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ABSTRACT: Controlling the assembly modes of different crystalline
nanoparticles in composites is important for the expression of specific
characteristics of the assembled structures. We report a unique procedure
for increasing water contact angles (CAs) of composite film surfaces via
the assembly of two different hydrophilic components, nanocellulose fibrils
and nanoclay platelets. The nanocellulose fibrils and nanoclay platelets
used have ionic groups on their surfaces in high densities (~1 mmol g™')
and have no hydrophobic surface. The increase in the CA of the
nanocellulose/nanoclay composite films was thus analyzed on the basis of
the air area fractions of their nanostructured surfaces following Cassie’s
law. The air area fractions were geographically estimated from the atomic
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force microscopy height profiles of the composite film surfaces. The CAs of the composite film surfaces were found to be well
described by Cassie’s law. Interestingly, the composite films consisting of two hydrophilic nanoelements with different shapes

exhibited CAs larger than those of the individual neat films.
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B INTRODUCTION

Structurally new composite materials composed of nanofibrillar
cellulose networks and layered silicate nanoparticles have
recently been reported.'™” Such cellulose/silicate nanocompo-
sites are nanoparticle assemblies and have a structure inherently
different from that of conventional polymer/layered silicate
(PLS) composites.® The silicate nanoplatelets within cellulose/
silicate nanocomposites are in-plane oriented and form closely
packed layered structures with the nanofibrillar cellulose. These
nanocomposites form transparent and flexible films and have
low densities of ~2 g cm™ yet exhibit a very high strength of
>500 MPa.>>° Furthermore, the cellulose/silicate nano-
composites show fire retardancy and gas barrier functions."
Both cellulose and silicate are abundantly present in nature.
Nanofibrillar cellulose can be prepared from bleached wood
pulps for paper making by mechanical disintegration in water,
which often includes chemical pretreatment of the pulp such as
enzymatic hydrolysis,9 carboxymethylation,lo and 2,2,6,6-
tetramethylpiperidinyl-1-oxyl (TEMPO)-mediated oxida-
tion."""> The resulting cellulose nanofibrils have widths and
lengths of approximately 3—20 nm and 1—2 um, respectively.
Layered silicates are found in natural clay minerals, which are
categorized into the following five groups on the basis of their
chemical compositions and higher-order structures: smectite,
illite, vermiculite, kaolinite, and chlorite.'® Representative
layered silicates used in the industrial field are montmorillonite
(MTM) and saponite (SPN), both of which belong to the
smectite group. While the platelet size of MTM (~300 nm) is
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much greater than that of SPN (~50 nm), both MTM and SPN
nanoplatelets are approximately 1 nm thick.

The water contact angle (CA) is a parameter used to evaluate
relationships between solid surfaces and water. When a solid
surface is wetted with a water droplet, the droplet competes
with the surroundin§ air to occupy a larger contact area with
the solid surface.'® The whole system then reaches an
equilibrium state, and the CA between the solid—liquid and
liquid—gas interfaces can be observed. The CA is governed by
the chemical composition and topology of the solid surface.'*'>
A large CA indicates that the solid surface has a low surface
energy or a high hydrophobicity. A common approach used to
increase CAs is chemical modification of the solid surface with
hydrophobic compounds such as alkyl ketene dimer
(AKD).">'® Another approach is increasing the roughness of
the surface; rough surfaces contain air with a CA of 180°, and
these air fractions can play a role in propping up a water droplet
from the surface.'” In fact, the hydrophobicity of a material can
be controlled by its surface morphology. It has been reported
that the CA of a lauric acid film increased from 75° to 178°
when nanoscale pins perpendicular to the film surface were
fabricated on it.'® Although these nanopins were covered with
lauric acid and were thus chemically hydrophilic, the patterned
surface contained an extremely high air fraction of 99%,
resulting in the induction of a very high hydrophobicity.
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Here we report a unique procedure for increasing the CA of
nanofibrillar cellulose/layered silicate nanocomposite film
surfaces. The nanofibrillar cellulose used in this study was
prepared from wood cellulose via TEMPO-mediated oxida-
tion.'"'* For the layered silicate, we used MTM and SPN clay
nanoplatelets, which have different aspect ratios. Not only the
TEMPO-oxidized cellulose nanofibrils (TOCNs) but also
MTM and SPN nanoplatelets have anionic groups on their
surfaces at a high density (~1 mmol g™') and have no
hydrophobic surfaces. However, the CAs of the TOCN/MTM
and TOCN/SPN composite films are significantly larger than
those of neat TOCN, MTM, or SPN films. In this study, this
astonishing phenomenon was thus analyzed on the basis of the
air area fraction of the composite surfaces, following Cassie’s
law. Cassie’s law has been used to interpret CAs in terms of
various structures of material surfaces, and its applicability or
limitation has been reported in detail by Gao and McCarthy."’

