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Silica nanoparticles (7 nm) were dispersed in solutions of a silane/siloxane mixture. The dispersions were applied, by brush, on four
types of paper: (i) modern, unprinted (blank) paper, (ii) modern paper where a text was printed using a common laser jet printer,
(iii) a handmade paper sheet detached from an old book, and (iv) Japanese tissue paper. It is shown that superhydrophobicity
and water repellency were achieved on the surface of the deposited films, when high particle concentrations were used (>1% w/v),
corresponding to high static (65 =~ 162°) and low tilt (6, < 3°) contact angles. To interpret these results, scanning electron microscopy
(SEM) was employed to observe the surface morphologies of the siloxane-nanoparticle films. Static contact angles, measured on
surfaces that were prepared from dilute dispersions (particle concentration <1% w/v), increased with particle concentration and
attained a maximum value (162°) which corresponds to superhydrophobicity. Increasing further the particle concentration did not
have any effect on 5. Colourimetric measurements showed that the superhydrophobic films had negligible effects on the aesthetic
appearance of the treated papers. Furthermore, it is shown that the superhydrophobic character of the siloxane-nanoparticle films
was stable over a wide range of pH.

1. Introduction

Superhydrophobic surfaces have attracted considerable atten-
tion in the last two decades because of their various potential
applications relevant to water repellency, self-cleaning, fric-
tion reduction, and antifouling [1]. Although superhydropho-
bicity has been known since the 1940s [2], the subject has been
recently revisited, as technological developments provide the
capability to study, control, and manipulate materials at the
micro- and nanoscales. In 1997, it became clear that super-
hydrophobicity in nature occurs on textured surfaces with
hierarchical micrometer and nanometer sized structures in
connection to hydrophobic surface components, for example,
the surface of the lotus leaf [3]. Since then, significant research
has focused on the fabrication of superhydrophobic surfaces,
mimicking the famous example of the surface of the lotus leaf.

Paper is an inherent hydrophilic material because of
the hydroxyl groups contained in cellulose. The inherent
hydrophilic nature of cellulose poses obvious limitations in
the use of paper, when hydrophobicity is highly demanded.
For example, water/moisture resistance of paper is important
for the packaging industry [4]. Conventional, hydrophobic
barrier coatings are sometimes not enough to meet the
requirements necessary for packaging food and drink. Super-
hydrophobic, water repellent coatings can provide enhanced
protection against water and moisture. Another potential
application of water repellent films on paper is related to
the preservation of documents and books, which is aided by
the unique antisticking and self-cleaning property. Finally,
developing strategies to control the interaction of paper
with water is important in the development of inexpensive
microfluidic paper-based devices used for different purposes



such as cell based biosensors and biochemical analytical
systems [5].

The modification of the chemical composition of the
surface is necessary to change the wettability of the water-
loving cellulosic paper (i.e., the interaction between paper
and water) to being hydrophobic. Further enhancement of
hydrophobicity to achieve superhydrophobicity implies that
the surface structure should be modified appropriately to
induce micro- and nanoscale roughness [3]. Within this
spirit, some methods were devised and suggested to pro-
duce superhydrophobic paper including chemical grafting
where the hydroxyl groups are reacted to provide cellulose
derivatives [6, 7], solution immersion and deposition [8, 9],
deposition of polymer-nanoparticle composites followed by
fluorination surface treatment [10], electrospray deposition
[11], expanding supercritical fluids [12], and, quite often,
nanoparticle deposition [13-19].

In the following, we describe an extremely simple (facile)
method to induce superhydrophobicity on paper: silica
(Si0,) nanoparticles (7 nm) are dispersed in a silane/siloxane
solution, and then the dispersions are used to coat four
types of paper by brush. The resulting coatings have super-
hydrophobic properties, provided that an appropriate con-
centration of nanoparticles was used in the dispersions. The
method presented herein has some important advantages:
(i) it is an easy, one-step method implying that the two key
parameters of superhydrophobicity, surface energy reduction
and roughness creation, are accomplished simultaneously
and not in sequence, as what happens in two-step or multiple-
step methods. (ii) It is a low cost method as it does not include
the use of any sophisticated instrumentation or expensive
materials. Furthermore, the method is very friendly to the
end user, as the siloxane-nanoparticle dispersion is applied
on paper by brush, thus implying that no specialised staft
is necessary. (iii) The method can be easily used for the
treatment of large paper surfaces. (iv) The deposited films are
transparent, as they do not affect practically the colouring
appearance of the paper substrates. (v) Finally, it is stressed
that the obtained superhydrophobicity is clearly accompa-
nied by water repellency, as evidenced by the extremely small
tilt contact angles measured on the surfaces of the produced
films.

