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Wood-based superhydrophobic and underwater super-
oleophobic surfaces are fabricated using a scalable repli-
cation technique. Lignin-based polymer is microstruc-
tured with a heated mold, resulting in a superhydropho-
bic/superoleophilic surface covered with microhairs. The
microhaired surface is used to clean crude oil spills and to
separate oil/water mixtures by absorbing oil. After treat-
ing the microhaired surface with argon plasma it acquires
underwater superoleophobic property necessary for re-
moving water from the oil/water mixtures.

Frequently occurring oil spills and their massive cleanup ef-
forts both result in extensive damages to the environment, pub-
lic health and enormous economic losses. Conventional meth-
ods used for oil spill cleanup are known to have low efficiency,
poor recyclability, high operational costs and use toxic chem-
icals.1,2 In recent years the focus in oil/water separation re-
search has been on designing novel materials with special wet-
ting behavior, which are also used for water collection, anti-
bioadhesion, corrosion resistance and other applications.3–5

Materials with superhydrophobic/superoleophilic surfaces are
used to absorb or filtrate oil from oil/water mixtures, while su-
perhydrophilic/underwater superoleophobic materials selec-
tively remove water. Such materials are obtained by combin-
ing chemical composition with surface micro- and nanorough-
ness, and can be fabricated using polymers, ceramics, metals
and other materials.6–10 Electrochemical deposition, wet etch-
ing, chemical modification, growing nanoparticles and nan-
otubes are used to create special wetting surfaces.11–19 De-
spite the promising properties, the existing methods have sev-
eral disadvantages: organic chemicals used for surface mod-
ification (fluorine-based) are usually harmful and unstable in
oily wastewater, and the conventional microstructuring meth-
ods are time-consuming, expensive and potentially toxic due
to possible micro-/nanosized particulate release into water
during separation.20–22 Therefore, new effective and easily
scalable methods based on environmentally friendly materi-
als are required for fabricating materials with special wetting
properties for oil/water separation.
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Artificial special wetting materials are inspired by natural
superhydrophobic surfaces of plants and insects, and underwa-
ter superoleophobic surface of fish scales.23–25 Hence materi-
als which are directly available in nature have a great potential
to efficiently mimic such surfaces and make them environmen-
tally friendly. Oliveira et al. used diatomaceous earth to fab-
ricate superhydrophobic surface, superhydrophobic wood was
produced by sol-gel process and fluorination, nanocellulose
aerogels coated with titanium dioxide and octyltrichlorosi-
lane, and calcium carbonate powder treated with fatty acid
were used for oil removal.1,26–29 In recent years biodegradable
polymers from such renewable materials as cellulose, lignin
and starch are used to replace petrochemical-based polymers
in different fields.30,31 Polymers based on wood components
are especially attractive, as cellulose and lignin are the most
abundant natural polymers.32 Lignin is a by-product of the
paper industry, and is usually burned or processed into animal
feed and cement.33

In this work, we report scalable special wetting surfaces
fabricated from a wood-based polymer known as ”liquid

Fig. 1 Micrographs of wood-based microhairs fabricated by hot
pulling. a) Optical microscopy image of the microhairs. b, c) SEM
images of the microhairs. Their dimensions are: ∼5 µm in diameter,
>200 µm in length, aspect ratios ∼40-50. d) Higher magnification
SEM image reveals the submicron details of the microhairs. The fi-
brous structure possibly originates from the processed wood fibers
contained in the ”liquid wood” polymer.
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Fig. 2 Fabrication of the microhaired surface by hot pulling tech-
nique. Wood-based polymer heated above the melting temperature
Tm is pressed into the mold. During the demolding step the mold is
cooled and retracted, and the softened microstructures are elongated
due to adhesion to the mold cavities, resulting in long microhairs.

wood”. Recently developed ”liquid wood” polymers are based
on lignin and wood fibers, and are robust, recyclable, fully
or partially biodegradable and nontoxic.34,35 The special wet-
ting surfaces are fabricated by microstructuring the polymer
using a hot pulling technique. The resulting surfaces are
covered with dense high aspect ratio microhairs, and are su-
perhydrophobic and superoleophilic. The as-prepared micro-
haired material absorbs crude oil out of the water and separates
oil/water mixtures. Importantly, the surface properties of the
as-prepared material can be changed to hydrophilic and un-
derwater superoleophobic by a short argon plasma treatment
cycle, making the microhaired wood-based material capable
of both ”oil-removing” and ”water-removing” oil/water sepa-
ration methods.