B EXPERIMENTAL SECTION

Materials. A softwood bleached kraft pulp with a water content of
80% was supplied by Nippon Paper Industries (Tokyo, Japan). The
hemicelluloses and residual lignin contents of the pulp are ~10 and
<0.1%, respectively, according to the data from the manufacturer. The
viscosity average degree of polymerization of the pulp was 1270,
measured using 0.5 M copper ethylenediamine.”®*' The pulp had been
kept in a wet state after the bleaching treatment and was subjected to a
TEMPO oxidation reaction without drying. MTM and SPN powders
were supplied by Kunimine Industries (Tokyo, Japan). The negative
charge densities of MTM and SPN nanoplatelets were 0.7 and 0.9
mmol g~ respectively, which were measured using the conductivity
titration method.”” All other chemicals were purchased from Wako
Pure Industries (Osaka, Japan) and used as received.

TOCN Dispersion. The TEMPO oxidation reaction was conducted
on the bleached softwood pulp according to a previously reported
method.® The carboxylate content of the TEMPO-oxidized pulp was
1.2 mmol g~', which was determined using the conductivity titration
method.*> The TEMPO-oxidized pulp was suspended in water (150
mL) at a concentration of 0.11% (w/v) and treated with a double-
cylinder-type homogenizer (Physcotron NS-56, Microtec, Tokyo,
Japan) at 7500 rpm for 1 min and then with an ultrasonic homogenizer
equipped with a 26 mm probe tip (US300T, Nihon Seiki, Tokyo,
Japan) operating at an output power of 210 W for 4 min. The
unfibrillated fraction (<10%) was removed by centrifugation at 12000g
for 20 min, and the supernatant was used as a TOCN dispersion
[~0.1% (w/v)]. The width and length of the TOCN thus prepared
were ~4 nm and 1.1 + 0.4 um, respectively, which were measured
from transmission electron microscopy (TEM) ima§es of 150 isolated
TOCN elements using image processing software.”

Silicate Nanoplatelet Dispersion. MTM or SPN powder (0.6 g)
was added to distilled water (30 mL) in small increments while the
mixture was stirred for 1 h. The resulting 2% (w/v) suspension was
treated with the double-cylinder-type homogenizer at 7500 rpm for 1
min and then with the ultrasonic homogenizer equipped with a 7 mm
probe tip operating at an output power of ~10 W for 4 min. The
silicate nanoplatelet dispersions thus obtained were stable and
exhibited no sedimentation by visual inspection after 1 day.

TOCN/Silicate Nanoplatelet Composites. TOCN/silicate nano-
platelet composite films were prepared according to a previously
reported method.® The 2% (w/v) dispersion of MTM or SPN
nanoplatelets (0.015—1.5 mL) was added to the 0.1% (w/v) TOCN
dispersion (30 mL) while the mixture was stirred for 1 h. The mixed
dispersion was poured into a polystyrene Petri dish that was S0 mm in
diameter and oven-dried at 40 °C for 3 days. The TOCN/silicate
nanoplatelet composite film formed on the dish was peeled off and
conditioned at 23 °C and 50% relative humidity (RH) for 1 day. The
TOCN/MTM composite films with TOCN:MTM weight ratios of
99:1, 95:5, 90:10, 75:25, and 50:50 were termed TMO01, TMO0S, TM10,
TM2S, and TMS0, respectively. The TOCN/SPN composite films

were similarly termed TSO01, TS0S, TS10, TS2S, and TSSO,
respectively.