2. Experimental Section

Silres BS-290, a solventless silicone concentrate that is
based on silane/siloxane (Wacker), was dissolved in white
spirit (SHELLSOL H, Shell Chemicals) to prepare a stock
solution of 7% wt. Silica (SiO,) particles (fumed powder,
Aldrich) with a 7nm mean diameter were dispersed in the
silane/siloxane solution in various concentrations. Disper-
sions were stirred for 20 min and applied on paper by brush.
Films were deposited with four brush strokes and were left
to cure/polymerise, according to the scheme of Figure 1, for
more than 24 h at room temperature [20], resulting in solid
networks of siloxane, enriched with SiO, nanoparticles, that
is, siloxane-particle composite films. For comparison, pure
Silres BS-290 solution (without particles) was deposited on

paper.
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FIGURE 1: Scheme of the curing/polymerization process of silanes/
siloxanes in room condition. A siloxane network (polysiloxane) is
produced under the influence of air humidity.

The aforementioned procedure was used to treat four
types of cellulosic paper: common, standard A4 size paper
(Asia Pacific Resources International Limited, April) which
is provided for printing purposes, was purchased from the
local market and used as received (modern blank paper).
On another sheet of blank paper, a text was printed using
a Hewlett Packard P3005 laser jet and used in the study
(modern printed paper). A handmade paper sheet, detached
from an old book (early 20th century) which was written in
Greek, was the third paper substrate studied and labelled “old
paper.” Finally, Japanese tissue paper, which is used in book
and paper conservation and restoration, was included and
treated as described above.

Contact angles were measured using an optical ten-
siometer apparatus (Attension Theta) and distilled water. The
reported contact angles are averages of five measurements,
which were carried out on different areas of each sample. The
variations are given as error bars. For the measurements of
the tilt angles, the tilt rate was adjusted to 1°/s. The volume of
the droplets was 8 uL.

Scanning electron microscopy (SEM; JEOL, JSM-6510)
was employed to study the surface structures of the samples,
which were coated with a thin layer of carbon. Furthermore,
SEM was used to estimate the thickness (or the amount) of
the deposited films which was around 10 ygm according to
SEM cross-sectional imaging. It is noted that this thickness
result was achieved for films deposited by brush on glass, as
the films applied on paper may penetrate the paper fibres.

Colourimetric measurements were carried out with a
Miniscan EZ (HunterLab) instrument and the results were
evaluated using the L*,a*, and b*, coordinates of the CIE 1976
scale.

In order to examine the effect of the pH of the droplet
on the wettability of the films, solutions with a wide range
of pH (0.38-13.79) were prepared using hydrochloric acid
(HCl) and sodium hydroxide (NaOH). Droplets of these
solutions were placed on siloxane-particle composite films,
which had been deposited on blank paper, and contact angles
were measured. For comparison the same measurements
were carried out on pure siloxane films (no particles).

In another brief experiment, a piece of modern blank
paper sample was coated using an airbrush system (Paasche
Airbrush) with a nozzle of 733 ym in diameter. According to
this process a siloxane-particle dispersion was deposited on
paper by spray and the wettability of the produced surface
was compared with the results obtained using the standard
deposition process with brush.
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FIGURE 2: Static contact angle (6) versus the SiO, particle concen-
tration dispersed in the siloxane solution. Films were deposited on
modern blank paper. Error bars are included.

Finally, solution of pure siloxane Silres BS-290 (no parti-
cles) was spin-coated onto glass slides. The produced smooth
surface was used to estimate the Young contact angle of the
siloxane material, which was 97°, thus suggesting that Silres
BS-290 is an inherently hydrophobic material. This was the
only use of the spin coating technique.

