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Halloysite nanotubes with fluorinated cavity:
an innovative consolidant for paper treatment
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ABSTRACT: Hybrid material based on halloysite nanotubes (HNTs) and sodium perfluorooctanoate
(NaPF8) was used as a consolidant for paper treatment. The consolidation efficiency was determined by
thermogravimetry as well as by paper grammage determination. Morphological analysis of the treated
paper was performed by means of scanning electron microscopy while the effect of modified HNTs on
the thermal behaviour of the cellulose fibres was investigated by differential scanning calorimetry which
determined the combustion enthalpy of the paper. Water contact angle measurements were performed to
study the paper wettability. The physico-chemical properties investigated (mesoscopic structure, thermal
stability and wettability) of the treated paper were correlated successfully with the consolidation loading
and, consequently, to the affinity between the fluorinated modified HNTs and the fibrous cellulose
structure. This study proposes a new green protocol for paper consolidation based on natural tubular

nanoparticles with a flame retardant effect.
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In Cultural Heritage, the conservation of artworks
based on paper represents a significant issue for both
restorators and scientists. Deterioration of paper is
affected by the degree of hydrolytic and oxidative
reactions that occur upon aging. Moreover, the
durability of cellulose fibres depends on the intrinsic
composition/structure of the paper as well as on the
conservation conditions, such as temperature and
humidity (Havlinova et al., 2009; Jana, 2009;
Whitmore & Bogaard, 2009).

Recently, nanotechnology has been employed to
improve the quality of paper documents by reducing
their deterioration upon aging. Filling the fibrous
structure of paper with nanoparticles such as magnet-
ite, maghemite and ferrite generated materials with
unique properties and functions (Shen ez al., 2010).
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The incorporation of silver nanoparticles in the
cellulose structure induced the formation of new
devices with antibacterial performances (Tankhiwale
& Bajpai, 2009) which are essential to protect paper-
based documents over time. The addition of mont-
morillonite and halloysite nanotubes (HNTs) into the
cellulose structure improved the mechanical and
thermal properties of the paper (Soares et al., 2012;
Cavallaro et al, 2014a). Antibacterial paper with
relevant tensile performance was obtained by incorp-
orating montmorillonite into the cellulose structure
(Soares et al., 2012).

Among clay nanoparticles, HNTs are very promis-
ing because of their peculiar morphology and tunable
surface chemistry (Joussein et al., 2005). In addition,
HNTs are biocompatible and non-toxic (Fakhrullina
et al., 2015). The particles of HNTs are polydisperse
with lengths ranging between 0.1 and 2 pm, and with
external and the inner diameters of ~50 and 15 nm,
respectively (Lvov et al., 2008; Pasbakhsh et al.,
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2013). It was demonstrated that HNTs are appropriate
nanomaterials for several appealing applications such
as anticorrosive active coatings (Fix et al., 2009; Joshi
et al., 2013), sustainable packaging (Cavallaro ef al.,
2011a, 2013b; Gorrasi et al., 2014) liquid crystals (Luo
et al., 2013), drug delivery (Vergaro et al., 2012;
Shutava et al., 2014; Wei et al., 2014) and decontam-
ination (Zhao et al., 2013; Cavallaro et al., 2014c;
Makaremi et al., 2015). Filling polymeric matrices
with HNTs enhanced the thermal stability and the
tensile breaking strength of the pristine polymers
(Cavallaro et al., 2011a; Qiao et al., 2012; Lvov &
Abdullayev, 2013). Nanocomposites based on regen-
erated cellulose and HNTs showed excellent tensile
properties because of the intertubular interactions
between matrix and filler (Hanid et al., 2014).
Biocomposite films prepared via ionic liquids
(Soheilmoghaddam ef al, 2013) and an aqueous
casting method (Cavallaro et al, 2011b) revealed
well dispersed HNTs in a cellulose matrix. It was
demonstrated (Liu et al., 2013) that chitosan/HNT
nanocomposites are proper scaffolds for tissue engin-
eering. Within the Cultural Heritage field, a mixture of
beeswax/HNTs was used successfully for the consoli-
dation of waterlogged woods (Cavallaro et al., 2015).