Analyses. The CAs of 2 uL water droplets on the film surfaces
originally attached to the Petri dishes in the film preparation were
measured five times for different parts of each film at 23 °C and 50%
RH using a FAMAS DMS00 apparatus (Kyowa Interface Science).
The morphologies of the dispersed silicate nanoplatelets and the
composite film surfaces were analyzed by atomic force microscopy
(AFM) in air using a Nanoscope Illa (Veeco Instruments) equipped
with a silicon nitride cantilever tip in tapping mode. The height and
phase images of the silicate nanoplatelets were taken on flat mica
surfaces; a 0.001% (w/v) silicate nanoplatelet dispersion (S uL) was
dropped onto a freshly cleaved surface of mica (1 cm X 1 cm) and
vacuum-dried at 60 °C for 48 h before observation. Both the
thicknesses and lateral sizes of the nanoplatelets lying on the flat mica
surface were determined from the AFM height profiles of 135
nanoplatelets. The aspect ratios of the nanoplatelets were calculated
from the thicknesses and lateral sizes. Each MTM nanoplatelet having
an irregular circumference shape was regarded as a circle using image
processing software, and the circle diameter was used as the lateral
MTM size for the aspect ratio calculation. The height and phase
images of the film surfaces were taken from areas of 1 gm X 1 ym and
14 ym X 14 pm, respectively. The root-mean-square roughness (Rq)
and power spectral densities of the film surfaces were calculated from
the height profiles. The area fractions of the air on the film surfaces
were geographically calculated using the bearing analysis function of
the AFM software.***®

B RESULTS AND DISCUSSION

Morphology of Silicate Nanoplatelets. Figure 1 shows
AFM images of the MTM and SPN nanoplatelets used in this

Figure 1. AFM height images of (a—d) MTM and (e and f) SPN
nanoplatelets. Image f is a high-magnification image of the square part
in image e. (g) Phase image of image f.

study. The average thicknesses of both the MTM and SPN
nanoplatelets were 1.1 nm, suggesting that both types of
nanoplatelets were exfoliated to individual elements in the
water dispersions. The MTM nanoplatelets are irregular in
shape and have sharp edges. In contrast, SPN nanoplatelets are
somewhat circular and are very small and homogeneous in size.
The aspect ratios of the MTM and SPN nanoplatelets were 281
+ 97 and 47 + 7, respectively (Figure 2; see the Experimental
Section for the aspect ratio calculation).

Water Contact Angle. Figure 3 shows the CAs of the
TOCN/MTM and TOCN/SPN composite film surfaces that
faced the Petri dish during the film preparation. The CAs of
these composites were larger than those of the neat TOCN and
the neat silicate films. The CAs of the composites increased as
the silicate content was increased from 1 to 50% (w/w) [0.5 to
35% (v/v)]. These results show that the surfaces of the neat
TOCN and neat silicate films became more apolar after the
incorporation of the silicate nanoplatelets. However, all the
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Figure 2. Aspect ratio distributions of (a) MTM and (b) SPN
nanoplatelets.
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Figure 3. (a) CAs of the neat TOCN, TOCN/MTM, and neat MTM
film surfaces. (b) CAs of the neat TOCN, TOCN/SPN, and neat SPN
film surfaces.

elements in the composites, ie, the TOCNs and silicate
nanoplatelets, have hydrophilic ionic groups and no hydro-
phobic surface. Thus, the observed increase in the CA of the
composites should be explained in terms of surface roughness
and/or some mechanisms other than the chemical structures of
their elements. Similar results were obtained for the composite
film surfaces opposite to those facing the Petri dish during the
film preparation, but the CA values fluctuated much more,
probably because of the greater roughness of these film
surfaces. We have previously reported that both the MTM and
SPN nanoplatelets were homogeneously distributed in the film
thickness direction of the composites.™®