3. Results and Discussion

Figure 2 shows the static contact angle (65) as a function of
particle concentration for films deposited on modern blank
paper. The contact angle of the droplet placed on pure (no
particles) siloxane film was 126° and increased up to around
162° for dispersions of high particle concentration (>1% w/v).
In particular, Figure 2 shows that 0y increases initially with
particle concentration and then it is stabilized to a constant
value (~162°) obtained at, roughly, 1% w/v particle concentra-
tion. Further increase in particle concentration does not have
any significant effect on 65 which is constant corresponding
to the plateau of the curve in Figure 2. Superhydrophobicity
(@ = 150°) is achieved for particle concentration of
~0.75% w/v. The superhydrophobic character of the surface
is enhanced when the concentration increases up to 1% w/v
where it becomes saturated as it does not change by adding
more nanoparticles.

The results of Figure 2 are in agreement with previously
published studies which described the effect of nanoparticles
on the surface of polymer-nanoparticle composites [21-24].
Nanoparticles form microscale clusters which enhance the
micrometer/nanometer scale roughness of the surface. As
described in the Introduction, roughness is a key parameter
to achieve superhydrophobicity. Figures 3(a), 3(c), 3(e), and
3(g) show the surfaces of pure hydrophobic siloxane films
deposited on blank, printed, old, and Japanese papers, respec-
tively. In each of the four aforementioned SEM images, a
continuous film is shown. Some surface anomalies that can be
seen in the SEM images originated either from the roughness

of the underlying paper substrate or the film deposition pro-
cess (brush). Figures 3(b), 3(d), 3(f), and 3(h) show the sur-
faces of the composite siloxane-particle films which were pre-
pared using 2% w/v SiO, nanoparticles and were deposited on
the four aforementioned types of paper. Protruded particle-
siloxane aggregates are formed which enhance roughness at
the micrometer scale. The randomly distributed aggregates
consist of further nanostructures implying that a two-length-
scale hierarchical structure is formed on the surface, which is
responsible for the observed superhydrophobicity [3].

Figures 3(i) and 3(j) show SEM images of higher magnifi-
cations focusing on specific areas of Figures 3(g) (hydropho-
bic surface) and 3(h) (superhydrophobic surface), as indi-
cated by the dotted lines. In particular, the surface structure
of an area which exists between the protruded aggregates
(dotted line in Figure 3(h)) is revealed in Figure 3(j). The
image in Figure 3(i) is provided for comparative purposes.
The two high magnification images reveal the cellulosic fibres
of the treated Japanese paper. Furthermore, they show that
the areas which exist between the protruded aggregates in
superhydrophobic surfaces (Figure 3(j)) do not exhibit any
special structure. On the contrary, the surface structure in
Figure 3(j) is very similar to the surface morphology of
pure (hydrophobic) siloxane, shown in Figure 3(i). Conse-
quently, the morphological differences of the hydrophobic
and superhydrophobic surfaces are attributed exclusively on
the aggregates that are formed by the use of nanoparticles, as
discussed above.

Photographs of typical water droplets placed on hydro-
phobic and superhydrophobic surfaces are included in Fig-
ures 3(a) and 3(b), respectively. The diameters of the contact
areas of these droplets were measured and found to be 1.8
(Figure 3(a)) and 1.0 mm (Figure 3(b)). These values are lower
than the capillary length ™' which is the threshold above
which gravity cannot be neglected compared to capillary

forces:
=L )
Pg

where y and p are the surface tension and density of water,
respectively, and g is the acceleration due to gravity. At room
temperature (1) gives k' = 2.7 mm. This length is clearly
longer than the contact diameters of the typical water droplets
shown in Figures 3(a) and 3(b). Consequently, gravitational
effects on the measured 63 which are reported in the present
investigation can be considered as negligible.

