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1. Introduction

Ultrahigh Molecular Weight PolyEthylene (UHMWPE) has many
interesting properties including high strength and modulus,
excellent toughness, good chemical and impact resistance, low
moisture absorption, good wave transmission, and good electrical
insulation [1—3]. However, oxidative degradation of UHMWEPE is
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one of the major drawbacks of this technical polymer, which might
prevent its use in advanced applications. As an example, superior
wear resistance, high fracture toughness and biocompatibility
enable the use of UHMWPE in joint arthroplasty, but oxidative
degradation has been often identified as a cause for implant failure
[3]. In particular, free radicals generated by radiation sterilization
or during crosslinking process (useful to improve the UHMWPE
wear resistance) can react with oxygen through a cyclic process,
leading to degradation of the polymer chains, with consequent loss
of mechanical strength and wear resistance [4—6].
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Several strategies can be pursued to improve the oxidation
resistance of UHMWPE. Post-irradiation thermal treatments can be
conducted to bring down the radical content and improve the
oxidation resistance of UHMWPE, but such a process may reduce
the strength and the toughness of polymer [7]. Anti-oxidants and
radical scavengers have been also used to reduce free radicals.
However, the use of low molecular weight stabilizing systems is
often restricted because of their possible physical loss by volatili-
zation, migration, and water extraction [8,9]. One of the possible
approaches is promoting an increase of the molecular weight of the
anti-oxidant systems, for example through the introduction of long
alkyl chains, which is the common industrial practice. On the other
hand, if the molecular weight is too high, an inadequate dispersion
of the antioxidant in the host matrix can eventually occur. The
appropriate alkyl chain length is strictly dependent on the kind and
intrinsic molecular weight of polymeric matrix, hence the formu-
lation of universal stabilizing systems is not easy. Another possi-
bility is the grafting of the stabilizing molecules directly onto the
polymeric macromolecules [10]. However, such an approach en-
visages a multi-step chemical modification way, which is hard to
control and, hence, unaffordable in industrial contexts. An inno-
vative method to immobilize low molecular weight chemicals is
their physical entrapment [11]. This approach allows to preserve
the active functionalities in the structure of the molecules, that
could be damaged through covalent linkage.

In recent years, the attention in the field of stabilizing agents
has been focused on the use of compounds coming from natural
sources because of their presumed safety and bio-compatibility
[12—14]. In particular, natural vitamins [15,16] and polyphenols
[17—19], easy available in nature, are widely studied and
considered for several environmental applications. Among others,
quercetin (Q) is a flavonoid with numerous biological activities, e.g.
anti-cancer, antiviral and antioxidant [20—22], which has disclosed
a great potential as stabilizing agent for polyolefins end bio-
polymers against both thermo-oxidation and UV radiation [23—25].
The immobilization of such a powerful molecule can be considered
a promising way to overcome drawbacks arising from their easy
volatilization at high temperatures during melt processing of
polymer matrices, as well as migration issues during the manu-
facture life-time. In particular, the physical immobilization onto the
outer surface of carbon nanotubes (CNTs) [26,27] allows to
formulate multi-functional nanoparticles having in-build rein-
forcement and stabilizing actions.

In this work an innovative approach is proposed for the
immobilization of Q molecules onto the outer surface of CNTs. The
latter have been first functionalized with long alkyl chains. In a
second distinct step, the anti-oxidant Q molecules have been
entrapped between these long chains, aiming at preserving the
integrity of active functionality of the stabilizing molecules. The so-
obtained Q-functionalized CNTs have been compounded with
UHMWPE to produce nanocomposite films, whose thermo-
oxidation behaviour has been accurately investigated. The excel-
lent thermo-oxidation resistance of the films has been explained by
invoking a synergic effect stemming from the physical interaction
between Q and CNTs, which causes a damage of the CNTs surface
providing them with radical scavenging activity.

2. Experimental part
2.1. Materials

The UHMWPE is a commercial grade purchased by Sigma-
—Aldrich. It has weight-average molecular weight 3+6 MDa, soft-

ening point T = 136 °C (Vicat, ASTM D 1525B), melting point
T = 138 °C (determinate by DSC) and density 0.94 g/mL at 25 °C.

