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Effects of Physical Treatments on the Hydrophobicity of
Kenaf Whole Stem Paper Surface Using Stearic Acid
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Kenaf (Hibiscus cannabinus L.) is a relatively new industrial crop which has been
identified as an alternative source of fiber in the papermaking industry in
Malaysia. In this study, experimental unbleached kenaf kraft paper samples were
used as a substrate to produce water-resistant paper by employing a special
coating. In the preparation of the coating formulation, commercially precipitated
calcium carbonate (PCC) was used as the filler, in addition to 0 to 0.32 w/w g of
hydrophobic stearic acid (SA). Polymer latex (PL) was added at 0.4 to 0.16 w/w g
into the coating compound to control the surface roughness of the samples. The
paper morphology was examined by employing a scanning electron microscope
(SEM). Hydrophobic kenaf kraft paper prepared in this study had water contact
angle (6) greater than 90°. Hydrophobic paper made with formulation PL4c
resulted in the highest value contact angle of 147°. The process of surface
coating by dipping increased the water contact angle and this treated paper
achieved a high hydrophobic level. For mechanical properties, the coated kenaf
paper showed decreasing tensile strength as the addition of stearic acid
increased.
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INTRODUCTION

Kenaf has received much attention as an alternative source of fiber from a pool of
different agricultural materials. Since there was a shortage of fiber from the natural forest
and increasing world demand for paper-based product, kenaf has becoming a potential
fiber source. In addition, kenaf has comparable properties among the other established
non-wood fibers such as bagasse, wheat, rice straw, and bamboo (Ashori et al. 2006).

The stem of kenaf is characterized by a thin outer layer of bast and a wood-like
inner core. The stem has almost 35-40% of its material composed of slender and long
fibers similar in length to those of southern pine and other softwood fibers. The woody
core of the stem consists of 60-65% of short fibers, similar to most hardwood fibers
(Shmulsky and Jones 2011). In a fiber morphology study on nine varieties of kenaf
planted at the Universiti Putra Malaysia, the longest fiber length of kenaf bast was found
to be approximately 2.96 mm (TK variety), while the shortest bast fiber length was 2.20
mm (V19 variety) (H'ng et al. 2009). For the core, two varieties of kenaf, V36 and NS,
yielded the longest value of 0.89 mm and the shortest value of 0.69 mm, respectively
(H'ng et al. 2009).

Kenaf has excellent physical and mechanical properties, having long bast fibers
and low lignin content. All these properties have promoted kenaf as a new fiber source
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for papermaking in the pulp and paper industry (Kaldor 1992). Magnetic paper was
successfully prepared from kenaf pulp using several methods, such as lumen loading, in
situ synthesis, and chemical co-precipitation (Zakaria et al. 2005; Chia et al. 2008). In the
same study, the authors found that increasing the loading of nano-sized ferrite particle
increased the magnetic properties of the paper. Research studies on the application of
kenaf fiber into various types of products have been carried out many years ago
(Kalaycroglu and Nemli 2006; Nishino et al. 2003; Gita et al. 2002). At present, some
studies are still ongoing, while some of the products have been successfully
commercialized. In Indonesia, Toyota has produced door trim from kenaf and
polypropylene, while Mazda has used a bioplastic material from kenaf fiber to
manufacture car interiors (Kalia et al. 2011). Paper products from kenaf fiber are used for
specialty papers, tea bags, newsprint, non-sticking paper, bank paper, and other specialty
papers (Asuncion 2003).

One of the most important properties of paper that have received much attention
by the industries and researchers nowadays is the resistance of the product to moisture or
water. Paper exhibits hydrophilic properties. It absorbs water from the environment either
when exposed to high humidity or when in contact with food with high moisture content.
Absorption of water by the paper decreases its physical and mechanical properties (Rhim
2004). Generally, material surface is classified as hydrophilic if the contact angle is less
than 90". When the contact angle higher than 90, the surface is called hydrophobic, and
when the contact angle is greater than 150", the surface is called superhydrophobic
(Kumar 2010).