Microhaired surfaces shown in Fig. 1 were fabricated using
wood-based polymer Arbofill R© Spruce (Tecnaro GmbH, Ger-
many), which is made from lignin, wood fibers and plastics
with bio-based content 80%, and is partially biodegradable.34

The microstructures on the surface of the wood-based poly-
mer were fabricated by hot pulling technique schematically
illustrated in Fig. 2. Hot pulling is a modified hot embossing
or nanoimprint process.36,37 In standard hot embossing high
demolding forces occur during the polymer and mold separa-
tion.38 These forces are utilized on purpose by the hot pulling
technique to increase the aspect ratios of the produced micro-
and nanostructures.39 The material is heated above the soften-
ing temperature during the demolding step, resulting in elon-
gation of softened polymer microstructures due to adhesion to
the inner sidewalls of the cavities in the microstructured mold
insert. A hot embossing machine (Jenoptik, Germany) was
used for hot pulling. Flattened wood-based polymer sheets
were positioned between a counter plate and an opposing mi-

crostructured mold fabricated with LIGA technique.40 In the
vacuum chamber the plates were heated above the melting
temperature of the material (Tm=146 ◦C) and the viscous poly-
mer was pressed into the mold using the following parame-
ters: T=155◦C, applied force 10 kN, velocity 0.5 mm/min,
3 min. During demolding step, the mold was cooled down
to T=100 ◦C (Ts < T < Tm, Ts=36 ◦C) and was retracted by
1.2 mm with 0.8 mm/min velocity. After cooling and separat-
ing the plates, the resulting microhaired polymer was removed
from the machine.

By using the described hot pulling method, high aspect ra-
tio microhairs were fabricated on the ”liquid wood” polymer
surface. Optical and scanning electron microscopy (SEM) im-
ages of the fabricated wood-based microhairs are shown in
Fig. 1. The microhairs are approximately 5 µm in diameter
and over 200 µm in length. The mold insert used for fabricat-
ing microhairs consists of conically shaped holes with diame-
ters of 12 µm and aspect ratios of approximately 1. Therefore,
the aspect ratios of the resulting microhairs (∼40-50) signif-
icantly exceed the aspect ratios of the mold cavities and pre-
viously fabricated structures using hot pulling technique.36,39

The thicker tips of the microhairs replicate the conical shape
of the mold insert openings (Fig. 1c). The difference between
diameters of the microstructures in the mold and resulting mi-
crohairs is a result of pulling off the softened polymer dur-
ing the demolding step. The higher resolution SEM image in
Fig. 1d reveals the submicron details of the microhairs, which
have porous fibrous structure possibly originating from the
processed wood fibers contained in the ”liquid wood”.

The wetting behavior of the surface covered with wood-
based microhairs is characterized by water and oil contact an-
gle measurements (OCA 40, DataPhysics Instruments GmbH,
Germany), and is shown in Fig. 3. For these measurements,
4.5 µl droplets of deionized water and oil (hydraulic oil Total
Azolla ZS 10) were dispensed on the sample surfaces. The
measured static water contact angle θ on the microhaired sur-
face is 153.8± 2.1 ◦ (N=6 measurements) (Fig. 3a), whereas
on the unstructured flattened surface the contact angles range
from 95 ◦ to 115 ◦, depending on the surface roughness. The
high water contact angle indicates that the microstructured
surface is superhydrophobic (θ>150 ◦). The sliding angle of
water droplets on the microhaired surface is 17.5.8 ± 5.4 ◦

(N=7) (Fig. 3b). It was measured using deionized water (7 µl)
and a tilting stage. Moreover, the measured oil contact angle
is 0 ◦, as the oil droplet immediately spreads after touching the
surface (Fig. 3c). Therefore, microstructuring by hot pulling
induces both superhydrophobic and superoleophilic properties
to the surface of the lignin-based polymer.

