deeply wdshith methanol (2 ml) and then vacuum
dried at 60 °C for 1h. In Figure 4(a) and (b), tutlected spectra and calculatedld ratio are
reported. The values of/l; ratio after the reaction between CNTs and DPPHtads] are higher
than those of unreacted CNTSs; the last clearly ssiggthe grafting of DPPH on CNT sidewall.
Indeed, as well known, the CNT wall functionalipatileads to an increase of the defect content,
recognizable in the grow ofp/lg ratio values [7]. It is worth nothing thap/lg ratio values
progressively increase with us time, as the regtof CNTs against DPPH radicals increases with
increasing of structural defect content. Additiopedof about the DPPH grafting on CNT sidewall
comes from the TGA analysis, performed before dtet aeaction with DPPH radicals, see Figure
4(c). Both untreated CNTs and us120-CNTs samytes the reaction with DPPH decompose at

temperature lower than the unreacted CNTSs, prodadtause of the volatilization of DPPH grafted



on the CNT surface. The residuals at the end oattatysis were 97.1 wt.% and 96.2 wt.% for the
untreated CNTs/DPPH and us120-CNTs/DPPH samplspgectvely, whereas residuals of 99.2
and 99.0 wt.% were found for the unreacted CNTs tua partial decomposition of the bulk

material. Results coming from TGA analysis, therefandicate that about 2.1 and 2.8 wt.% of
DPPH is grafted on untreated CNTs and us120-CNdspectively, at the end of reaction. The
analyses performed on untreated and us CNTs ageaetction with DPPH radicals clearly suggest
that CNTs scavenge DPPH through adduct formatiath grafting of DPPH on CNT surface.

Furthermore, the results highlight that the CNTctiegty toward DPPH radicals is enhanced in

presence of a large amount of structural defects.

1.3
—untreated CNTs/DPPH
16007 (a) —us15-CNTs/DPPH (b)
\ us30-CNTs/DPPH -
[\ T —us60-CNTs/DPPH -
| —Uus90-CNTs/DPPH e
1.2 4 "
1200 1 us120-CNTs/DPPH e
" after reaction with DPPH __--~
& o o -
- — . ——————
o = -
E=) o] - £
g 800 | ;3 1.1 //l = before reaction with DPPH
E 2 /
i
400 A 11
0 T T T T ™ -
0.9
1200 1300 1400 1500 1600 1700 1800 .
0 15 30 60 > 90 )5 120
Raman shift, cm? us time. min
(c)
100 - =gl
h A 0
CoBma 00 o 99,2%
‘&n“o." ° 8‘8»'8‘8’-’ g-ggoad
o g 99,0%
% **%eees o e 97,1%
) ey 7.
< % LS
£ ‘...
k=g
] ]
=z % 96,2%
-B-untreated CNTs
04 | --m--untreated CNTs/DPPH
-O--us120-CNTs
--®--us120-CNTs/DPPH
92 T T T - -
0 100 200 300 400 500

Temperature,°C

Figure 4. (a) Raman spectra, ()/lg ratio and (c) TGA analysis of untreated and us €Rdafore
and after the reaction with DPPH radicals



Regarding the reactivity of CNTs toward free rallicghe radical scavenging activity of us-CNTs
against *OH radicals has been evaluated through B8&urements. The «OH/DMPO complex
exhibit a 1:2:2:1 signal, which intensity is proponal to the amount of *OH radicals in solution.
The lower is the peak intensity, the higher isah@unt of scavenged radicals, until disappearance
of the peak that indicates a complete quench of s@titals. In Figure 5, the ERS spectra, recorded
in presence of untreated CNTs and us-CNTs areeploithe peak intensity of «OH/DMPO complex
in presence of us15-CNTs is almost unchanged tadbpect of that of untreated CNTs, while
us60-CNTs and us120-CNTs lead to a remarkable logef the signal intensity. This feature
suggest that the «OH radicals in solution have liesgrped more efficiently by us-CNTSs.
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To sum up, all obtained results highlight that nestiment, being an efficient method to induce the

formation of defect sites on CNTs, can be profitaided to control the content of structural defects



by tuning the us time. Given that the content of TC@#i&fects regulates their radical scavenging
activity, the controlled us treatment allows to abtadvanced nanofillers with tailored radical
scavenging efficiency.

