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0Oil spill control

Catastrophic oil spills such as that in Gulf of Mexico remind us of the necessity of prompt action to develop
an environmentally friendly, cost-effective, and large-scale technology to minimize environmental con-
sequences caused by such disasters. The feasibility of using superhydrophobic and oleophilic mineral
powders to selectively absorb oil from water is thus of great interest. In this communication we report
the preparation, characterization and laboratory testing of superhydrophobic calcium carbonate powder
treated with fatty acid as selective oil sorbent to separate oil from an oil-water mixture.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Changing the wetting behaviour of a surface may potentially
result in novel materials possessing extraordinary characteristics.
For instance, a superhydrophobic surface which is generally con-
sidered as a surface demonstrating a high level of water repellency,
can be obtained if certain hierarchical roughness of micron and
sub-micron size can be created on a low surface energy substrate
[1,2]. According to the Cassie-Baxter model (Eq. (1)) [3], intro-
ducing a dual-scale roughness to a solid surface can significantly
reduce the fraction of the contact area between the solid surface
and a contacting liquid drop (¢) while increasing the fraction
of air-liquid interface due to the air entrapment in the surface
structure. In this model, O¢,¢sie_paxter iS the apparent contact angle
on the rough surface while 6y,insic 1S the intrinsic contact angle
on a smooth surface of identical chemical composition. It has been
shown that an omniphobic surface, i.e. a surface that repels both
water and low surface tension organic liquid, can be created by
considering a third factor - the liquid re-entrant surface curvature
[4]. As a facile method of investigation of wetting behaviour, water
contact angle and the contact angle hysteresis are measured. For
superhydrophobic surfaces, a water contact angle higher than
150° and a contact angle hysteresis of below 5° are expected [5,6].
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Several distinctive characteristics have been investigated so far
for superhydrophobic surfaces; these include self-cleaning proper-
ties, fluidic drag reduction, and anti-fouling properties, just to name
afew [7-9]. Amongst all of the potential applications, oil and water
separation is definitely one of the most interesting.

Most superhydrophobic surfaces that are fabricated without
considering the liquid re-entrant surface curvature are not resistant
to liquids of low surface tension [4], and are therefore oleophilic.
This property of superhydrophobic surfaces has been reportedly
highly useful in oil and water separation using superhydrophobic
meshes [10-20]. It is thus feasible to use a superhydrophobic pow-
der as an oil-sorbent to selectively absorb oil out of a water-oil
mixture.

A superhydrophobic and oleophilic powder mass may be seen as
a capillary matrix; the Washburn equation [21] (Eq. (2)), which was
initially proposed to model liquid penetration in a single cylindrical
capillary tube, can be used to provide the first order description of
the absorption behaviour of oil and water into the capillary matrix
of a porous material.

_ yD cosft
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In Eq. (2), D is the representative diameter of the capillary, L is
the liquid penetration distance along a capillary in time ¢, y and n
are the liquid surface tension and viscosity, 6 is the contact angle for
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Fig. 1. SEM images of the porous structure of Precarb 100. (A) and (B) before the treatment with fatty acid; (C) and (D) after treatment with fatty acid.

the liquid on the solid surface. According to the Washburn equation,
the liquid contact angle is the critical parameter, which controls oil
and water separation, since 0=90° is the dividing point of liquid
penetration into or rejection by the capillary matrix.

In this report we have prepared and characterized super-
hydrophobic precipitated calcium carbonate powder (PCC) via
treatment with stearic acid and used the prepared powder to
selectively absorb diesel and crude petroleum oil out of water-oil
mixture. Such a simple powder system has provided encouraging
results in our preliminary investigation.

2. Experimental
2.1. Chemicals and materials

A precipitated calcium carbonate powder, Precarb 100, was pur-
chased from BASF. It is inherently hydrophilic and porous and has
a bulk density of 0.5 g/ml according to the manufacturer’s speci-
fications. Stearic acid, sodium hydroxide and the Sudan (IV) dye
were acquired from Aldrich. Diesel oil was purchased from a local
Shell gas station and crude oil was kindly provided by Shell Refin-
ing (Australia) Pty Ltd. Its detailed composition was kindly supplied
by the Shell Refining as follows: 50% Mudi Indonesia; 42% Cen-
dor Malaysia; 4% SLEB Brunei; 2.7% Jabiru Australia; 1.3% Challis
Australia. MilliQ water was used in all the qualitative and quanti-
tative experiments.