Physical surface treatment, such as coatings is one of the methods used to produce
paper with better resistance towards moisture or water penetration. Various studies have
been conducted by researchers using various materials in coating formulating of paper
(Wang et al. 2011; Butkinaree et al. 2008; Rhim et al. 2006). Butkinaree et al. (2008)
gelatinized starch matrix with 1-3% stearic acid at 75 °C to produce biodegradable
paperboard for food packaging. Rhim et al. (2006) studied the effect of biopolymers,
such as alginate and soy protein, on the mechanical and water resistance properties of
corrugated paperboard. Wang et al. (2011) improved the water repellency of the base
paper by using two silane-based sol-gel coatings. A thin coating layer formed on the
surface of the paper clearly changed the surface properties and improved its
hydrophobicity. Precipitated calcium carbonate (PCC) incorporated with fatty acid is an
example of a well-known coating formulation, which provides hydrophobic properties to
the base material (Rothon 2003).

Wang et al. (2010), developed hydrophobic calcium carbonate particles by
treating them with dodecanoic acid. The authors found that 40 °C and 4:1000 molar ratio
of dodecanoic acid to Ca** was the optimum condition to synthesize calcite nano-
particles via the carbonation method. The optimum condition yielded calcium carbonate
with a higher water contact angle. Hu and Deng (2010) modified PCC using oleic acid.
Increasing the oleic acid content in the PCC gave the maximum value for the advancing
water contact angle. The optimum content of oleic acid has been found to be 2.1 wt5%,
resulting in a 164 advancing water contact angle. In the other study conducted by Jiang
et al. (2006), they found that thermoplastic polyurethane (TPU) reinforced with nano-
particle calcium carbonate (NPCC) coated with stearic acid demonstrated an increase of
tensile strength with the addition of NPCC, but the poor dispersion of NPCC may limit
the mechanical improvement of the TPU-based composite.
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Several studies have been conducted regarding the development of paper-based
products from kenaf fiber, but most of them only focused on the elementary process in
papermaking, such as pulping, bleaching, and beating (Ashori et al. 2008; Villar et al.
2008; Mehta et al. 2003). However, there has been little work on the application of
coating to kenaf paper. Studies have been carried out on the coating of filter paper,
linerboard, and paperboard made from hardwood fiber (Ford et al. 2009; Butkinaree et al.
2008; Kiuberis et al. 2005; Rhim et al. 2004). The main purpose of this present study is
to study the effect of physical treatment on the surface hydrophobicity of whole stem
kenaf paper. The physical treatment was conducted by applying a coating mixture onto
the paper’s surface. The tensile strength of the experimentally manufactured coated paper
was also investigated to better understand the impact of the product on paper strength.

EXPERIMENTAL

This study has taken into consideration the method reported earlier by Hu et al.
(2009). However, in line with the objectives of the research, several modifications were
made, which included the type of base paper, the parameters of stearic acid (SA),
polymer latex (PL) used, the drying method, and the duration of paper drying.

Materials

Kenaf variety V36 stalks were collected from the plantation site of the National
Kenaf and Tobacco Board (NKTB), Bachok, Kelantan, Peninsular Malaysia. Precipitated
calcium carbonate (PCC), namely Albacar® HO, was supplied by Solvay Chemical
International, France. The PCC was used as the inorganic filler component in the coating
formulation. Acronal NX 4787 X, polymer latex emulsion, was supplied by BASF
Indonesia. The polymer was added into the coating formulation as binder. Stearic acid
and potassium stearate were purchased from Peter Greven Asia Sdn. Bhd.