Contact angle measurements on the four types of paper
which were covered by pure siloxane (no particles) and
siloxane-particle composite films are described in Table 1.
Interestingly, 0 reported in Table1 for pure (no particles)
siloxanes are (>120°) larger than the 97° angle measured
on pure siloxane spin coated on glass, as described in the
Experimental Section. The surface of the film deposited on
glass by spin coating is extremely smooth. However, as shown
in Figures 3(a), 3(c), 3(e), and 3(g), the surfaces of the films
deposited by brush on paper sheets exhibited roughness
that resulted in elevated 65 (>120°) according to the values
reported in Table 1.
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TABLE 1: Static (65) and tilt (6,) contact angles measured on four paper surfaces, which were covered by pure siloxane and siloxane-particle
films, corresponding to 0 and 2% w/v particle concentration, respectively.

Contact angle (°) Particle concentration (w/v)

Paper substrate

Blank paper Printed paper Old paper Japanese paper
0 0 126.4 £ 0.3 121.0 £ 0.9 126.0 £ 0.6 1222+ 0.5
2% 161.3 £ 0.8 164.7 £ 0.7 163.2 +1.1 162.0 +1.2
6, 0 10.8 £ 0.1 11.0 £ 0.3 10.9 £ 0.7 10.8 £ 0.6
2% 24+03 1.8+0.3 21+0.2 23+04

Both static (8) and tilt (8,) contact angles are included
in Table 1. The former (6;) is used to describe the hydropho-
bic/hydrophilic character of a surface which is assessed
by placing a resting water drop on a horizontal surface.
The latter (0,) is related to the water repellency/adhesion.
The terms “hydrophobicity/hydrophilicity” and “water repel-
lency/adhesion” should be carefully used. For example, the
surface of the red rose petal exhibits superhydrophobicity as
it corresponds to O > 150°, and yet at the same time, a droplet
cannot roll off even when the petal is turned upside down
(i.e., 0, tends to 180°), thus implying high droplet adhesion
[25]. On the other hand, the surface of the lotus leaf exhibits
superhydrophobic and water repellent properties, as 6 >
150° and 6, < 5° [26].

The results of Table 1 show that lotus leaf-like wettability
was induced by the nanoparticles. When pure siloxane was
deposited on the paper surfaces, relatively low (<130°) and
high (>10°) 65 and 0, were measured, respectively. However,
the wettability of the siloxane-particle films follows the
properties of the lotus leaf, as contact angles are 85 > 160°
and 6, < 3°. As silica is a hydrophilic material, it is safe to
conclude that the SiO, nanoparticles only contribute to sur-
face roughness, while it is the siloxane that is in the topmost
layer all over the surface [21, 24, 27]. That is, films pre-
pared with and without SiO, particles have similar surface
chemistry, and it is their surface roughness (Figure 3) that is
responsible for the difference in wettability observed.

According to the results of Table1, the surfaces of the
siloxane-particle films exhibit nonsticking properties, thus
implying that they can be described by the Cassie-Baxter
equation which correlates the elevated apparent static contact
angle (6") and the contact angle (6y) measured on a smooth
surface [2]:

cos” = -1+ f,(cosby +1), (2)

where f; is the surface porosity factor, that is, the fraction of
the superhydrophobic surface which is in direct contact with
water.

Using (2), the f, factors of the superhydrophobic com-
posite films can be calculated, considering that 0y is 97°,
as measured for the smooth spin coated siloxane, and 6"
corresponds to the Oy angles reported in Tablel for the
siloxane-particle superhydrophobic surfaces. For the lower
(161.3°) and higher (164.7°) values of 65 reported in Table 1 we
calculate f; = 0.06 and f, = 0.04, respectively. These values
are in agreement with corresponding measurements reported
in previous studies. For example, Basu and Kumar studied the

wettability of composite coatings which were fabricated by
incorporating hydrophobically modified silica nanoparticles
(20nm) in polytetrafluoroethylene (PTFE) [23]. Using the
Cassie-Baxter equation, they calculated that, for the super-
hydrophobic composite, f; = 0.052 [23]. Schutzius et al.
studied the wettability of polysilsesquioxane-silica composite
coatings prepared by spray casting nanoparticle dispersions.
They described the wettability of these surfaces using the
Cassie-Baxter equation and reported that f; = 0.04 [24].