2.2. Fatty acid treatment of PCC

In a typical reaction [20], 20 g of Precarb 100 was dispersed in
50¢g of water in a beaker; the beaker was kept at 100°C and con-
stantly stirred. In a second beaker, 1 g stearic acid was added to 20 g
of water plus 2 droplets of sodium hydroxide to increase the fatty
acid solubility in boiling water under constant stirring. The content
of the second beaker was then added into the first and stirred for

1 h until a foam layer of superhydrophobic calcium carbonate was
formed on the surface of the water. The beaker was then placed in
an oven for overnight to allow the water to completely evaporate. A
cake of superhydrophobic powder was obtained; it was then gently
crushed to yield the fine powder

Fatty acid was also used to treat the surface of a piece of natural,
flat and colourless calcite crystal. Since the crystal has large flat
surface, the fatty acid treated crystal was used for water contact
angle measurement. It was thought that the water contact angle
measurements on this flat fatty acid treated surface will provide
the water contact angle value closer to the intrinsic water contact
angle on calcium stearate.

2.3. Characterization of the fatty acid treated PCC

SEM images of the dried treated powder were obtained using
a JEOL JSM-7001F FEGSEM (2008) scanning electron microscope
(Fig. 1). Water and oil contact angles on fatty acid treated PCC and
calcite crystal were measured using a Dataphysics OCA instrument
and the results can be seen in (Fig. 2).

2.4. Study of selective absorption of oil from water

In oil-water separation study, two separate sets of experiments
were done to investigate the separation of diesel and crude oil from
water using superhydrophobic PCC. Oven dried superhydrophobic
PCC was added to oil-water mixtures of varied weight ratios where
it selectively absorbs the oil from the water. The oil-water mixture
volume was kept constant as 100 ml in all the experiments, and the
weight of the powder was kept the same as the weight of the oil in
the mixture. The powder was sprinkled into the mixture afterward
where it rapidly absorbed the oil while repelling the water. The
clear water left after the oil and powder removal was then weighed
and the absorption efficiency was measured as recovered water
weight divided by initial water weight multiplied by 100.
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Fig. 2. A water droplet on (A) Powder fixed on a glass slide using a glue, contact angle (CA)=152°; (B) a flat piece of calcite crystal, CA=93°; (C) A diesel oil droplet, CA=42°;
(D) crude oil droplet on the flat piece of calcite crystal treated with stearic acid, CA=25.

3. Results and discussion

SEM images (Fig. 1) show that most of the precipitated calcium
carbonate crystals are needle-shaped and have smooth surface.
After the treatment with the stearic acid, an insoluble layer of cal-
cium stearate is formed on the surface of the crystals and the crystal
surface became rougher due to the erosion effect of the treatment.

In order to investigate the wetting behaviour of the treated pow-
der (Fig. 2), two different approaches were employed for contact
angle measurements. In the first measurement, a thin layer of pow-
der was fixed on a glass slide after a thin layer of glue was applied on
the surface. An apparent water contact angle of 152° was observed;
this value is in agreement with that of a superhydrophobic surface.
In the second measurement, the water contact angle for the fatty
acid treated natural calcite crystal was measured. A water contact
angle value of 92° was recorded. This contact angle value is closer to
the expected water contact angle for a closely assembled stearate
monolayer [22]. From these contact angle data, the area fraction
of the water-air interface (i.e. (1 — ¢)) can be calculated using the
Cassie-Baxter model; for our data it was calculated to be 0.899.
These water contact angle results are in agreement with the pre-
diction of the Washburn model that water cannot penetrate into
the capillary system of the stearic acid treated calcium carbonate
powder.

In contrast, the diesel and crude oil samples formed contact
angles of 42° and 25°, respectively, on the stearic acid treated calcite
surface. Based on the Washburn model, both diesel and crude oil,
having intrinsic contact angles of the above values, can penetrate
the fatty acid treated calcium carbonate powder. We found that the
apparent contact angles of diesel and crude oil on the stearic acid
treated calcium carbonate powder mass could not be measured due
to the rapid penetration of these oils into the powder mass.