Here, an innovative green protocol for paper
conservation was developed by using aqueous disper-
sions of modified HNTs as consolidants. In particular,
HNT lumens were functionalized selectively by means
of ionic exchange with sodium perfluorooctanoate
which is an anionic fluorinated surfactant. Previous
work (Cavallaro et al., 2014b) proved that the lumen of
HNTs modified with fluorinated surfactants showed a
good affinity towards oxygen. The resistance to thermal
degradation of the treated paper as well as the
consolidation efficiency were determined by thermo-
gravimetry (TG), which is an established technique for
the characterization of composites (Rotaru ez al., 2008;
Blanco et al., 2012), nanoclay thermal behaviour (Duce
et al., 2015a) and the diagnostics of art-work materials
(Badea et al., 2011; Duce et al., 2012, 2015b). Paper
grammage (= paper density) data were compared with
the loading results obtained by TG.

The treated papers were imaged by scanning
electron microscopy (SEM) to demonstrate the struc-
ture at the mesoscopic scale, while the wettability was
investigated by means of water contact angle measure-
ments. The effect of the consolidation on the paper
combustion was studied using differential scanning
calorimetry (DSC). The knowledge acquired repre-
sents the starting point for designing a consolidation
green protocol useful for increasing the protection
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ability and physico-chemical performance of paper
artworks.

MATERIALS AND METHODS

Materials

Halloysite (Al,Si,Os5(OH)4-2H,0O, HNT) with a
specific surface area of 65m?g~! and a specific
gravity of 2.53 g cm™ was from Sigma (Dragon Mine,
Utah, USA). Perfluorooctanoic acid (PFC8H), from
Fluka was crystallized from carbon tetrachloride and
dried at room temperature. Its sodium salts (NaPFC8)
were prepared by neutralization with an aqueous
sodium hydroxide solution. The product was crystal-
lized twice from an ice-cold solution and dried in a
vacuum oven at 60°C for 4 days before use. The paper
sample was cellulose-based from Albet® (thickness-
0.16 mm and a water capillary raise of >178 mm h™").

Preparation of f-HNTs

The modification of the lumen of HNTs with NaPFC8
was carried out as reported elsewhere (Cavallaro ef al.,
2014b). Briefly, an aqueous surfactant solution
(0.1 mol kg™") containing 0.02 g cm™> of HNTs was
prepared. After magnetic stirring for ~1 day, the solid
was separated by centrifugation and rinsed several times
with water until the surface tension of the supernatant
was close to the value of water (~72 mN m~'). This
procedure ensures that all the excess free surfactant is
removed. The solid obtained (f-HNTs) was dried at 80°C
for 1 week. The NaPFC8 loading of 0.91% was
determined by means of thermogravimetry (TG).

Paper treatment

The HNT and f-HNT aqueous dispersions (1.0 wt.%)
were prepared, sonicated for 1h and kept under
magnetic stirring overnight. The paper samples were
cut into rectangular shapes (40 mm x 8 mm) and
immersed in the aqueous mixture prepared for 24 h at
20°C. The treated samples were dried at 35°C under
vacuum. Note that the HNT loading onto the paper can
be controlled by the concentration of aqueous disper-
sions (Cavallaro et al., 2014a). A blank experiment
was carried out by treating a paper sample with water
using the same protocol as above, for the sake of
simplicity; this sample is referred to as “paper” in the
results and discussion section. Modification of the
HNT lumen as well as the paper impregnation is
presented schematically in Fig. 1.
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FiG. 1. Schematic representation of both modification of the HNT lumen and paper treatment.

Scanning electron microscopy

The morphology of nanocomposites was studied
using an ESEM FEI QUANTA 200F microscope
coupled with an energy dispersive X-ray spectrometer
(EDAX) used to determine the elemental analysis. The
sample surface was coated with gold in argon by means
of an Edwards Sputter Coater S150A to avoid charging
under the electron beam. The measurements were
carried out in high vacuum mode (<6 x 10~ Pa) for
simultaneous secondary electrons; the energy of the
beam was 25 kVand the working distance was 10 mm.
The beam exposure time for EDAX was 200 s.

Paper grammage determination

The paper samples, cut in a rectangular shape
(~40 mm x 8 mm), were vacuum dried and weighed
(+0.01 mg). The area was determined by measuring the
size with a caliper (£0.05 mm). Grammage (Gr) was
calculated for treated and untreated paper as the ratio
between the weight and the area.