Commercial grade (Cheap Tubes, U.S.A.) multi-walled CNTs have
been used. The main properties are: outer diameter OD = 150200
nm, inner diameter ID = 10-20 nm, length L = 10:20 pm, purity
>95 wt.%, ash <1.5 wt.%, specific surface area SSA>60 m?/g and
electrical conductivity EC > 1072 S/cm.

Lauroyl peroxide, heptane, methanol, N,N-Dimethylformamide
(DMF) and quercetin (Q), all supplied by Sigma—Aldrich, were
used as received. The Q has molecular weight 302.24 g/mol.

2.2. CNT functionalization

2.2.1. Synthesis of lauroyl-f-CNTs

The CNTs have been subjected to chemical modification to
obtain CNTs functionalised with long chain alkyl groups (lauroyl-f-
CNTs) according to the chemical pathway represented in Fig. 1.
First, 0.500 g of CNTs were added to the solution of lauroyl
peroxide (1.0 g, 2.51 mmol) in 150 mL of heptane. The resulting
suspension was then sonicated in a 2 L ultrasonic bath (power 260
W) for 15 min and left under vigorous stirring at 90 °C for 7 h. After
that, the black suspension was filtered, the solid was washed 5
times with hot dimethylformamide (DMF) and 5 times with hot
meth-anol, and it was finally dried at 80 °C overnight.

2.2.2. Immobilization/adsorption of Q molecules onto lauroyl-f-CNTs
surface

The Q molecules have been immobilized onto the outer surface
of the CNTs as follow: 0.200 g of lauroyl-f~-CNTs were added to a
solution of Q (0.100 g, 0.33 mmol) in 15 mL of THF. The resulting
suspension was sonicated in a 2 L ultrasonic bath (power 260 W)
for 30 min to allow for the entrapping of the anti-oxidant in
between the alkyl chains linked to the CNTs. Then, the solute was
filtered over a glass Buchner funnel and the black solid was dried at
105°Cfor 5 h.

2.3. Nanocomposite preparation

The UHMWPE powder and 1 wt.% of CNTs were manually mixed
at room temperature until a homogeneous black powder was ob-
tained. Then the blends were hot compacted at 210 °C for 5 min
and under a pressure of 1500 psi to get thin films (thickness less
than 100 pm) for the subsequent analyses. The pure UHMWPE film
used as reference material was subjected to the same procedure.

2.4. Characterizations

Micro-Raman spectroscopy has been performed at room tem-
perature through a Bruker-Senterra micro-Raman equipped with a
532 nm diode laser excitation and 20 mW power. Non-confocal
measurements were carried out in the range 4000—400 cm’!
with a spectral resolution between 9 and 15 cm™".

Thermo-Gravimetric analysis (TGA) was carried out using an
Exstar TG/DTA Seiko 7200 instrument with a heating rate of 10 °C/
min from 30 to 700 °C under nitrogen flow. The reported results are
the average of three independent measurements on batches
(around 5 mg) of CNTs and lauroyl-f~CNTs without and with
immobilized Q molecules. The standard deviation was about 0.4%
for each investigated sample.

ATR-FTIR analysis was performed using a Fourier Transform
Infrared Spectrometer (FTIR) (Spectrum Two FTIR spectrometer,
Perkin Elmer) equipped with a diamond crystal for surface analysis.
Spectra collected on three different batches of each sample (milli-
gramme level) were obtained by accumulation of 32 scans between
4000 and 400 cm™!, with a resolution of 4 cm™.

Rheological tests were performed using a strain-controlled
rotational rheometer (ARES G2 by TA Instruments) in parallel
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Fig. 1. Synthesis of lauroyl-f-CNTs.

plate geometry (plate diameter 25 mm). The complex viscosity (n*)
was measured performing frequency sweep tests at T = 210 °C from
10~2—10% rad/s at a maximum strain of 2.%. As proved by pre-
liminary strain sweep experiments, such an amplitude is low
enough to be in the linear viscoelastic regime. Besides, linear stress
relaxation measurements were carried out submitting the samples
to a single step strain yo = 1%, and the shear stress evolution during

time o(t) was measured to obtain the relaxation modulus
G(t) = o(t)/vo.