The force (F) needed to start a drop moving over a solid
inclined can be calculated using the following simple formula
[28, 29]:

F = mgsin0,, 3)

where m is the mass of the droplet. Using the 0, values
reported in Table 1, we calculate that it takes 4.5 to 6.1 times
as much force to move a droplet on pure siloxane than
on siloxane-particle composite film. The lower (4.5) and
upper (6.1) limits correspond to modern blank and printed
paper, respectively. Consequently, water drops can roll oft
the composite siloxane-particle surface (water repellency)
easier compared to the pure siloxane “sticky” surface (water
adhesion).

The enhanced droplet mobility on siloxane-particle sur-
faces induced the self/easy-cleaning property, which is
demonstrated in Figure 4. The surface of a superhydrophobic
siloxane-particle film on paper was intentionally contami-
nated with red pigment particles which were easily removed
by water without leaving any stain on the treated paper
(Figure 4(a)). The same process was repeated on pure, hydro-
phobic siloxane film. The removal of the red pigment by water
was unsuccessful, as it resulted in red stains on the surface of
the treated paper (Figure 4(b)).

The angles reported in Table 1 were measured for films
deposited on paper samples with the four-brushing hand
application procedure. We report that superhydrophobicity
and water repellency were achieved for siloxane-particle films
deposited by spray. Contact angles measured for siloxane-
particle films, which were prepared using 2% w/v SiO,
nanoparticles and sprayed on blank paper, were 05 = 161.5° +
1.0 and 6, = 2.8° + 0.2. These results are extremely close
to the angles reported in Table 1, implying that the brushing
hand application procedure can be replaced by a more viable
technological process, such as spray deposition.

A protective film designed for the paper industry should
be transparent, implying that the film should not affect
the aesthetic appearance of the underlying paper substrate.
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FIGURE 3: SEM images of (a, ¢, e, and g) hydrophobic pure siloxane and (b, d, f, and h) superhydrophobic siloxane-particle (2% w/v) films
deposited on (a, b) modern blank, (c, d) modern printed, (e, f) old, and (g, h) Japanese paper. Specific areas of Figures (g) and (h) are
revealed in higher magnification SEM images in Figures (i) and (j), respectively. The image in (j) corresponds to an area that exists between
the protruded aggregates, indicated by the dotted line in (h). The area shown in (i) was randomly selected and is provided for comparative
purposes. Photographs of water drops are shown in (a) and (b).
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FIGURE 4: (a) The easy/self-cleaning process on a water-repellent surface of a siloxane-particle film on paper is demonstrated in the successive
snapshots. The film surface was intentionally contaminated with reddish particles which were removed by water. (b) The same process was
repeated on a hydrophobic siloxane film on paper. The treated paper was stained by the red particles, upon water flow.

Hence, colourimetric measurements were carried out on
paper samples, which were (i) untreated and used as received,
(ii) coated by pure siloxane (hydrophobic) films, and (iii)
coated by siloxane-particle (superhydrophobic) films. The
global colour differences (AE™) of the specimens due to film
application were calculated according to [30]

AE* = VAL*2 + Aa*? + Ab*2, (4)

where L*, a, and b" are the brightness (0 for black, 100
for white), the red-green component (positive for red and
negative for green), and the yellow-blue component (positive
for yellow and negative for blue), respectively. The results are
described in Table 2. Films, consisted of either pure siloxane
or siloxane enriched with nanoparticles, do not have any vis-
ible effect on the aesthetic appearance of modern blank and
printed paper. Colour changes recorded in these samples cor-
respond to AE™ < 3 and are therefore not visible by naked eye
[30]. Similarly, the appearance of old paper remained practi-
cally unaffected by the application of the superhydrophobic
siloxane-particle film. It is noteworthy that white silica
nanoparticles had a positive effect on the appearance of old
paper as they did reduce AE™ (=1.35) compared to the global
colour difference measured for old paper treated with pure
siloxane (=3.24). The same effect is observed for the modern
printed paper. The highest values of AE™ were recorded for
the treated Japanese paper, where AE* correspond to 4.34
and 4.80 for siloxane and siloxane-particle films, respectively.
These colour changes, however, are hardly visible by naked
eye as demonstrated in the photographs of Figure 5.