The above water and oil penetration results indicated that if
the fatty acid treated calcium carbonate powder is in contact of
an oil-water mixture, oil will be absorbed by the powder mass
whereas water will not. To qualitatively demonstrate the separa-

tion of oil from water using the treated calcium carbonate powder
(Fig. 3), 10 g of diesel doped with a red dye (Sudan IV) was added
to a beaker containing 90 g of water. Ten grams of treated calcium
carbonate powder was then added into the beaker. The powder
selectively absorbed the diesel, leaving clear water behind. The
diesel-loaded powder can then be easily recovered from the water
surface.

According to the Wenzel’s equation [23] (Eq. (3)) the surface
roughness of the powder mass further enhances the difference of
water and oil wetting behaviour on the treated PCC powder.

cos 6, =rcosf (3)

Eq. (3) shows the Wenzel’'s model which defines the actual sur-
face area available for a liquid to establish contact through wetting,
where 0; is the observed contact angle on a rough surface, r is the
surface roughness factor which is the ratio of the actual contact
area versus the projected contact area, and 0 is the equilibrium con-
tact angle on a smooth surface of the same material [21]. Under the
Wenzel’s model a liquid can access the surface areas of the troughs;
a wetting liquid will have a lower contact angle on a rough surface
than on a smooth material of the same material. However, a non-
wetting liquid (i.e. 6 >90°) is unable to fully access the troughs of a
rough surface when the roughness factor r of the surface reaches a
critical level and air pockets are formed in troughs. In such case, the
wetting condition switches from the Wenzel regime to the Cassie
regime and the liquid contact angle will increase with the increase
in surface roughness. Therefore, the stearic acid treated calcium
carbonate powder mass is more hydrophobic to water and at the
same time more oleophilic to oil. The roughness enhanced changes
in the wetting behaviour of oil and water on the treated PPC powder
suggest that the powder should have high efficiency for selective
absorption of oil from water. A quantitative study was performed
to investigate the absorption efficiency by gravimetrically deter-
mining the amount of water being absorbed into the treated PCC
powder out of the diesel and the crude oil samples of varied oil
to water ratio (Table 1). The slight weight loss of water after the
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Fig. 3. Oil-water mixture (A) before powder addition; (B) right after powder addition; (C) after separation.
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Table 1

The oil absorption efficiency (%) data calculated for crude oil and diesel oil.

Oil:water (w/w) ratio Diesel oil-water Crude oil-water

1:100 99.6% 99.5%
1:50 99.2% 99.1%
1:20 98.7% 98.9%
1:5 98.5% 98.2%
1:1 98.3% 98.1%

oil-water separation is most likely due to the absorption of water
together with oil by the superhydrophobic powder mass.

Superhydrophobic PCC powder has three main advantages,
which makes it a suitable candidate for oil absorption purposes: It
is environmentally friendly, since calcium carbonate is also a natu-
ral material in the marine environment. It is low-cost, since the raw
materials, i.e. PCC and fatty acids, are commodity industrial materi-
als that are widely available. It is very easy to prepare compared to
many other methods reported so far for the fabrication of superhy-
drophobic materials and is therefore also user friendly. As a result,
fatty acid treated PCC is potentially a cost-effective material to be
used either as a stand-alone method for controlling a patchy oil
spill or to use in conjunction with other mainstream technologies
for controlling more significant spills.

4. Conclusion

In this communication, the idea of using superhydrophobic and
oleophilic powder as a selective oil sorbent against water was
presented. Fatty acid treated calcium carbonate powder was char-
acterized to have superhydrophobic and oleophilic properties. The
treated calcium carbonate powder was found to be suitable for sep-
arating the oil from oil-water mixture and was able to achieve high

separation efficiency. This low-cost, effective and environmentally
friendly material makes a potential candidate for oil spill clean-ups.
The preparation method of the superhydrophobic powder is sim-
ple, making the mass production of such powder possible. Further
work will focus on the optimization of the powder properties and to
investigate the factors influencing the rate of oil absorption process
as well as further studies on oil recovery after separation.
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