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Diverse fields of modern environmental technology are nowadays focused on the discovery and development of
new sources for oil spill removal. An especially interesting type of sorbents is those of natural origin
—biosorbents—as ready-to-use constructs with biodegradable, nontoxic, renewable and cost-efficient properties.
Moreover, the growing problem of microplastic-related contamination in the oceans further encourages the use
of biosorbents. Here, for the first time, naturally pre-designed molting cuticles of the Theraphosidae spider
Avicularia sp. “Peru purple”, as part of constituting a large-scale spider origin waste material, were used for
efficient sorption of crude oil. Compared with currently used materials, the proposed biosorbent of spider
cuticular origin demonstrates excellent ability to remain on the water surface for a long time. In this study the
morphology and hydrophobic features of Theraphosidae cuticle are investigated for the first time. The unique
surface morphology and very low surface free energy (4.47 � 0.08 mN/m) give the cuticle-based, tube-like,
porous biosorbent excellent oleophilic–hydrophobic properties. The crude oil sorption capacities of A. sp. “Peru
purple” molt structures in sea water, distilled water and fresh water were measured at 12.6 g/g, 15.8 g/g and
16.6 g/g respectively. These results indicate that this biomaterial is more efficient than such currently used
fibrous sorbents as human hairs or chicken feathers. Four cycles of desorption were performed and confirmed the
reusability of the proposed biosorbent. We suggest that the oil adsorption mechanism is related to the brush-like
and microporous structure of the tubular spider molting cuticles and may also involve interaction between the
cuticular wax layers and crude oil.

1. Introduction
Oil and petroleum derivative products play a key role in the global
economy in many branches of industry (Ifelebuegu and Johnson, 2017),
but the exploration, transport and production of these raw materials are
burdened by a high risk of pollution catastrophe. It is estimated that

about 46% of oceanic hydrocarbon pollution originates from natural
seeps, but the remainder is related to human activity (Matcott et al.,
2019). Oil spills are unfortunately a regular occurrence, and inevitable
danger is posed to the natural environment (McCall and Pennings, 2012;
Ronconi et al., 2015), both aquatic (Chase et al., 2013; Cohen et al.,
2014) and terrestrial (Gospodarek et al., 2019; Schaum et al., 2010).
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grass, sugar cane bagasse, coconut coir or sponge gourd (Sabir, 2015).
Also, chitin and chitosan from crustaceans are widely used as oil
pollutant sorbents (Ahmad et al., 2004, 2005,; Barros et al., 2014; da
Silva Grem et al., 2012; Duan et al., 2014; Gentili et al., 2006). The
group of natural sorbents may be subdivided into those of plant and
animal origin (see Fig. 5). Limitations on the use of materials of this kind
result from the high water sorption rate and their propensity to sink.
Thus, the discovery of new types of natural sorbents with good ability to
remain on the water surface for a long time is highly desirable, see for
overview (Bartczak et al., 2017; Jesionowski et al., 2018; Klapiszewski
et al., 2013; Klinger et al., 2019; Norman et al., 2015, 2018; Petrenko
et al., 2019; Schleuter et al., 2013; Wysokowski et al., 2013, 2017).
In this study, ready-to-use molting cuticle from the spider A. sp. “Peru
purple” (Araneae: Theraphosidae: Avicularinae) is presented for the first
time as a practical sorbent material. Recently, such cuticles have been
used as a source of a tubular chitin (Machałowski et al., 2019a) template
in tissue engineering and catalysis studies (Machałowski et al., 2019b).
It was reported there that the active surface area (BET) of Avicularinae
cuticle is 17.0 � 1.5 m2/g. The cuticles of arthropods are among the
most diverse materials found in nature (Chandran et al., 2016). They
represent an excellent example of a biocomposite, which in spiders is
composed of two main materials—chitin scaffold and bound proteins
(Sewell, 1951, 1955)—but also of lipids (wax), phenols, enzymes, pig
ments and other organic constituents. Recently, Machałowski et al.,
(2019a, 2019b) established that the chitin content of the molt cuticle of
Caribena versicolor (Araneae: Theraphosidae: Avicularinae) is approxi
mately 19% by weight. Looking for new sources of naturally
pre-designed materials, we focused on Theraphosidae spiders, which
shed a large number of cuticles during their life cycle, in the process
known as ecdysis (molting) (Fig. 1 a). The global spider community,
estimated based on average spider biomass per square meter in various
terrestrial biomes, amounts to 25 million metric tons fresh weight
(Nyffeler and Birkhofer, 2017). Another study indicates, that as a
consequence of ecdysis a spider loses about 8 � 0.16% of body fresh
weight, and this data is constant for all spider species (Collatz and
Mommsen, 1975). Based on these figures we may calculate that spiders
can produce due to molting between 2 and 6 million tons of cuticle
(depending on the frequency of molting) per year worldwide. According
to statistical data supplied by specialists from INTIB GmbH (Germany),
there are approximately 190,000 spider breeders worldwide (Macha
łowski et al., 2019a, 2019b). This could provide a bulk amount of waste
biomaterial close to 5 million molts per year. The fact that Araneae
change their cuticle many times during their life cycle makes these or
ganisms an interesting source of such materials.
Herein, for the first time, molts of A. sp. “Peru purple” were used as
an efficient crude oil biosorbent with good ability to remain on the water
surface for a long time. They are proposed as an inspiration model for
sorption materials with very special structural design. The aim of this
study was to evaluate the physicochemical and oil sorption properties of
the molting cuticle of the bird-eating spider Avicularia sp. Peru purple
(Araneae: Theraphosidae: Avicularinae) as a raw material for the pro
duction of oil sorbent.