Thermogravimetry

The TG experiments were performed using a Q5000
IR apparatus (TA Instruments) under a nitrogen flow of
25 cm® min~! for the sample and 10 cm> min~! for the
balance. The weight of each sample was ~5 mg. The
sample was heated from room temperature to 600°C at
a rate of 10°C min~'. The temperature calibration was
carried out by means of Curie temperatures of
standards (nickel, cobalt and their alloys). The
experiments were repeated three times on each sample.

Differential scanning calorimetry

The enthalpy (AH) of combustion under static air
conditions for paper before and after each treatment
was determined by using the TA Instruments DSC
(2920 CE) in the range from 150 to 550°C at a heating
rate of 10°C min~'. The sample mass was ~5 mg. The
calibration was carried out using an indium standard.
The reproducibility of the AH results was estimated by
repeating the experiment three times.
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Fi. 2. TG curves under nitrogen for pristine and treated paper samples. The inset reports TG curves for HNTs and
f-HNTs in a high-temperature range.

Wettability

Contact-angle studies were performed by means of
an optical contact angle apparatus (OCA 20, Data
Physics Instruments). The contact angle (8) of water in
air was measured by means of the sessile drop method
by placing a droplet of 6.0 + 0.5 uL onto the surface.
The temperature was set at 25.0°C+0.1°C for the
support and the injecting syringe. Images were
collected at a rate of 25 frames s '. The initial

contact angle value (8,) was extrapolated from the 6
vs. time (¢) trend using the procedure reported in the
literature (Cavallaro et al., 2013b). Five measurements
were carried out on each sample.

Dynamic mechanical analysis

Tensile tests were performed by means of a DMA
Q800 instrument (TA Instruments) under a stress ramp

5N e—

FiG. 3. SEM images for HNTs (left) and f-HNTs (right).
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FiG. 4. EDAX spectra of HNTs (a) and f-HNTs (b).

of 1 MPamin~" at 26.0°C£0.5°C. Tensile strength
(defined as the tensile stress at which the material
fractures (or)) and the percent elongation at break (%)
were determined. The reproducibility was checked by
repeating the experiment five times.

RESULTS AND DISCUSSION
Characterization of f-HNTs

The amount of fluorinated surfactant loaded onto the
HNT lumen was estimated from thermogravimetric
analysis (Fig. 2). The surfactant degradation step is not
clearly identified in the hybrid material because of the
low degree of functionalization of HNT surfaces, while
the mass loss occurring at ~500°C is attributed to the
expulsion of two water molecules from the halloysite
interlayer. On the other hand, the residual mass at 600°C
for f-HNTs was less than that for HNTs indicating the
presence of surfactant in the lumen of halloysite. In
particular, a surfactant loading of ~0.91% (see inset in
Fig. 2) was estimated. This value is far less than the
maximum loading ability of HNTs based on geometric
consideration (~10% of the nanoclay volume) but it
agrees with the predicted result of 0.9% for a monolayer
at the alumina—water interface, and with our previous
findings (0.86%) (Cavallaro et al., 2014b). From TG
experiments it turned out that the water loss up to 150°C,
~1%, was not influenced by the HNT modification.

The morphology of pristine and fluorinated HNTs
was investigated by means of SEM (Fig. 3). The
tubular morphology is clearly seen for both HNTs and
f-HNTs and therefore it is preserved after the
adsorption of perfluorinated surfactants. The outer
radius and the length of f~-HNTs are comparable to
those observed for the pristine HNTs samples. This
confirms that the preparation method did not cause a
separation or a selection of nanotubes based on their
size. The EDAX spectra were also recorded for HNTs
and f-HNTs. As shown in Fig. 4, the f-HNTs sample is
characterized by the fluorine and carbon peaks that
reflect the presence of fluorinated alkyl chains.

Paper treatment with HNTs and f-HNT:
efficiency and morphology

The addition of tubular nanoparticles to improve the
performance of a polymeric matrix is a well established
strategy and several aspects can influence the proper-
ties of the material obtained (Du et al., 2006; Cavallaro
et al, 2011a, 2013a). To evaluate the loading of
nanoclay into the paper samples (L%) two different
procedures were employed: (1) grammage (Gr)
determination and (2) TG investigations. The specific
mass of paper before and after each treatment is
provided in Table 1. The increase in the Gr values is an
indication of the success of the treatments. The L% can
be calculated as 100(Grr— Grp)/Grp where the
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TaBLE 1. Grammage and halloysite loading data.