To modify the wetting characteristics of the microhaired
wood-based surface from superhydrophobic to hydrophilic,
we exposed as-prepared material to argon plasma. Argon
plasma treatment was previously used to increase the hy-
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Fig. 3 The microhaired wood-based surface exhibits special wetting behavior with superhydrophobic and superoleophilic characteristics.
Photographs of water droplets on the microhaired surface with a water contact angle of θ = 153◦ (a), and a sliding angle of 13.5◦ (b). Oil
droplet quickly spreads on the surface, and the oil contact angle is nearly 0◦ (c).

drophilicity of the superhydrophobic polymeric surfaces.26,41

Argon plasma treatment (0.2 mbar, 30 W, 120 s) was car-
ried out using reactive ion etching system (Sentech GmbH,
Germany). The water contact angle changed from 153.8 ±
2.1 ◦ (N=6) on unmodified microhaired surface to 65.0±5.2 ◦

(N=2) on plasma-treated surface. The surface topography
of the as-prepared superhydrophobic and plasma-treated hy-
drophilic samples was studied using SEM and no distinguish-
able differences were observed.

The underwater oil wettability of the plasma-treated micro-
haired surface is characterized by measuring the oil contact
angles under water using a setup illustrated in Fig. 4a. The
oil droplet (7 µl, Total Azolla ZS 10) was dispensed on the
plasma-treated microhaired material placed upside down in
the container filled with deionized water. As shown in Fig. 4b,
the microhaired surface treated with argon plasma is underwa-
ter superoleophobic with an oil contact angle of 156.4±1.6 ◦

(N=3). Underwater superoleophobicity is attributed to the
rough structure and the hydrophilic nature of the dense mi-
crohairs. Underwater superoleophobic materials rely on wa-
ter trapped on the micro-/nanostructured hydrophilic surface
underwater to limit the contact between oil and solid. Simi-
larly, the air on the superhydrophobic surface limits the con-
tact between water and solid. These results indicate the multi-
functionality of the microhaired wood-based surfaces, which

Fig. 4 Underwater superoleophobicity of the microhaired wood-
based surface treated with Ar plasma. a) Schematic of the underwater
contact angle measurement. Water trapped between microhairs lim-
its the contact between oil and solid. b) Photograph of a 7 µl oil
droplet deposited under water on the plasma-treated microhaired sur-
face with the oil contact angle of 157◦.

can be used for ”water-removing” oil/water separations af-
ter plasma treatment due to their underwater superoleopho-
bicity, additionally to ”oil-removing” separation by the super-
oleophilic/superhydrophobic as-prepared surfaces.

The observed special wetting properties of the microhaired
wood-based polymer make it a promising material for clean-
ing oil spills. To test the applicability of the superhydropho-
bic/superoleophilic as-prepared microhaired surface for oil re-
moval out of water, we imitated a crude oil spill in a petri dish
filled with water. Crude oil was received from the oil refinery
MiRO, Germany. First, a droplet of oil (Total Azolla ZS 10)
was dispensed into water to create a thin transparent oil layer.
This oil layer reduces the spreading of the crude oil, which
is added next, and hence improves the crude oil spill visibil-
ity during the experiment (Fig. 5a). The microhaired polymer
was submerged into contaminated water, and was retracted af-
ter oil absorption. As it can be seen in Fig. 5a, most of the
dispensed crude oil is absorbed by the microstructured poly-
mer, and is locked within its surface after it is removed from
water. Furthermore, we quantified the maximum crude oil up-
take by the microhaired surface to be 114 g/m2, compared to
45 g/m2 for the flattened surface.