3.2. Anti-oxidant activity of us-CNTs in UHMWPE-based nanocomposites
The radical scavenging activity of CNTs, inducedusytreatment, has been exploited to enhance
the photo- and thermo-oxidative resistance of UHMBAHRAsed nanocomposites. Nanocomposites
thin films have been subjected to UVB exposure #uedmo-oxidation treatment and the progress
of the degradation phenomena has been monitoredghrthe analysis of the evolution time of the
FT-IR spectra, see Figures 6(a) and 7(a).
As known, the photo- and thermo- oxidation of NgBtMWPE leads to the formation of carboxylic
acids, ketones, esters and lactones, which acctionul&flects in the growth of a complex peak in
the range 1850-1600 ¢hi23]. The presence of carbon nanotubes does fettahe photo- and
thermo-oxidation mechanism of UHMWPE, bringing abtine formation of same oxidized species
[9]. Taking the bending vibration peak of the —Cat 2019 crit as internal standard, we calculated
the Carbonyl Index (CI) for neat UHMWPE and all@stigated UHMWPE-based nanocomposites
as a function of exposure time, as shown in Figafe¥ and 7(b) for photo- and thermo-oxidation,
respectively. As far as photo-oxidation behaviaiconcerned, neat UHMWPE shows a suddenly
increase of carbonyl formation, indicating that tfegradation begins in the early stage of the UVB
exposure. It is worth noting that such chemicaralions are coupled with a drastic embrittlement
of neat UHMWPE and after 216h of exposure, theyamalcannot be performed. The presence of
untreated CNTs slows down the oxidized species dtion due to their reactivity towards
macroradicals coming from polymer degradation. &hg-oxidant feature of CNTs against photo-
oxidation is significantly enhanced by us treatmantl their stabilizing action progressively
increase with us time. In particular, untreated GMfd even more us-CNTs, have a dual beneficial
effect: a significant increase of the induction dirfor the photo-oxidative degradation and a
remarkable reduction of the rate of oxidized spetdemation can be noticed. The induction time t
can be conventionally defined as the time neededCfareaches the value of 5; the estimated t
values as a function of the us time are plotteBigure 6(b), see inset. The induction time passes
from 140h for UHMWPE/untreated CNTs to 230h for UMNPE/us120-CNTs, indicating a
significant increase of the time needed for theirbegg of the oxidation process. Besides, a
progressive decrease of the slope of carbonyl irtdaxds is observed as a function of the us
treatment time, suggesting that us-CNTs are absote down the photo-oxidation kinetic after the

induction period.
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Concerning the thermo-oxidation behaviour, withr@asing the aging time, the UHMWPE/us-
CNTs nanocomposites exhibit a weakest increaskeeofdlative carbonyl peak intensity (see Figure
7(a)) than the nanocomposite containing untreatd@<C This issue can be understood considering
that the degradation rate is remarkably decreasedalthe amplified radical scavenging activity of
us-CNTs induced by us treatment. The last reflecthe trend of carbonyl index build-up curves,
highlighting that the amplified radical scavengegjivity of us-CNTs results in an enhanced anti-
oxidant activity against UHMWPE thermo-oxidativegdgdation phenomena. The calculated values
of the induction time (from 785h for UHMWPE/untredtCNTs to >1000h for UHMWPE/us120-
CNTs) are in full agreement with the results abibet photo-oxidation behaviour, since higher is

the time of us treatment on CNTSs, higher is thestrequired to trigger the degradation process.
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Figure 7. (a) Representative FTIR spectra in the carborgibre(1600-1850 cif) and (b)
calculated Carbonyl Index (Thermo-oxidation indaocttime in the inset) of neat UHMWPE and
UHMWPE/CNTs nanocomposites subjected to thermodaikid treatment

Summarizing, our results demonstrate that theciatiefects onto the CNTs surface, can represent
the key factor to modify in a controlled way thelical scavenging activity of CNTs and their anti-
oxidant action against polymer degradation phen@mein particular, polymer-based
nanocomposites with controlled photo- and thermadative stability can be obtained tuning the
scavenging ability of CNTs through a simple methsag;h as us treatment, that allows a controlled

defects formation.

4. Conclusions

CNTs have been subjected to us treatment with ithe@capitalize the structural defects induced
by sonication, to obtain nanofillers with contralleadical scavenging activity. The assessment of
us-CNTs reactivity toward DPPH and *OH radicals basn performed through UV/Vis and ESR
spectrometry and the obtained results show thaCti& radical scavenging efficiency is strictly

dependent on the content of structural defectsobl@mposites containing us-CNTs show a photo-



and thermo- oxidative resistance significantly ioy@ed with respect to that of UHMWPE/untreated
CNTs, indicating that us treatment is effective enhance the reactivity of CNTs toward

macroradicals coming from the polymer degradateactions.

In all, polymer-based nanocomposites with modulgtiedto- and thermo-oxidative resistance can
be achieved, tuning the CNT radical scavenging gntogs, which can be rationally controlled by

the ultra-sound assisted defects formation.



References

[1] Coleman JN, Khan U, Blau WJ, Gun’ko YK. Smalitbstrong: A review of the mechanical
properties of carbon nanotube—polymer compositagh@h 2006;44:1624-52.