Gr (gm™) L%
Paper 62.2
Paper + HNTs 67.6 8.7%; 5.9°
Paper + f-HNTs 65.2 4.8;3.5°

“From Gr data
"From TGA data

subscripts T and P refer to treated and pristine paper
samples, respectively. The results (Table 1) indicate
that the HNT loading is larger than that for f~HNTs.

G. Cavallaro et al.

The TG curves under nitrogen show that the thermal
degradation path of the paper sample is scarcely
influenced by the HNT or f-HNT presence as the onset
of the single degradation step (occurring in the
temperature range between 300 and 400°C) is
independent of the treatment (Fig. 2). Similar results
are reported for paper treatment with HNTs and
modified cellulose (Cavallaro et al., 2014a). The
residual mass at 600°C is proof of the incorporation
of nanoclay into the cellulose matrix and this has
allowed us to calculate the L% (Table 1) by using the
rule of mixtures. The L% values from TG are in good
agreement with those from Gr data. Note also that the
paper treatment does not alter the water content, being
~5% in all samples.

FiG. 5. SEM images for paper consolidated with aqueous suspensions of HNTs (a,b) and f-HNTs (c,d).
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Besides the loading of nanoparticles, another key
parameter to ensure the improvement of physico-
chemical properties is the filler distribution. Although
the amounts of HNT and f-HNT entrapped in the paper
are comparable, a different nanoparticles distribution is
observed by SEM in the treated paper samples (Fig. 5).
The pristine HNTs form mainly clusters that are
entrapped within the fibrous cellulose structure. By
contrast, f-HNTs appear more compatible with the
cellulose matrix showing a uniform distribution in
the paper structure. Furthermore, the images with the
largest magnification show that HNTs are deposited on
the surface of the paper fibres while f-HNTs are
embedded in the cellulose matrix. Such a different
morphology might be related to the different charge of
the nanoparticle, which is greater for the f-HNTs due to
the partial neutralization of positive alumina sheet charge
by the anionic surfactant (Cavallaro et al., 2014b).

Effect of HNTs and f~-HNTs on paper properties

For long-term conservation of paper-based artwork
as well as for packaging applications, the water
droplets interaction at the paper—air interface assumes
a strategic role. The wettability and water-droplet
adsorption kinetics were investigated by time-resolved
contact-angle measurements. The water contact-angle
values (0) as a function of time until the droplets are
fully absorbed by the paper are given in Fig. 6. The
paper + HNT shows no strong alteration of interactions
with the water droplet compared to untreated paper,
whilst the addition of f-HNTs not only increases the 6
values but it also slows down the water absorption. A
quantitative analysis of the 6 vs. ¢ curves can be done
by means of the following equation (Farris ez al., 2011)

0 = 0,exp(k ") (1)

where 6; is the contact angle at =0, k is a measure of

the process rate and n assumes fractional values
ascribable to the absorption (n=0) and/or spreading
(n=1) mechanism.

The best fits of the experimental 8 vs. ¢ curves
(Fig. 6) provided the fitting parameters in Table 2. The
6, changes indicate that the surface hydrophilicity
follows the order paper>paper+ HNT > paper + -
HNT. The alteration in wettability can reflect two
aspects: (1) changing the chemical nature of the surface
(Aulin et al., 2008; Jin et al., 2011); and/or (2)
variation of the surface roughness (Marmur, 2008; Liu
et al., 2010). Because the 6, of pristine HNTs is 20°
(Zhao et al., 2015), the 6, increase observed in the
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Fic. 6. Water-contact angle dependence on time for
pristine and treated paper samples. Lines are best fits
according to equation 1.

TaBLE 2. Water-contact angle results.