To investigate the ability of the superhydropho-
bic/superoleophilic wood-based surface to separate oil
and water from the oil/water mixture, we dispensed a droplet
of mixture on a tilted microhaired ”liquid wood” surface, as
shown in Fig. 5b. Both oil (Total Azolla ZS 10) and water
used in this experiment were colored, accordingly, with red
and blue paint. In the images shown in Fig. 5b, the oil/water
mixture applied to the microstructured ”liquid wood” surface
segregates into oil and water, and the oil is absorbed and
locked by the microhaired surface, while the water stays on
the surface of the material. The separation is observed by
the color change from brown oil/water mixture to red oil and
blue water. Therefore, these results suggest that microhaired
wood-based surfaces enable effective separation of oil and
water from the oil/water mixtures, and also help to reduce the
environmental impacts of oil/water separations by utilizing
natural materials for their fabrication.
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Fig. 5 Oil/water separation by microhaired wood-based surface. a)
Crude oil spill cleanup in a petri dish. After dipping the sample into
oil spill most of the crude oil is absorbed by the microhaired surface
within few seconds. b) Colored oil/water mixture applied to the mi-
crohaired surface segregates into oil and water. The oil (colored red)
is quickly absorbed and locked by the microhaired surface, while the
water (colored blue) stays on the surface.

Conclusions

In summary, we fabricated superhydrophobic/superoleophilic
and underwater superoleophobic wood-based surfaces capa-
ble of oil/water separation. The special wetting behavior is a
result of the microhairs covering the surface. The microhairs
are fabricated by scalable replication technique in which poly-
mer microstructures are elongated with a heated mold. The
superhydrophobic/superoleophilic microhaired surface is used
to successfully clean simulated crude oil spill and to separate
the oil/water mixture by absorbing oil. After treating the mi-
crohaired surface with argon plasma it acquires underwater
superoleophobic characteristics. As a result, the microhaired
wood-based surfaces can be used for both ”water-removing”
and ”oil-removing” oil/water separations. Comparable to nat-
ural materials as sawdust, cotton and wool fibers traditionally
used for oil spill cleanup, the microhaired wood-based mate-
rial can help to reduce the environmental impacts of both oil
spills and industrial oil/water separations, while improving the
separation efficiency due to its multifunctional special wetting
properties.

Acknowledgments

The authors thank Paul Abaffy and Uwe Köhler for help
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24 M. Röhrig, M. Mail, M. Schneider, H. Louvin, A.Hopf, T. Schim-

mel, M. Worgull and H. Hölscher, Adv. Mater. Interfaces, 2014, DOI:
10.1002/admi.201300083.

25 M. Liu, S. Wang, Z. Wei, Y. Song and L. Jiang, Adv. Mater, 2009, 21,
665–669.

26 N. M. Oliveira, R. L. Reis and J. F. Mano, ACS Appl. Mater. Interfaces,
2013, 5, 4202–4208.

27 S. Wang, C. Liu, G. Liu, M. Zhang, J. Li and C. Wang, Appl. Surf. Sci.,
2011, 258, 806–810.

28 N. T. Cervin, C. Aulin, P. T. Larsson and L. Wagberg, Cellulose, 2012,
19, 401–410.

29 T. Arbatan, X. Fang and W. Shen, Chem. Eng. J., 2011, 166, 787–791.
30 R. Gross and B. Kalra, Science, 2002, 297, 803.
31 K. Leja and G. Lewandowicz, Polish J. of Environ. Stud., 2010, 19, 255.
32 D. L. Kaplan, Biopolymers from Renewable Resources, Springer, Berlin,

Heidelberg, 1998.
33 T. Q. Hu and B. R. James, Chemical Modification, Properties, and Usage

of Lignin, Springer US, 2002.
34 TECNARO GmbH Website. http://www.tecnaro.de.
35 D. Nedelcu, Compos. Part B-Eng., 2013, 47, 126–129.
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Wood-based microhaired superhydrophobic and underwater superoleophobic surfaces 
capable of effective oil/water mixtures separation are fabricated using a scalable 
replication technique. 
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