[2] Li X, Fan Y, Watari F. Current investigation®® carbon nanotubes for biomedical application.
Biomed Mater 2010;5:022001.

[3] Shi X, Jiang B, Wang J, Yang Y. Influence ofllaumber and surface functionalization of
carbon nanotubes on their antioxidant behaviouhigh density polyethylene. Carbon 2012;
50:1005-13.

[4] Galano, A. Carbon nanotubes as free-radicalesogers. J Phys Chem C 2008;112:8922-7.

[5] Lucente-Schultz RM, Moore VC, Leonard AD, Pri&K, Kosynkin DV, Lu M et al.
Antioxidant Single-Walled Carbon Nanotubes. J Ane@hSoc 2009;131:3934-41.

[6] Dintcheva NTz, Arrigo R, Morici E, Gambarotti, Carroccio S, Cicogna F et al. Multi-
functional hindered amine light stabilizers-funatidized carbon nanotubes for advanced ultra-high
molecular weight Polyethylene-based nanocompo<itesip Part B Eng 2015;82:196-204.

[7] Zeinalov EB, KoBmehl G. Fullerene C60 as ancxmant for polymers. Polym Degrad Stab
2001;71:197-202.

[8] Watts PCP, Fearon PK, Hsu WK, Billingham NCokr HW, Walton DRM. Carbon nanotubes
as polymer antioxidant. J Mater Chem 2003; 13(3):89

[9] Dintcheva NTz, Arrigo R, Gambarotti C, CarrazcB, Filippone G, Cicogna Fet ai-
Tocopherol-induced radical scavenging activity ambon nanotubes for thermo-oxidation resistant
ultra-high molecular weight polyethylene-based rmamaposites. Carbon 2014;74:14-21.

[10] Arrigo R, Dintcheva NTz, Guenzi M, Gambaro@i Filippone G, Coiai S et al. Thermo-
oxidative resistant nanocompaosites containing nokigbrid-nanoparticles based on natural
polyphenol and carbon nanotubes. Polym Degrad Z1456;115:129-137.

[11] Jung WR, Choi JH, Lee N, Shin K, Moon J-H, S€&. Reduced damage to carbon nanotubes
during ultrasound-assisted dispersion as a restltsupercritical-fluid treatment. Carbon
2012;50:633-636.

[12] Ng CM, Manickam S. Improved functionalizatiaand recovery of carboxylated carbon
nanotubes using the acoustic cavitation approalamPhys Lett 2013;557:97-101.

[13] Koshio A, Yudasaka M, Zhang M, lijjima S. A Sitle Way to Chemically React Single-Wall
Carbon Nanotubes with Organic Materials Using Qlbracation. Nano Lett 2001;1:361-363.

[14] Park C, Ounaies Z, Watson KA, Crooks RE, Sndith.owther SE, Connell JW, Siochi EJ,
Harrison JS, Clair TL. Dispersion of single walrlman nanotubes by in situ polymerization under
sonication. Chem Phys Lett 2002;364:303-308.



[15] Harris PJF. Carbon Nanotube Science Synthéxigperties and Applications. Cambridge
University Press, 2009, UK.

[16] Shieh YT, Wang WW. Radical scavenging effiams of modified and microwave-treated
multiwalled carbon nanotubes. Carbon 2014;79:354-62

[17] Zhang X, Liu M, Zhang X, Deng F, Zhou C, Huetlal. Interaction of tannic acid with carbon
nanotubes: enhancement of dispersibility and bigeadrility. Toxycol Res 2015;4:160-8.

[18] Fenoglio I, Tomatis M, Lison D, Muller J, Feta A, Nagy JB et al. Reactivity of carbon
nanotubes: Free radical generation or scavengiingtge Free Radical Bio Med 2006;40:1227-33.
[19] Jung WR, Choi JH, Lee N, Shin K, Moon JH, S&. Reduced damage to carbon nanotubes
during ultrasound-assisted dispersion as a restltsupercritical-fluid treatment. Carbon
2012;50:633-6.

[20] Bokobza L, Zhang J. Raman spectroscopic cleniaation of multiwall carbon nanotubes and
of composites. eXPRESS Polym Lett 2012;6:601-8.

[21] Martinez A, Galano A. Free Radical Scavengiwgivity of Ultrashort Single-Walled Carbon
Nanotubes with Different Structures through Electréransfer Reactions. J Phys Chem C
2010;114:8184-8191.

[22] Ying Y, Saini RK, Liang F, Sadana AK, Billup§E. Functionalization of Carbon Nanotubes
by Free Radicals. Organic Lett 2003;5:1471-1473.

[23] Costa L, Luda MP, Trossarelli L. Ultra high lacular weight polyethylene—II. Thermal- and
photo-oxidation. Polym Degr Stab 1997;58:41-54.