0; (°) k n
Paper 33+4 —6+2 1.0£0.3
Paper + HNT 42+3 —6=£2 09+0.3
Paper + f-HNT 55+5 -2.6+0.2 0.76 +£0.12

paper + HNT sample should be ascribed to the surface-
roughness improvement, which is in agreement with
SEM data. For f-HNTs the hydrophobization and the
roughness enhancement may induce synergistic effects
in obtaining a less hydrophilic paper surface. It is
interesting to note that both the rate-related constant (k)
and the exponent 7 are not altered by addition of HNTs
while f-HNTs decrease, by a factor of 2, the k value and
changes the n value. This result indicates that f-HNTs,

——— paper

==-= paper+{-HNT

o
z
8
-1
00 25 300 350 400 450 500 550
emperature / "C
FiG. 7. DSC curves under static air for pristine and treated

paper samples.
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TabLE 3. Combustion data®.

AHe (kI g™ Ton (°C) I (°C) (0
Paper 6.02 295 331 438
Paper + HNT 5.12 297 333 442
Paper + f-HNT 4.88 318 332 444

*Errors are: 4% on enthalpy and 2% on temperature.

Paper + f-HNT

FiG. 8. Images of untreated paper and of paper treated with f-HNT after: (a) 4 and (b) 8 s from the start of paper burning.

even if it is less concentrated in the paper matrix,
influences to a greater extent the paper interactions
with a water droplet.

To elucidate the effect of the paper treatments on
combustion in static air, DSC experiments were
performed under these conditions and the results are
shown in Fig. 7. Two degradation steps are highlighted
clearly at ~330 and 440°C, respectively. Based on
literature reports (Priegert et al., 2015), the first step is
related to cellulose degradation while the second is due
to slow oxidative degradation of lignin. Table 3 reports
onset temperature for the degradation process (7y,),
combustion heat (AHc) and the temperatures at DSC
peaks for each degradation step (74, 75). The T, values
demonstrate an efficient stabilization effect of f-HNTs
while HNTs alter just slightly the combustion process
of paper to higher temperatures. The flame-retardant
properties are well established by comparing the AHc
value for paper before and after treatments. The
significant decrease (>20%) indicates the thermal
stabilization of paper in the presence of f-HNTs.
Going further, the second step of the degradation is
shifted to higher temperatures and proves that

oxidation of lignin is retarded by HNTs and even
more by f-HNTs. The better flame-retardant effect of
modified nanotubes compared to pristine HNTs could
be explained by taking into account the gas entrapment
ability of f-HNTs (Cavallaro et al, 2014b). Some
snapshots of treated and untreated paper samples
during burning show the flame-retardant ability of the

stress | MPa
)

Paper

------ Paper+HNT

= = Paper+ fFHNT

0 1 2 3 4 5
strain / %

FiG. 9. Stress vs. strain curves for untreated and treated

papers.
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TaBLE 4. Tensile properties of untreated and treated papers.

o, (MPa) %
Paper 11.84+0.2 3.8+0.1
Paper + HNT 10.2+0.4 33+03
Paper + f-HNT 122+0.4 39+0.2

treatment (Fig. 8). In particular, for a specimen
(~40 mm x 8 mm x 0.16 mm) the burning rates are
roughly 5 and 3 mms~! for untreated and treated
paper, respectively.

Finally, the influence of HNTs and f-HNTs on the
tensile properties of the paper was investigated by
means of DMA experiments. Figure 9 shows the stress
vs. strain curves for both untreated and treated papers.
As observed in a previous study (Cavallaro et al.,
2014a), the addition of pristine HNTs does not affect
significantly either the o, or €% values (Table 4).
Similar results were obtained for paper impregnated
with f-HNTs (Table 4) indicating that the addition of
modified HNTs does not improve the mechanical
performance of the cellulose fibres.

CONCLUSIONS

Halloysite nanotubes with a fluorinated lumen were
prepared successfully by exploiting the ionic exchange
with a perfluorinated surfactant. The effect of addition
of HNTs and f-HNTs to cellulose-based paper was
investigated. A uniform distribution of nanoparticles
into the paper sample was achieved in all cases and the
visual aspect of the paper was not altered. The
distribution and morphology of nanotubes within the
fibres depend on the halloysite functionalization.
Halloysite nanotubes with perfluorinated lumen are
very promising materials because they confer interest-
ing flame-retardant properties on the paper due to their
gas-entrapment ability. Moreover, the wettability and
water absorption behaviour can be tuned by HNT or
f-HNT treatment.
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