Methods
Preparation of base paper

Base paper for coating purpose was prepared using kenaf kraft pulp. Prior to
cooking, the green kenaf stalks were chipped to 2-3 cm in length and about 0.5 cm in
thickness using Mini-Chipper machine. The kenaf chips were dried to 10-15% moisture
content in order to avoid any fungal attack. The cooking was carried out in a cooking
digester using kraft pulping method with 17% alkali active and 25% sulphidity. About
300 g (oven-dried) whole stem kenaf was placed into the digester vessel. The ratio of
kenaf chips to cooking liquor was 1:7. The cooking temperature was 170 °C for 2 h, in
addition to a 1 h heat-up to cooking temperature. Once cooked, the unbleached kenaf
pulp was washed, screened, and centrifuged. The unbleached pulp was then beaten at 500
revolutions using PFI Mill. The unbleached handsheets were prepared in accordance to
TAPPI Standard method T 205. These papers were conditioned at temperature of
23%£1 °C and relative humidity of 50£2% for 24 h in accordance to TAPPI Standard
method T402 sp-08.
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Preparation of Coating Formulation

In preparing coating formulations, 40 g of PCC and 90 mL of distilled water were
added into every mixture. The percentages of SA and PL were measured based on the dry
weight of the PCC. In this study, an amount of 0, 0.4, and 0.8% of SA was used. The
suspension containing SA and PCC was stirred for 30 min at 75 °C. After cooling down
to room temperature, the PL was added into the suspension. This suspension was stirred
for 30 min with agitation. The percentage levels of PL chosen were 1, 2, 3, and 4%.

Preparation of Coated Papers

The coating suspension was applied onto the surface of the base kenaf kraft paper
using a roller coater. The coated paper was air-dried for 60 min before immersing into a
container of potassium stearate (PS) suspension of 0.0015 mol/L for 3 min. The
immersion process in the PS suspension was called treatment stage. The treatment was
expected to improve the hydrophobicity of the coated paper. After treating the paper with
PS, the coated paper was rinsed with distilled water at 75 °C. This stage was carried out
mainly to remove excess stearate salt presence at the paper surface. The coated paper was
air-dried for another 60 min prior to paper testing.

Characterization of Coated Paper

The coated paper was characterized by its physical, mechanical, and
morphological properties. The physical properties also encompassed water contact angle
(WCA) measurement and paper roughness. The WCA was measured using FECA
Contact-Angle Meter, while paper smoothness was carried out in accordance with TAPPI
Standard Method T 535 um-91. The mechanical property included tensile strength, which
was measured using a Buchel-Van Der Korput Horizontol tensile tester. The test was in
accordance with TAPPI standard method T 949 om-01. The paper morphology focused
on the distribution of PCC particles on the paper surface. A SEM Carl Zeiss Model
1450VP with variable pressure was used for this purpose.

RESULTS AND DISCUSSION

Effect of Dipping Treatment on the Water Contact Angle Value

The untreated samples exhibited hydrophobic surfaces with WCA > 90° as shown
in Table 1. However, the value increased after treating the coated papers by dipping them
into PS solution. Dipping is a type of physical treatment approach used for coating (Hu et
al. 2009). The dipping treatment allowed the stearate salt to adsorb onto the paper fibres
and also onto the polymer thin layer. These adsorptions resulted in a paper surface that
was more hydrophobic (Hu et al. 2009). Thus, it was proven that dipping is an important
treatment in enhancing and increasing paper hydrophobicity. Potassium stearate is an
organic salt made from a long-chain of fatty acid. As shown in Fig. 1, PS consists of two
distinct regions; carboxyl head, which is hydrophilic, and hydrocarbon tail, which is
hydrophobic (Yves 2007). The hydrophilic head of the stearate salt attaches to the surface
of kenaf fibres and the PCC particles, while leaving the hydrophaobic tail oriented towards
the air. Therefore, the response has improved the hydrophobic behavior of the coated
paper. In other words, by conducting the dipping treatment, the stearate salt adsorbed
onto the kenaf fibres and covered the spaces between the PCC particles. Excessive PS
beyond the saturated adsorption could also decrease the WCA value. As shown in Table
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1, the highest WCA value is achieved by 4c either before or after dipping treatment
followed by 2c; however, the coating layer of these samples were observed to be easily
peeled from the base paper. This might not be a good result for manufacturing purposes.
Due to the good hydrophobic properties, the whole paper samples were treated using the
dipping method.

