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To convert cellulosic fibers to superhydrophobic fiber
product (i.e., cellulosic paper), the process concept involving
the combination of internal and surface applications of
calcium carbonate and bio-wax post-treatment was proposed
and preliminarily demonstrated. The proposed process led to
the fabrication of paper with a pronounced sticky
superhydrophobicity.

Introduction

The utilization of renewable lignocellulsoic feedstocks for the
production of materials, chemicals, and energy fits well within the
goal of a green economy. In the traditional pulp and paper industry,
the concept of converting the pulp/paper production process into an
integrated lignocellulosic biorefinery by efficient utilization of the
lignocelluloses would be strategic in upgrading/transforming the
industry. '* As an integrated component of this concept, the efficient
and value-added applications of cellulosic fibers are rather
promising. >

Cellulosic fibers are the basic materials for the production of
various paper-based materials. In this regard, the wet-end addition of
mineral fillers prior to paper-sheet formation is a common practice
for the production of printing/writing papers. The main contributions
of filler addition are cost/energy savings and improvement of critical
properties including sheet formation, brightness, opacity, gloss, and
printability/writability; '' in some sense, the development of filler
technologies for maximizing the benefits concerning the use of
fillers or enabling value-added applications is critical for the paper
industry. '*'7 On the other hand, surface engineering of cellulosic
paper by pigment coating is commercially adopted to deliver
improved surface properties. '*!° This process is particularly useful
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for the production of high quality paper grades, allowing for high
qualities in terms of print image and surface appearance.

Fiber networks are the essential skeleton of cellulosic paper
products. However, due to the hydrophilic nature of cellulosic fibers,
cellulosic paper is inherently hydrophilic. Although internal/surface
sizing is commercially used to impart hydrophobicity to cellulosic
paper, the traditional sized paper products are far from
superhydrophobic, which is defined as a water contact angle of
above 150°. 22! Rendering cellulosic paper superhydrophobic would
allow broader applications, and these paper-based products may be
used as liquid/food packages, paper-boxes/cups, cup/food plates,
4b7io-active paper, disposable lab-ware, and lab-on-paper devices. <~

Essentially, the published literature on the fabrication of
superhydrophobic paper is predominately based on surface
engineering of paper by creating a proper combination of surface
roughness and hydrophobicity, which leads to superhydrophobicity
development. In this regard, various processes have been proposed
and demonstrated, including:

®  Multi-layer deposition of polydiallyldimethylammonium
chloride and mineral particles on paper, followed by
hydrophobication post-treatment. **

®  Surface addition of emulsified bio-wax mixture, followed
by annealing post-treatment. »’

®  Surface treatment with paraffin wax dissolved/dispersed
in an ethanol/water medium. **

®  Surface treatment with fluoro-containing polymers or
silica/polystyrene-based composite. 264%4

®  Sequential surface treatments with cellulose stearoyl
ester dissolved in toluene and cellulose stearoyl ester
nanoparticles. %
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® Combining oxygen plasma etching with plasma

deposition of a hydrophilic diamond-like carbon coating.
28

®  Fluorocarbon plasma treatment of mineral-filler-
containing paper. *'

®  Surface addition of hydrophobically modified mineral
nanoparticles suspended in ethanol. %4142

®  Soaking of paper in poly(hydroxybutyrate)/chloroform
solution, followed by treatment with ethanol/water
mixture, 44

®  Surface treatment with mineral particles and cellulose
nanofibers, followed by dipping in a solution of alkyl
ketene dimer in n-heptane. 2

® Use of hydrophobic mineral particles as a coating
pigment in combination with hydrophobication post-
treatment. 47

®  Surface treatment by rapid expansion of supercritical

carbon oxide containing a crystallizing wax. *’

Differing from previous reports related to the fabrication of
superhydrophobic paper, 2****" based on the well-established
commercial practices pertaining to the production of traditional
filled/pigment-coated paper products, the simple concept of
combining wet-end filler addition (i.e., internal application of filler
particles) and pigment coating (i.e., surface application of pigment
particles) with bio-wax post-treatment for the fabrication of
superhydrophobic paper was proposed and demonstrated in this
preliminary study. It was hypothesized that wet-end filler addition
and pigment coating would contribute to paper surface roughening,
and the hydrophobication post-treatment with environmentally-
friendly bio-wax would lead to the construction of superhydrophobic
surfaces.

Materials and Methods

Materials

Bleached chemical pulp (cellulosic fibers) was supplied by
Mudanjiang Hengfeng Paper Co., Ltd, China. This pulp was refined
in a Valley beater to a beating degree of 46 °SR. The micro-sized
precipitated calcium carbonate particles (see Fig. 1) for wet-end
filler addition and pigment coating were purchased from Guangxi
Guilin Wuhuan Co., Ltd., China and Dujiangyan Calcium Product
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Fig. 1 Scanning electron microscope images of precipitated
calcium particles used for wet-end filler addition (left) and
pigment coating (right) (SEM, QUANTA 200, Japan).