Fig. 1. (a) Bulk waste biomaterial: spider molting cuticles from diverse species.
(b) Example of the cuticle of Avicularia sp. Peru purple used in this study (for
detail see Fig. 2 a, e). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Therefore, rapid counteraction using the unique structure and sorption
ability of selected biological and artificial materials to minimize the
effects of such incidents is now essential (Alnaqbi et al., 2016; Chinedu
et al., 2016; Dou et al., 2016; Durgun et al., 2017; Kakhramanly and
Azizov, 2014; Keshawy et al., 2019; Kumpanenko et al., 2015; Pandia
et al., 2018; Paulauskiene et al., 2014, 2018; Pouramini et al., 2019;
�n et al., 2013; Shiu et al., 2018; Sun et al., 2012; Tiwari
S�
anchez-Galva
et al., 2016; Zubaidi et al., 2016). Nowadays, we can find four main
types of oil-spill remediation methods, chemical (e.g. dispersants, sol
idifiers), in situ burning, bioremediation and mechanical recovery (e.g.
booms, skimmers, sorbents) (Ge et al., 2016). However, adsorption
controlled by van der Waals forces, oil viscosity, pore morphology and
the hydrophobic interaction between oils and the sorbents is the most
attractive and prefer method (Bayat et al., 2005; Ge et al., 2016; Hesas
Hoseinzadeh et al., 2018). New naturally occurring biomaterials are
constantly being sought, with regard to their biodegradability, renew
ability, cost-efficiency and easy availability. Moreover, the growing
problem of microplastics in the oceans further encourages the use such
alternatives as natural sorbents (or biosorbents). The limits of mineral
sorbents (e.g. zeolites) as well as synthetic organic products have
prompted the intensive development of alternative oil absorbents such
as natural organic materials (Likon et al., 2013). However, some
chemically fabricated and modified sorbents are toxic to aquatic or
ganisms. Thus, the use of nontoxic natural organic sorbents are preferred
(Ahamad et al., 2019). Good examples of currently used biosorbents are
kapok (fibers from the plant Ceiba pentandra) (Lim and Huang, 2007;
Wang et al., 2013), keratins, including human hair (Ifelebuegu et al.,
2015) and chicken feathers (Ifelebuegu and Johnson, 2017), fruit peel
(Abdullah et al., 2010), rice husk ash (Vlaev et al., 2011) and cotton