Surface Roughness. Figure 4 shows AFM images of the
TOCN, TMS50, and TS50 film surfaces. Nanofibrillar structures
were clearly observed in both the height and phase images of
the TOCN film (Figure 4a,d). For the TMSO and TS50
composite films, the grain boundaries of TOCNs and silicate
nanoplatelets were obscure in the height images (Figure 4b,c),
but they are clearly identifiable in the phase images (Figure
4e/f). Phase images are a helpful tool for identifying surface
elements that are difficult to observe in height images,26
although phase images are also reflected by topological
heterogeneity based on the stiffness of the material surface
and adhesion force between the cantilever tip and material
surface. The sizes of the MTM and SPN nanoplatelets in the

phase images of the composite surfaces correspond well to the
lateral sizes measured for the individual silicate nanoplatelets
dispersed on flat mica surfaces (Figure 1), suggesting that the
silicate nanoplatelets were in-plane oriented on the film
surfaces.

The root-mean-square roughness (R,) and spatial wave-
lengths were calculated from the AFM height profiles for 14 ym
X 14 pm surface areas (Figure S and Table 1). Both TOCN/
MTM and TOCN/SPN composites had R values higher than
and spatial wavelengths longer than those of the neat TOCN
film. The TOCN/MTM composites had Rq values higher than
and spatial wavelengths longer than those of the TOCN/SPN
composites. R, is a parameter that quantifies the surface
roughness of materials.””** A high R, value means a sharp
change in height in the vertical direction on the material
surface. However, R, is unable to indicate a change in height in
the horizontal direction such as the distance between two
adjacent hills. The spatial wavelengths, which are calculated
from the power spectral densities of the height images, show
the change in height in the horizontal direction.””*

Relationship between the Contact Angle and Surface
Roughness. As shown in Figure S, the CAs measured
correlated to the R, values and spatial wavelengths of the
composites; the CA increased with R; and with spatial
wavelength. However, the increases in CA were not explained

dx.doi.org/10.1021/am502701e | ACS Appl. Mater. Interfaces 2014, 6, 12707—12712
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Figure 4. AFM height images and phase images of the surfaces of (a and d) TOCN, (b and e) TMS0, and (c and f) TS50 films. The scale bars are
200 nm. The dashed lines in images e and f outline MTM and SPN nanoplatelets located on the surfaces, respectively.

a 15
) 80 | @ Contactangle 180 o
[ spatial wavelength 14 2
Ol Rq <
60 160 =
o E 133
p £l
O 40 140 & 12 §
20 120 |4 8
&

0 0 40

0 25 50
MTM content (%)

80 180 E
14 =
=
60 | {160 _ S
= I - LN
< =1 ¢
S 40t 140 {2 @
=
20 + 120 {1 S
r a
w

0 0 40

0 25 50
SPN content (%)

Figure S. R, values, CAs, and spatial wavelengths of the (a) TOCN/

MTM and (b) TOCN/SPN composite film surfaces.

solely by the R, value or spatial wavelength (Figure 6). The
correlation coefficients, or +* values, between the CAs and the
R, values or spatial wavelengths were very low (0.2—0.4). Thus,

Table 1. CAs, R, Values, Spatial Wavelengths, and Air Area
Fractions of the Neat TOCN, TOCN/MTM, and TOCN/
SPN Composite Surfaces

spatial wavelength air area fraction

CA
sample (deg)