China, respectively. Bio-wax (beeswax) was purchased from Hebei
Haifeng Wax Industry Co., Ltd., China. Carboxylated stryrene-
butadiene latex and alkyl ketene dimer emulsion were supplied by
Mudanjiang Hengfeng Paper Co., Ltd, China. Cationic
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polyacrylamide (Percol® 182) and bentonite (Hydrocol® AP1) were
provided by BASF (China) Co., Ltd. Sodium hexametaphosphate
and ethanol were all analytical reagents

Conversion of cellulosic fibers to superhydrophobic paper

Essentially, three sequential steps were applied for the conversion of
cellulosic fibers to superhydrophobic paper. These include paper-
sheet formation involving the wet-end addition of precipitated
calcium carbonate particles, pigment coating of the filled paper-
sheets involving the surface application of precipitated calcium
carbonate particles, and post-treatment with bio-wax.

Paper-sheet formation

In an aqueous system, cellulosic fibers and precipitated calcium
carbonate were sufficiently mixed. Alkyl ketene dimer emulsion
(dosage: 0.11 wt%) was added, and the mixture was stirred at 500
rpm for 3 min. Upon increasing the stirring speed to 1500 rpm,
cationic polyacrylamide (dosage: 0.05 wt%) was added, and the
mixture was stirred for 2 min. The stirring speed was then lowered to
500 rpm, and was stirred for 30 s. Subsequently, bentonite (dosage:
0.5 wt%) was added, and stirring was continued for another 2 min. It
should be noted that the dosages of additives (in terms of their dry
weight) were based on the total weight of cellulosic fibers and filler,
and the weight ratio of fibers to filler was 4: 1. This filler addition
level is a typical one for the current commercial production of
printing papers. Paper-sheets with a target basis weight of 90 g/m’
were prepared using a ZQJ1-B200mm sheet former (China). The wet
paper-sheets were pressed at 0.4 MPa for 5 min prior to drying (120
°C, 5 min).

Pigment coating

Two grams of precipitated calcium carbonate was added to a 100 ml
beaker containing 10 ml distilled water, followed by the addition of
10 ml of hexametaphosphate solution (0.50 wt%) and 10 ml of
carboxylated stryrene-butadiene latex dispersion (1 wt%). The
mixture was then diluted to a total weight of 30 g by adding extra
distilled water, followed by sufficient mixing with the aid of
ultrasonic treatment (130 W, 20 min). The freshly prepared aqueous
mixture was used as the coating color for pigment coating of the
paper-sheets. A simple method of dip coating (45 s) was adopted.
Upon the completion of dip coating, the paper-sheets were oven-
dried at 105 °C for 1 h.

Bio-wax post-treatment

To a 250 ml beaker, 10 g of bio-wax and 100 ml of ethanol were
added, and the beaker was sealed. Under stirring at 300 rpm, the
mixture was heated to 80 °C to allow the substantial dissolution of
bio-wax. The pigment-coated paper-sheets were then treated with
bio-wax/ethanol solution by dip coating for 2 min, followed by over-
drying at 105 °C for 1 h.

Contact angle measurements and SEM/AFM observations

Water droplets (5 ul) were dropped onto the paper surfaces, and
static contact angles were measured on a Contact Angle System
(OCA20, Dataphysics Co., Germany). Images pertaining to the
interaction of the paper with the water droplet during water contact
measurement were also collected. The morphologies of the samples
were observed by using a field emission scanning electron
microscope (SEM, JEOL, JSM-7500F) and an atomic force
microscope (AFM, Bruker, Multimode 8).
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Results and Discussion

Concept of converting cellulosic fibers to superhydrophobic
paper by combining wet-end filler addition and pigment coating
with bio-wax post-treatment

In accordance with an integrated lignocellulosic biorefinery, the
conversion of cellulosic fibers to value-added superhydrophobic
paper-based products has much potential. Differing from the
published reports, 2****" a process concept pertaining to the
fabrication of superhydrophobic paper by a combination of wet-end
filler addition, pigment coating, and bio-wax post-treatment was
proposed in the current study.

RSC Advances

and pigment coating associated with paper production; in particular,
the micro-sized calcium carbonate filler particles are used for paper
surface micro-roughening. On the other hand, the use of
environmentally-friendly bio-wax such as beeswax instead of oil-
derived materials/chemicals may facilitate the use of the product in
such occasions as food storage/packaging.

Impact of wet-end filler addition, pigment coating, and bio-wax
post treatment

For the demonstration of the proposed concept, it is essential to
evaluate the impact of the process steps involving wet-end filler
addition, pigment coating, and bio-wax post-treatment. The results
are shown in Figs. 3 to 7.