Transmission Electron Microscopy (TEM) observations were
performed at the Centro Grandi Apparecchiature — UninetLab,
University of Palermo. The analyses were carried out on the ultra-
thin films with thickness of about 100 nm; they were prepared via
cutting from the epoxy block with a Leica Ultramicrotome EMUCG.
The ultrathin slides of the samples were mounted on lacey carbon
films on 300 mesh copper grids and then observed using a Jeol
JEM-2100 at 200 kV.

A Fourier Transform Infrared Spectrometer (FTIR) (Spectrum
Two FTIR spectrometer, Perkin Elmer) was used to record the
infrared spectra. FT-IR analyses were carried out to infer the
advance of the degradation phenomena on nanocomposite films.
Specifically, the samples were first treated in an air oven at T = 120
°C, which is a temperature lower than the Ty, of the polymer but
high enough to accelerate the degradation processes. Then, FT-IR
spectra were collected performing 16 scans between 4000 and 500
cm’! on samples subjected to thermo-oxidation for different
exposure times. The carbonyl index (CI) was calculated as the ratio
between the carbonyl absorption area (1850-1600 cm™!) and the
area of a reference peak at about 2019 cm!. The hydroxyl index (HI)
was calculated as the ratio between the hydroxyl ab-sorption area
(3570-3150 cm™') and the area of the same reference peak. Since
the previous indices are strictly related to the degra-dation
phenomena, the progress of the latter was followed by monitoring
the evolutions of CI and HI with the thermo-oxidation time.

3. Results and discussion

3.1. Assessment of CNTs covalent functionalization and physical
immobilization of Q molecules

In order to assess the success of the covalent functionalization of
CNTs with long chain alkyl groups, Raman spectra of the CNTs
before and after chemical modification have been collected, see Fig.
2. Two prominent peaks are observed at about 1340 and 1570 cm™!;
the first is identified as defect induced disorder mode (D band),
which arises from sp? carbon samples containing structural defects.
The peak at about 1580 cm™! is the tangential mode (G band), which
is caused by the in-plane vibrational motion of the carbon atoms
[28,29]. Generally, the ratio of the Raman intensities of the D and G
band (Ip/Ig) is used as a criterion for estimating the concentration of
structural defects in CNTs: the higher the Ip/I¢ ratio, the higher the
concentration of defects [30]. The comparison shown in Fig. 2
clearly indicates that the chemical functionalization has remarkably
damaged the CNT surface. Compared with bare CNTs, the intensity
of D band of the lauroyl-f~-CNTs is significantly increased, the Ip/Ig
ratio passing from 0.478 to 1.147. In addition, the

shift of G band from 1567 cm! to 1560 cm™! is a typical feature of
chemical charge-transfer, and provides further direct evidence of
the changes occurring in the graphite structures of the CNTs due to
covalent functionalization [31].

The presence of Q molecules trapped in between the long alkyl
chains covalently linked to the CNTs surface has been investigated
through ATR-FTIR and TGA analyses. The ATR-FTIR spectra of pure Q
and CNTs without and with immobilized antioxidant molecules are
shown in Fig. 3. The ATR-FTIR spectrum of lauroyl-f~-CNTs sample
shows two peaks at 2916 and 2847 cm™! attributed to stretching
vibration of CH, e CHs groups, and a shoulder at 1362 cm™! due to
the symmetrical bending vibration of methyl groups. The ATR-FTIR
spectrum of pure quercetin shows the characteristic bands corre-
sponding to: (i) OH groups (broad peak centered at about 3200 cm”
1y; (ii) C=0 absorption (1662 cm™); (iii) bands of C—C stretching
(1618 cm™!); C—H bending (1456, 1383, and 866 cm™'); a band
attributed to the C—O stretching of the oxygen in the ring (1272 cm”
1); the region for C—O stretching (1070—1150 cm™) [32]. Such
specific bands are clearly detectable in the spectrum of lauroyl-f-
CNTs/Q, clearly revealing the presence of Q molecules in this
sample.