Table 1. Effect of Dipping Treatment on the Contact Angle of Coated Paper

Formulation*  Percentage of  Percentage of Water contact Water contact
SA** pPL** angle of coated angle of coated
(%) (%) paper and treated paper

) ©)
2a 0 1 135 137
2b 0.4 1 126 130
2c 0.8 1 135 143
4a 0 2 134 141
4b 0.4 2 130 143
4c 0.8 2 139 147
6a 0 3 114 120
6b 04 3 128 143
6¢C 0.8 3 124 143
8a 0 4 129 133
8b 0.4 4 132 136
8c 0.8 4 123 136

* Every formulation contained 40 g oven-dry weight of PCC
**Based on 40 g oven-dry weight of PCC

Carboxyl group

Hydrocarbon group @) O-
_.A'A"-q._

Fig. 1. Chemical structure of potassium stearate (PS) consists of carboxyl (hydrophilic head) and
hydrocarbon (hydrophobic tail)

Effect of Stearic Acid Addition on the Hydrophobicity of Kenaf-Coated
Paper

In this section, the samples are grouped based upon the different amount of SA.
Hence, the effect on the addition of stearic acid (SA) towards the paper’s hydrophobicity
was studied. All samples prepared in the experiment are categorized as hydrophobic
paper due to its >90° WCA value, as shown in Fig. 2. The same increment trend can be
seen in the four series of samples. The degree of WCA slightly increased with the
increasing amount of SA which can be seen in 2a, 2b, and 2c. The same trends of WCA
results are also found for the series of samples 4, 6, and 8. This result proves that SA
offers significant benefits in the processing and properties of coated paper such as
reducing high surface energy and decreasing agglomeration of particles like PCC (Osman
et al. 2004).
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After increasing a certain dosage of SA, the efficiency of WCA is observed
stagnant as in samples 6¢ and 8c. It is believed that the formulation contains 0.4% SA at
3 and 4% of PL and is sufficient enough to achieve such water repellent property.

The highest WCA is 147°, performed by sample 4c in which the formulation
contained 40 g PCC, 0.8% SA, and 2% PL. The image of water droplet on the paper
surface is shown in Fig. 3. The droplet is observed having minimum contact with the
paper surface, thus providing the least wetting effect. It tends to form a round shape
rather than spread out over the area of the surface. As reported by Mittal (2009), the
water droplet exhibited more internal cohesion than adhesion to the surface, and thus
easily rolled off the hydrophobic paper surface. It tends to limit the contact area between
the droplet and the surface of base paper.
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Fig. 2. Effect of SA on the measurement of WCA for the coated and treated paper

Fig. 3. Image of a water droplet that formed WCA 147° on the coated and treated paper surface
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Grisham and Garrett (2005) depicted the chemical structure of SA, which
encompasses a hydrophilic head and hydrophobic long tail, as shown in Fig. 4. In the
coating suspension, the SA is expected to absorb onto the PCC surfaces, as illustrated in
Fig. 5. Hu et al. (2009) elucidated the hydrophilic carboxyl group, which refers to the
head of SA, will be bonded to the surface of the PCC to form monolayers of stearate salt
molecules. Meanwhile, the hydrophobic hydrocarbon group, which refers to the long tail
of SA, will be oriented perpendicular to the surface (Hu et al. 2009). Shi et al. (2010,
2011) reported that the surface of PCC was positively charged, and it can be attracted to
the fatty acid which is negatively charged. The attachment of SA to PCC can be further
described from a study performed by Osman et al. (2004). The authors modified the
calcium carbonate particles by using SA in the interaction between the filler with
polydimethylsiloxane (PDMS). An ultra-thin layer of hydrophobic alkyl chains is
detected which is formed and chemically bonded to the filler surface.