Various chemicals including wax and alkyl ketene dimer can be
used for the hydrophobication of cellulosic paper or other substrates.
However, on a flat surface, no chemical has a water contact angle of
higher than 125°. >* Thus, the combination of surface roughening

Coating pigment

Filler particles in
combination with
wet-end additives

Paper sheet

Cellulosic fibers —
ellulosic fibers formatioh

particles in
combination with
coating additives

Pigment
coating

Bio-wax
treatment

_ Bio-wax/ethanol
solution

Super-hydrophobic paper

Fig. 2 Process flow pertaining to the proposed concept of converting cellulosic fibers to superhydrophobic paper by a combination of wet-

end filler addition, pigment coating, and bio-wax post-treatment.

The process flow pertaining to the proposed concept is shown
in Fig. 2. In this concept, three key elements are essential for the
fabrication of superhydrophobic paper. The wet-end addition of filler
particles (i.e., the mineral fillers commonly used in the paper
industry) during the paper-sheet formation process followed by
paper drying leads to the construction of rough paper surface. This
micro-roughening impact can reasonably be induced by the presence
of mineral filler particles in fiber networks. *’ Subsequently, the
coating of the filled paper with pigment particles in combination
with paper drying further enhances paper surface roughness. *
Finally, hydrophobication of the rough paper surface with bio-wax
(with the aid of an ionic solvent, i.e., ethanol) ** would result in the
construction of superhydrophobic paper surface.

A feature of the proposed concept is that it is essentially based
on the well-known commercial practices of wet-end filler addition

This journal is © The Royal Society of Chemistry 2012

with hydrophobication is a prerequisite for superhydrophobication of
any substrate. In this work, bio-wax treatment of unfilled and
uncoated paper led to the construction of paper-based material with a
water contact angle of about 134° (see Fig. 3), presumably due to the
favorable surface roughening impact associated with the interaction
of bio-wax with ethanol (an ionic solvent). 43

The wet-end addition of filler particles prior to paper sheet
formation is a useful approach to modification of fiber networks. As
shown in Fig. 3, the wet-end addition of precipitated calcium
carbonate filler in combination with bio-wax treatment resulted in a
significant increase in water contact angle. A similar impact of
pigment coating was also observed. Basically, the combination of
either wet-end filler addition or pigment coating with bio-wax
treatment resulted in the fabrication of hydrophobic paper with a
water contact angle of 140 ° to 143°.

J. Name., 2012, 00, 1-3 | 3
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Fig.3 Water contact angles of paper samples : (P-1) bio-wax-
treated paper; (P-2) filled and bio-wax-treated paper; (P-3) pigment-
coated and bio-wax-treated paper; (P-4) filled, pigment-coated, and
bio-wax treated paper.
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Fig. 4 Contents of filler, coating pigment, and bio-wax in the
superhydrophobic paper (relative to the weight of cellulosic fibers in
the paper, wt%).

Interestingly, the combined use of wet-end filler addition,
pigment coating, and bio-wax post-treatment led to the fabrication of
paper with a water contact angle of about 153° (see Fig. 3). Thus, the
proposed concept was effective in converting cellulosic fibers to
superhydrophobic paper. According to mass balance analysis, the
contents of precipitated calcium carbonate particles (used for wet-
end filler addition and pigment coafing) and bio-wax, relafive to the
weight of cellulosic fibers in the paper, were about 27 wt% and
about 5 wt%, respectively (see Fig. 4).

As shown in Fig. 5, the internal and surface applications of
calcium carbonate particles resulted in significant changes in paper
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surface morphology, and the presence of these mineral particles in
combination with subsequent deposition of bio-wax might would be
favorable for superhydrophobicity development. The AFM images
shown in Fig. 6 might be indicative of the surface roughening impact
associated with the addition of mineral particles.

The interaction of water droplet with the paper showed its high
water-repellency, and the water droplet could not roll off even when
the paper was turned upside down (see Fig. 7). This indicated that
the proposed process concept led to the fabrication of “sticky”
superhydrophobic paper, which allows for easy control/manipulation
of droplets in potential applications such as those related to
microfluidics and chemical/biological assays. ***°

Fig. 5  SEM images of paper samples: (top, left) unfilled paper;
(top, right) filled paper; (bottom, left) filled and pigment-coated
paper; (bottom, right) filled, pigment-coated, and bio-wax treated
paper.

1
10 umo L

Fig. 6
(top, right) filled paper; (bottom, left) filled and pigment-coated

AFM images of paper samples: (top, left) unfilled paper;

This journal is © The Royal Society of Chemistry 2012
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paper; (bottom, right) filled, pigment-coated, and bio-wax treated
paper.

Fig. 7 Interaction of superhydrophobic paper with water droplet.

Conclusions

The process concept involving the integration of wet-end filler
addition and pigment coating with bio-wax post-treatment for
converting cellulosic fibers to superhydrophobic paper was
proposed and demonstrated. Pronounced synergistic impacts of
these three process steps were identified. The use of
precipitated calcium carbonate particles as filler/pigment in
combination with paper surface hydrophobication with beeswax
led to the fabrication of sticky superhydrophobic paper with a
water contact angle of about 153 °.
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