2. Materials and methods
2.1. Sample collection and preparation
Molting cuticles of the spider Avicularia sp. Peru purple (Fig. 1 b)
measuring 10–12 cm were collected from the Wojciech Pałasz tarantula
breeding facility, Poland, in January 2019. No permits were required for
the described research, which complied with all relevant regulations.
The species used in these experiments is not an endangered or protected
species under CITES regulations. For determination of the cuticle’s wax
content, wax removal was performed by extraction with chloroform:
ethanol (v/v 2:1) (Th. Geyer GmbH & Co. KG, Germany) for 24 h at 37
�
C (Hadley, 1981). Based on mass before and after extraction, the total
2
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Fig. 2. Digital microscope images of interaction between crude oil and spider walking leg molt cuticle over time (a, b, c, d). Highly magnified images of the brushlike structure before (e) and after (f) crude oil sorption. The effect of crude oil sorption by a fragment of A. sp. “Peru purple” molting cuticle is also shown in a video
file (see Supplementary Information). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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where wa and wb are the weights of cuticle after and before wax removal
respectively.

Table 1
Composition of salts in artificial seawater, based on (Ukotije-Ikwut et al., 2016).
Composition of salts in artificial
seawater

Molecular
weight

Content in solution
g/l

Sodium chloride (NaCl)
Sodium sulfate (Na2SO4)
Potassium chloride (KCl)
Sodium bicarbonate (NaHCO3)
Potassium bromide (KBr)
Boric acid (H3BO3)
Sodium fluoride (NaF)

58.44
142.04
74.56
84.00
119.01
61.83
41.99

23.926
4.008
0.667
0.196
0.098
0.026
0.003

wax content (wc Þ was determined by the formula
�
�
wb wa
wc ¼
⋅100%
wb

2.2. Crude oil parameters
A dead crude oil was selected as a reference oil system. The API
gravity of the crude oil is 33� API (15 � C), and accordingly it is char
acterized as a light oil. It has a viscosity of 8.5 mPa at 20 � C and a surface
tension of 30 mN/m at 20 � C.
2.3. Characterization
2.3.1. Photography and figures
Photographs and macroscopic close-up images were taken using a
Nikon D-7100 camera with Nikon AF-S DX 18–105 mm f/3.5–5.6G and
Nikon AF-S VR Micro-Nikkor 105 mm f/2.8G IF-ED objective lenses.
Figures were prepared using the GNU Image Manipulation Program

(1)

Fig. 3. (a, b) SEM image of a selected fragment of spider walking leg molt, with the brush-like microstructure and porous cuticle well visible. Selected pores on the
cuticle surface are marked with green arrows.
4

T. Machałowski et al.

Journal of Environmental Management 261 (2020) 110218

Fig. 4. (a) Optical image of the hydrophobic and light-weight A. sp. “Peru purple” molting cuticle. (b, e) Digital image of hydrophobic molt immersed in water by an
external force obtained by load attachment, and mirror-like effect on the surface (air bubbles). Contact angle of water (c) and diiodomethane (d) on molting cuticle.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

GIMP 2.8 and the Microsoft Office tool PowerPoint 2016.

water surface for 24 h at room temperature (22–25 � C). A glass lid was
placed on the beaker to prevent evaporation. After that time the sorbent
was removed from the beaker and transferred to a watch glass, and the
weight was recorded. Water sorption was determined by the following
formula:

2.3.2. Digital microscopy assay
Microscopic images and movies were taken with an advanced im
aging and measurement system consisting of a Keyence VHX-6000
digital optical microscope and the swing-head zoom lenses VH-Z20R
(magnification up to 200x) and Z250R (magnification up to 500x).