Additional convincing proofs of the presence of Q molecules
physically immobilized onto the lauroyl-f~CNTs surface come from
the results of TGA analysis reported in Fig. 4. Apart from the weight
loss around 100 °C, which is probably due to the loss a small
amounts of residual water in all the CNTs samples, the lauroyl-f-
CNTs sample exhibits a gradual weight loss related to the decom-
position of the alkyl chains grafted on the CNT surface. The re-
siduals at the end of the analysis were 97.3 wt.% lauroyl-f~CNTs
sample, whereas a residual of 99.1 wt.% was found for the bare CNTs
due to a partial decomposition of the bulk material. The lauroyl-f-
CNTs/Q exhibits an additional weight loss due to the volatilization
of Q molecules, which begins at about 200 °C. The residue at the
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Fig. 2. Raman spectra of bare CNTs, and lauroyl-f-CNTs.
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Fig. 3. ATR-FTIR spectra of bare CNTs, and lauroyl-f~CNTs without and with immobilized Q.

end of the analysis for lauroyl-f~CNTs/Q is about 96.0 wt.%, meaning
that about 1 wt.% of Q is physically immobilized on the CNTs at the
end of the functionalization procedure. This is in quantitative
agreement with the amount of quercetin used during CNTs
functionalization.

3.2. Rheological behaviour and morphology of nanocomposites

The rheological analysis of polymer nanocomposites provides
useful information in terms of state of dispersion of the nano-
particles. Here, linear viscoelastic measurements are used to infer
the state of dispersion of nanoparticles through the analysis of their

impact on the relaxation spectrum.

The complex viscosity (n*) curves and elastic moduli (G’) of the
neat UHMWPE and their nanocomposites are shown in Fig. 5 as a
function of frequency. The neat polymer essentially exhibits power-
law behaviour, showing signals of relaxation (plateauing of n*(w)
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Fig. 4. TGA analysis of unmodified CNTs, and lauroyl-f-CNTs without and with

immobilized Q.
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Fig. 5. Complex viscosity (a) and G’ modulus (b) of UHMWPE based nanocomposites.

The complex viscosity of the neat polymer is reported for comparison.



and drop of G'(w)) only at the lowest investigated frequencies, i.e.
over timescales of order of 21t/10~2 ~ 600 s. Such a markedly non-
Newtonian behaviour reflects the very high molecular weight of
the polymer, whose chains are so entangled to require very long
times to relax. The n* values of all nanocomposites are generally
higher than those of neat UHMWPE in the whole investigated
frequency range. However, subtle and yet significant differences
emerge when comparing the three samples. The bare CNTs have a
negligible effect, causing a mere upward shift of the n*(w) curve.
This means that the unmodified nanoparticles only have a hydro-
dynamic effect, which is typical of badly dispersed fillers. In
contrast, functionalizing the CNTs with long alkyl chains enhances
the affinity with the polyolefin matrix, and this is expected to
improve their dispersability. This is consistent with the increased
values of n* and G’ and, more importantly, with the disappearance
of relaxation processes at low frequency noticed for both the
nanocomposites containing lauroyl-f~-CNTs and lauroyl-f~-CNTs/Q.

The ability of better dispersed CNTs to hinder the polymer
relaxation processes has been confirmed with stress relaxation
measurements. The shear relaxation moduli, G(t), of the neat
UHMWPE and its nanocomposites are compared in Fig. 6. The pure
polymer and the sample filled with bare CNTs relax in ~600 s,
which is in quantitative agreement with the frequency sweep
experi-ments. In contrast, G(t) does not exhibit any sign of drop in
the nanocomposites containing the lauroyl-f~-CNTs, either with or
without immobilized quercetin. Interestingly, the latter ensures
higher moduli, which might indicate an even better filler disper-
sion. This is important for the purpose of oxidation resistance, as a
good dispersion is expected to maximize the contact with the
polymer, thus optimizing the stabilizing action of quercetin.

TEM micrographs of the investigated UHMWPE-based nano-
composites are shown in Fig. 7. The bare CNTs are not uniformly
dispersed into the polymeric matrix as suggested by rheological
analysis. The presence of long alkyl chains onto the CNTs surface
significantly improves the distribution and this feature is exacer-
bated by the presence of physically immobilized Q molecules.