Based on the results of Table2 and Figure5, it was
concluded that the use of SiO, nanoparticles does not have
any noticeable negative impact on the aesthetic appearance
of the studied papers. On the contrary, for modern printed

and old paper, nanoparticles tend to reduce the negative
effect raised by the siloxane. Consequently, the wettability
transition from hydrophobicity, obtained with films of pure
siloxane, to superhydrophobicity, induced by using films of
siloxane enriched with SiO, nanoparticles, is not accompa-
nied by a colourimetric/aesthetic penalty.

Finally, it is interesting to note that the superhydrophobic
character of the siloxane-particle films remained unaffected
for a wide pH range of water droplets. Figure 6 shows 0O
versus the pH of droplets that were placed on a siloxane-
particle film, deposited by brush on modern blank paper.
It is shown that 6 is stable over a wide range of pH, thus
suggesting that the superhydrophobic character of the film
is stable for acidic and basic aqueous droplets. This stability
originates from the corresponding stability of the siloxane
(Silres BS-290) material as demonstrated by the results of
Figure 6, which shows also that 65 measured on pure siloxane
(no particles) is constant for a wide range of pH. A decrease
of 6 for both pure siloxane and siloxane-particle films is
observed only for extreme basic (pH = 13.79) conditions, as
shown in Figure 6.

4. Conclusions

A low-cost, simple (facile) method was presented that can be
used to induce superhydrophobicity and water repellency on
paper on a routine basis: silica (SiO,) nanoparticles (7 nm)
were dispersed in a silane/siloxane solution. After mechanical
agitation, the dispersion was applied on paper by brush. The
surface of the deposited film exhibited superhydrophobic
(s > 160°), water repellent (6, < 3°), and self-cleaning
properties, provided that the particle concentration added
in the dispersion was >1% w/v. SEM images showed that
nanoparticles resulted in the formation of surface structures
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FIGURE 5: Photographs of water droplets placed on (a) modern blank, (b) modern printed, (c) old, and (d) Japanese papers, which were
covered by siloxane-particle (2% w/v) films. A blue pigment (cobalt blue) was added in water droplets in (a) and (c). The shape of the droplets

is almost spherical indicating the superhydrophobic character of the surfaces of the siloxane-particle films. Furthermore, the photographs
demonstrate the transparency of the siloxane-particle films.
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FIGURE 6: Contact angle (6) versus the pH of drops on pure siloxane (no particles) and siloxane-particle (2% w/v) films, deposited on modern
blank paper. Error bars are included.

TaBLE 2: Colour difference (AE™) of four paper surfaces, induced by the deposition of pure siloxane and siloxane-particle films, corresponding
to 0 and 2% w/v particle concentration, respectively.

. . Paper substrate
Particle concentration (w/v)

Modern blank paper Modern printed paper Old paper Japanese paper
0 2.86 £ 0.58 2.44 £0.33 3.24+0.37 434+ 018
2% 2.93+0.29 1.57 £ 0.17 1.35+0.34 4.80 £0.21




(protruded aggregates) which provided the necessary rough-
ness to achieve superhydrophobicity.

The method was applied successfully to treat (i) modern
unprinted (blank) paper, (ii) modern paper where a text was
printed using a laser jet printer, (iii) a handmade paper sheet
detached from an old book (early 20th century), and (iv)
Japanese paper used in book conservation and restoration.

Colourimetric measurements showed that the superhy-
drophobic films had negligible effects on the aesthetic appear-
ance of the treated papers. Furthermore, it was shown that
the superhydrophobic character of the siloxane-nanoparticle
films is stable over a wide range of pH. The effect of
the nanoparticle concentration on the static contact angle
(05) was monitored. It was shown that 65 measured on
surfaces which were prepared from dilute dispersions (par-
ticle concentration <1% w/v) increased rapidly with particle
concentration and reached a maximum value (~162°) at the
concentration of around 1% w/v. Further increase in particle
concentration did not have any effect on 6.
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