R, (nm) (um) (%)
TOCN 50+4 101 24 £02 18+3
TM25 65+1 37%6 33+ 04 31£10
TMS0  70+3 59 + 13 3505 3+£8
TS2S 651 11%2 2.8 + 03 285
TSSO  82+9 131 2.8 + 03 38£S

the air fractions on the nanostructured surfaces should be taken
into account in explaining this phenomenon.'® Cassie’s law is
often used to explain the CAs of solid surfaces:

cos 6 = f, cos 6, + f, cos 0, (1)

where 6. is the CA of the solid surface, 0, and 6, are the CAs of
ideally flat surfaces of elements 1 and 2, respectively, f; and f,
are the area fractions of elements 1 and 2 on the solid surface,
respectively, and f; + f, = 1.>° When element 2 is air, eqlis
simplified by substituting an air CA of 180° for 8, as follows

cos = cos 6, — f._(cos 6, + 1) @)

where f,; is the area fraction of air on the solid surface.
Furthermore, when the solid element is ideally hydrophilic, 8, =
0, resulting in the following equation

cosf, = 1= 2f, ®

In this study, all the elements within the composites, the
TOCNSs and silicate nanoplatelets, were covered with ionic
groups and had no hydrophobic surfaces. Thus, the CA values
for homogeneous composite surfaces can be estimated using eq
3. Cassie’s law is valid when the chemical and morphological
structures of the surface under a water droplet are identical to
those lgt the three-phase contact line or the CA measuring
point.
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Figure 6. Relationship between the CAs and (a) R, values and (b)
spatial wavelengths of the TOCN/silicate nanoplatelet composite
surfaces. The solid lines show the least-squares approximation between
the CA and either Ry or spatial wavelength.

The area fractions of air on the film surfaces (f;) were
geographically calculated from their height profiles using the
bearing analysis function of the AFM software (Table 1).>**°
The height from the lowest position of the nanostructured
surface to a certain height on the film surface is defined as the
bearing height. The air area fraction is thus a function of the
bearing height and increases with bearing height. The real
height of the air fraction between a water droplet and the
nanostructured surface is unmeasurable. Hence, height values z;
obtained by subtracting the height profiles of the nano-
structured surface from the bearing height are assumed to be
the heights of the air fraction under the water droplet. When
height value z; at a position is positive, the position is
recognized as the air fraction in the bearing analysis.

Figure 7 shows the relationship between the CA and air area
fraction assuming that the bearing height of the film is 0.3R ..
The R, value is the difference between the highest and the
lowest positions of the nanostructured surface. The dashed line
in this figure shows the theoretical relationship described by eq
3. The best fitting of the air area fractions of the composites to
the theoretical line was observed when the bearing height was
0.3R,,,. This result indicates that the average height from the
lowest position of the composite surfaces to the water droplets
was ~0.3R,,,. The CA values had a very good correlation with
the air area fractions compared with their correlation with R
values or spatial wavelengths (see Figure 6) and almost linearly
increased with air area fraction.

It is noteworthy that the TSSO film showed an R value lower
than and a spatial wavelength shorter than yet an air area
fraction larger than those of the TMS0 film. This phenomenon
is probably related to the sizes of the silicate nanoplatelets on
the composite surfaces. Figure 8 shows three-dimensional AFM
height images of the TMS50 and TS50 film surfaces. The high-
aspect ratio MTM nanoplatelets formed large hills on the
TMS0 film surface. In contrast, the low-aspect ratio SPN
nanoplatelets formed small hills on the TS50 film surface,
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Figure 7. Relationship between the CA and air area fraction on the
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line shows the relationship described by eq 3.
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Figure 8. Three-dimensional AFM height images of the (a) TMS0 and
(b) TSSO film surfaces.

which likely gave an R, value lower than, a spatial wavelength
shorter than, and an air area fraction larger than those of the
TMSO0 film.

B CONCLUSIONS

The water CAs on the cellulose/silicate composite films were
larger than those of neat cellulose and neat silicate films and
increased with the volume fraction of silicate in the composites
from 0.5 to 35%. The surfaces of the cellulose nanofibrils and
silicate nanoplatelets used in this study were covered with ionic
groups at a high density (~1 mmol g~'). Hence, the increase in
the CA of the films was interpreted on the basis of the air area
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fraction of the nanostructured composite surfaces following
Cassie’s law. The CA values of the neat cellulose and cellulose/
silicate composite films had a very good correlation with the air
area fractions on their surfaces and were not described solely by
the root-mean-square roughness or spatial wavelength of the
surfaces.
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