3.3. Thermo-oxidative behaviour of nanocomposites

The protective action of the Q molecules immobilized on CNTs
against the thermo-oxidative degradation is investigated through
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Fig. 6. Linear stress relaxation moduli for neat UHMWPE and all CNTs-based
nanocomposites.

the analysis of the evolution time of the FT-IR spectra of the
nanocomposites during a thermo-oxidation process performed in
an air oven at 120 °C. In particular, the growth of carbonyl (CI) and
hydroxyl (HI) indices is monitored in the course of thermo-
oxidation. The CI assesses the intensity of the peaks in the range
1850—1600 cm’!, thus reflecting the formation of carboxylic acids
(1713 cm™!), ketones (1718 cm™!), esters (1738 cm™!), and lactones
(1786 cm™) in the course of degradation [33]. As far as the HI is
concerned, it refers to the hydroxyl absorption area (3570-3150

cm'1 P ; ;
on SrSt Sl ToR iR e TR AR oA oot RS
Regarding the frequency of analysis, in order to accurately monitor
the evo-lution of the degradation process at the early stage of the
thermo-oxidative treatment, FT-IR spectra were collected every 2 h
for the first 30 h of thermo-oxidation, being shown in Fig. 8 (range
1840—1600 cm™!) and Fig. 9 (range 3600—3100 cm’!). After the first
30 h, one estimate per day was carried out for about one month.

The calculated carbonyl and hydroxyl indices are reported in
Figs. 10 and 11, respectively. As shown in the enlarged zones, the
amount of the carbonyl and hydroxyl species for the neat UHMWPE
starts growing till the beginning of measurements, meaning that
degradation begins in the early stage of the thermo-oxidation
process. A kind of induction time t; can be conventionally defined
as the time needed for CI reaches the value of 5 and HI reaches 2:
for times t < t; the indices grow very slowly, while around t; a
sudden switch of the kinetics takes place, and the growth becomes
very fast reflecting the progress of degradation. It is important to
highlight that the chemical modifications, which occur during such
later stages, are coupled to a considerable embrittlement of the
material. The estimated t; values are summarized in Table 1. The
quantitative agreement between the values computed from CI and
HI indicates that both indices are suited for monitoring the
degradation of UHMWPE. The nanocomposite containing lauroyl-f-
CNTs shows slightly enhanced thermo-oxidative resistance. Such a
result can be ascribed to the well-documented anti-oxidant effect
of CNTs [34—36]. The adding of 0.1 wt.% of free quercetin results in
a considerable improvement of the thermo-oxidation behaviour of
UHMWPE. More precisely, the induction time almost triples upon
simply addition of free quercetin. This is essentially in line with
what reported in the literature [37,38]. In particular, Tatraaljai et al.
ascribed the stabilizing action of quercetin to the presence of a
large number of active —OH groups, whose are able to scavenge
both carbon and oxygen centered radicals present in polyethylene
dur-ing degradation.

On the other hand, the drastic improvement of the thermo-
oxidative resistance of the samples containing the lauroyl-f~-CNT/Q
is unexpected. A ten-fold increase of t; is noticed with respect to
neat UHMWPE. Furthermore, we also notice that the samples
containing the lauroyl-f~-CNT/Q exhibit a slower grow rate of both
CI and HI after the induction period. Quercetin molecule is known
to be efficient in the protection of the polymeric matrices against
thermo-oxidation, but the excellent stabilizing action achieved in
our samples is much higher than what one would expect consid-
ering the effect of adding Q and lauroyl-f~-CNTs separately.

Similar remarkable results were recently obtained by our
research group using CNTs bearing physically absorbed Vitamin E
molecules [26]. In that case, taking into account theoretical studies
that predict strong interaction between ascorbic acid (vitamin C)
and nicotinamide (vitamin B3) and the carbon atoms of CNTs
[39,40], the surprisingly high resistance to thermo-oxidation was
ascribed to the establishing of specific chemical interactions be-
tween VE molecules and the CNTs. In more detail, these in-
teractions induce the formation of CNT surface defects, which
promote the formation of acceptor-like localised states eventually
inducing a pronounced radical scavenging activity of the CNTs.
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Fig. 7. TEM micrographs of investigated nanocomposites.

Similar conclusions can be drawn to explain the present results.
Specifically, the radical intermediates coming from Q molecules can
interact with the CNT surface, inducing a degeneracy of the elec-
tronic system of the CNTs that breaks their mirror symmetry. As a
consequence, some carbon atoms of the CNTs outer surface change
the hybridization from sp? to sp?, resulting in lattice defects onto
the CNTs surface that induce radical scavenging activity. Increased
free-radical scavenging activity as a consequence of presence of
structural defects in the carbon lattice of CNTs is a documented

phenomenon [41], which has been also predicted by Galano et al.
through theoretical studies [42].