Hydrophilic head
—M

Hydrophaobic tail 0 OH
A
W

Fig. 4. Chemical structure of stearic acid (SA) which consists of a hydrophilic head and
hydrophobic tail (adapted from Grisham and Garrett 2005)

« Stearic acid
« PCC

< Base paper

Fig. 5. A schematic diagram of hydrophobic principle as explained by Hu et al. (2009)

Effect of Polymers Latex on Coated Paper

This section reports on the hydrophobicity performance of paper towards the
amount of PL added. Therefore, the samples are grouped based on the percentage of SA
addition in the coating formulation. In order to further understand the efficiencies of the
PLs, these samples are compared among 0, 0.4, and 0.8% of SA addition. The application
of coating formulation onto all samples composed of PCC, SA, and PL apparently
showed good resistance to water (Fig. 6). This statement is based on the result that the
WCA was greater than 90°. However, the WCA value slightly decreased after the
addition of PL at 4%. This can be seen from samples 8a, 8b, and 8c. Meanwhile, six out
of the twelve samples had excellent WCA values (>140°), labeled as 2c, 4a, 4b, 4c, 6b,
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and 6¢. These samples showed outstanding hydrophobicity properties. In fact, sample 4c
closely reached superhydrophobic value (i.e. >150°). This might be due to the high
surface roughness, which enhanced the coating process (Table 2). Higher surface
roughness can be obtained from the presence of PCC, which spread onto the paper
surfaces with the aid of PL. The highest contact angle is achieved by sample 4c, while 6a
showed the lowest angle. As for sample 4c, the filler particle adhered together with the
presence of polymer latex. The addition of PL on samples 6¢ and 8c possess better
adhesion between the filler particles. However, PL has created smoother surface on the
coated paper which resulted in lower contact angle. The presence of a minimum amount
of PL produced a rougher surface; this result is comparable to that reported by Alava and
Niskanen (2006), in which the authors found that the presence of latex in the coating
formulation kept the coating particles together.

Samples with 0% SA, which are namely as 2a, 4a, 6a, and 8a, passed the standard
values requirement for hydrophobic paper. This means that the presence of PL is the
prime factor in obtaining hydrophobic properties for the papers. The PCC is known as
hydrophilic filler. However, the combination of PCC with PL furnishes hydrophobic
behavior to the coated paper. The contact angle of the coated paper might rise to € >90°
even without or with low percentages of SA in the coating formulation. Holix (2006)
reported that the incorporation of unsaturated carboxylic acid during the carboxylation
process of the latex make these polymers highly hydrophobic compared to other coating
components. Zhu et al. (2008) found that polystyrene-butyl acrylate (PSBA) showed
hydrophobic properties on hanocomposites, which was probably due to the formation of
hydrophobic cross-linking on the PSBA structure. Wang et al. (2007) also reported the
changes in wettability of a colloidal crystal film from hydrophilic to super-hydrophobic
by introducing different ratios of styrene-n-butyl acrylate (nBA/ST) at different
temperatures.
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Fig. 6. Effect of PL on the measurement of WCA for the coated and treated paper
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Effect of Stearic Acid and Polymer Latex on Paper Roughness and Tensile
Strength

Roughness test was conducted in order to measure surface roughness of coated
paper. In other words, the regularities acquired from paper surface were determined.
Higher value of roughness indicates a rougher paper surface. Zachary and Bushon (2006)
reported that the larger solid-liquid interface area and net energy of rough surface are
responsible for the increase of contact angle for the hydrophobic surface. Wenzel (1949)
revealed that a base substrate obtaining WCA, 6 < 90 ° may be produced from a smoother
surface. Due to the smoother surface, the water droplet is reluctant to form a spherical
shape. It then tends to wet the paper surface. Meanwhile, the WCA 6 < 90 ° may refer to
a rougher surface. This statement is similar to Rios et al. (2007) who also showed that a
higher degree of roughness gave a higher water contact angle. In the case of producing
water-resistant paper, the paper surface roughness is proven as one of the dominant
factors that contribute to hydrophobicity.