To sum up, the unexpected excellent thermo-resistance of the
lauroyl-f~CNTs/Q containing nanocomposites seems to be due to a
synergic effect of the natural anti-oxidant and carbon nanotubes,
i.e. strong interaction between the CNT surface and Q molecules. It
is worth noting that the simply covalent functionalization of the
CNTs with long alkyl chains, which also generate a damage of their
outer surface (see Fig. 2), is not sufficient to induce noticeable
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stabilizing action. This means that the establishing of specific in-
teractions between the Q molecules and the CNTs is strictly
required to fully exploit the stabilizing potential of the systems of
interest.

Moreover, it cannot be excluded that the proposed mechanism
is combined with the regeneration of Q via interaction with the
defected CNTs, similarly to the mechanism of synergism between
vitamin E and vitamin C [43]. If Q is added alone to the polymer it is
consumed linearly with time during the inhibition period and a fast
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oxidation occurs when it is depleted. The conservation of Q for a
longer time, that contributes to increase the UHMWPE stability, is
likely ascribed to the reduction of Q radical by the defected CNTs. Q
scavenges the polymer radicals to interrupt their propagation and
the resulting Q radical is reduced by defected CNTs to regenerate Q
(Fig. 12).

Finally, another factor that is also expected to play a role is the
degree of dispersion of CNTs. Quercetin is known to have low sol-
ubility in polyethylene [37]. Immobilizing it onto CNTs and using
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Table 1

Values of the thermo-oxidation induction time.
Sample ti @ CI =5 [h] ti @ HI = 2 [h]
UHMWPE 43 50
UHMWPE/Q 125 136
UHMWPE/CNTs 63 62
UHMWPE/lauroyl-f-CNTs 60 60
UHMWPE/lauroyl-f-CNTs/Q 565 577

the latter as nano-carriers could maximize the contact of the Q
molecules with the host matrix, allowing for a better exploitation of
their inherent anti-oxidant features.

4. Conclusions

Quercetin was physically immobilized on multi-walled carbon
nanotubes covalently functionalized with long alkyl chains (Cy4),
and the so-obtained hybrid nanoparticles were used as multi-
functional fillers to obtain thermo-oxidative stable UHMWPE
nanocomposites. The success of CNT functionalization and physical
immobilization of the Q molecules was demonstrated through
micro-Raman, ATR-FTIR and TGA analyses. Rheological analyses
carried out on nanocomposite polymer films and morphological
analysis showed that the functionalized CNTs are better dispersed
than their bare counterpart. The monitoring of the carbonyl and
hydroxyl indices via FTIR analyses confirmed that quercetin is a
good stabilizing agent for polyethylene. However, an exceptionally
high thermo-oxidation resistance was found when the Q molecules
are physically immobilized on the CNT outer surface. Such an un-
expected finding confirms recent results obtained by our group
with another natural anti-oxidant molecule such as a-tocopherol
[28], demonstrating that synergic effects set up because of specific

UHMWPE HR O
OH
= 00
HO'
(e] OH
UHMWPE—O—O- Q-O-H defected-CNTs
UHMWPE—QO—0OH Q-0 defected-CNTs-H

Fig. 12. Proposed mechanism of Q regeneration.

chemical interactions between the natural anti-oxidant molecules
and the CNT outer surface. As a result, a radical improvement of
thermo-oxidation resistance is achieved owing to the formation of
CNT surface defects, which confer marked radical scavenging fea-
tures to the nanotubes. Besides, this mechanism could be combined
with the regeneration of Q via interaction with the defected CNTs.
Finally, CNTs seem acting as efficient nano-carriers for the quer-
cetin molecules, improving the dispersion of the latter in the host
matrix in spite of their poor solubility. Overall, our results
demonstrate that physically immobilizing natural anti-oxidant
molecules on nanoparticles, and using the latter as multifunc-
tional filler for nanocomposites, is a viable route towards to pro-
duce high-performance polymeric materials.
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