The decreasing surface roughness may be due to the action of PL in inducing
more aggregates of PCC to attach on the fibres and also to fill in the voids between the
fibres. The enormous amount of PCC that attached on and between the fibres may result
in lowering the paper surface roughness. This phenomenon can be seen from the
roughness value of 6¢ and 8c in Table 2.

Table 2. Roughness and Tensile Index of Coated and Treated Paper

Formulation Roughness Tensile Index
(mL/min) (mN.m?/g)
2a 2525 26.03
2b 2675 20.89
2c 2525 20.79
4da 2300 26.59
4b 2300 25.21
4c 2525 19.09
6a 2667 25.54
6b 2600 19.26
6c 2480 15.63
8a 2675 24.66
8b 2750 23.56
8c 2575 21.98

Figure 7 illustrates the amplified micrograph images of the distribution of PCC
particles on the kenaf base paper. Figure 7 (a-d) represents samples 2c, 4c, 6¢, and 8c.
The parameter that differs among these samples is the content of PL added during stock
preparation. The filler particles in 2c and 4c did not uniformly cover the paper surface as
compared to samples 6¢ and 8c. The nonuniformity of PCC distribution is an advantage
to the water resistance properties of 2c and 4c. Therefore, the paper roughness was higher
than sample 6¢’s as stated in Table 2. According to Liu et al (2006), in order to attain
higher hydrophobicity of the paper surface, researchers usually create a rougher surface
followed by modification with material of lower surface energy.
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Fig. 7. The distribution of PCC particles on the coated and treated paper surfaces at 1, 2, 3, and
4% PL and 0.8% SA

Tensile strength is an important mechanical property of paper. Referring to Table
2, the increasing content of SA led to a decrease in tensile strength. In Fig. 8, the
micrograph observed via SEM clearly exhibits two distinct layers of coating and the
kenaf base paper. The reduction in tensile strength for the coated and treated papers is
probably due to the dimensional changes of the kenaf base paper and the coating
formulation layers. During the coating process, the presence of moisture or water in the
coating formulation was attracted to the kenaf base paper. Thus, this resulted in the water
absorption which has disrupted the inter-fiber bonds of the base paper. Krotcha and Han
(2001) found that the penetration of water or solvent in paperboard decreased the tensile
strength due to the swelling of the fibres. They also found that the decrease in the
interaction force between the cellulose fibres of the coated paper resulted from the
interference of the coating material, thereby reducing the tensile strength of the sample.
Husband et al. (2010) reported that the presence of moisture could disrupt the interface
between the binder and pigment. In their study, they used kaolin and PCC as the chosen
pigments which are dispersed with sodium poly(acrylate). However, the weakening
condition is temporary due to the wetness and is related to the rate of absorption of water
by the coating materials. Osman et al. (2004) observed that excessive amounts of stearic
acid in LDPE-CaCO3 composite reduce its tensile strength. The reduction might be due
to the presence of free stearic acid molecule in the polymer matrix as a heterogeneous
phase.
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Fig. 8. Cross section of coated and treated paper with addition of SA and PL

CONCLUSIONS

Based on the results from this study, the coated and treated kenaf papers with a
simple formulation and modified technique was successfully produced. Dipping the
coated paper into potassium stearate (PS) solution resulted in paper with a higher
resistance to water penetration. The coated and treated paper showed the highest WCA
value (147°), which was almost superhydrophobic. Therefore, the optimum parameter in
order to obtain such paper was by adding 0.8% SA and 2% PL.
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