ws   ¼ 

2.3.3. Scanning electron microscopy
To determine the microstructure of the dry “brush-like” cuticle, a
Hitachi S4700 and SEM XL 30 ESEM, Fa. Philips Electron optics GmbH
scanning electron microscopes were used. Samples were prepared for
analysis by freeze-drying followed by covering with Au using an Cres
sington sputtercoater 108 auto.

wwa wwb
wwb

(2)

where wwa and wwb are the weights of cuticle after and before water
sorption respectively.
Sorption capacity was determined by immersing a known weight of
cuticle (about 100 mg) from A. sp. “Peru purple” in a mixture of fresh
water (60 ml) with crude oil (2 g). Each cuticle placed on the oil layer
was subjected to a self-sorption effect at appropriate time intervals from
30 s to 32 min at room temperature. The amount of crude oil absorbed
by the cuticle (c) was calculated by comparing the final weight after
crude oil absorption with the initial cuticle weight, according to equa
tion (3) (Ifelebuegu et al., 2015):

2.3.4. Contact angle determination
Contact angle and surface free energy were determined using a
KRÜSS DSA100 Drop Shape Analyzer with a micropipette for applying
droplets of liquid of constant volume and a system for drop image
analysis. Wetting angles were determined based on the parameters of
drops applied to the cuticle surface using two liquids: polar (water – Θw)
and dispersive (diiodomethane – Θd). Individual measurements were
made at a constant time interval of 10 s. The angle was determined based
on the average of ten successively recorded values. Contact angles were
measured using Young–Laplace fitting, and free surface energy was
calculated by the Owens, Wendt, Rabel and Kaelble (OWRK) method.

c  ¼ 

wa

wb
wb

(3)

where wa and wb are the weights of cuticle after sorption and before
sorption respectively.
The crude oil spill removal test was performed according to a
modified version of the method proposed by da Costa Cunha et al.
(2019). Sea water (see Table 1), distilled water and fresh tap water were
used. A Petri dish with diameter 150 mm was filled with 60 ml of the
appropriate water sample. Then 2 g of crude oil was added on an
analytical balance to produce a thin layer on the top. In the next step,
approximately 100 mg of dried molt was placed onto the crude oil layer.
After 2 min of direct contact, the sorbent was removed and the differ
ence in weight before and after oil sorption was calculated. Before

2.4. Sorption assay using spider molting cuticle
Water sorption (ws) by the molt was determined by the following
procedure (Hussein et al., 2011). A 1-L glass beaker was filled with 500
ml of salt water (see Tables 1), and 1 g of sorbent was placed on the
5
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Fig. 5. Tabular summary of the crude oil sorption capacity of natural sorbents, divided into two groups based on origin. (a our experimental results).

oil and water after removal); Ma (crude oil added) ¼ (mass of crude oil
and water) – (mass of water).
The reuse capacity of the spider molting cuticle as a biosorbent and
the loss of mass over four successive cycles were determined using
hexane as a solvent. The oil/cuticle composition was removed from the
surface of the sea water and placed in a beaker with 20 ml of hexane.
Then mechanical whirling was performed for 5 min. In the next step, the
molt was mechanically removed and washed in a second beaker filled
with 10 ml of hexane to remove any residual oil from the surface of the
used sorbent. The fragment of molting cuticle was finally dried at room
temperature and used in a subsequent cycle for oil removal. The oil/
hexane mixture was then separated with a simple temperature distilla
tion apparatus.

Table 2
Surface free energy (SFE) values, resolved into dispersive and polar parts.
SFE
(mN/
m)

SFE polar
component
(mN/m)

SFE dispersive
component (mN/
m)

Reference

Spider
molting
cuticlea
Kapok fiber

4.47 �
0.08

0.12 � 0.03

4.35 � 0.05

This work

40.64

7.60

33.04

Polyester
fiber

59.15

7.14

52.01

Dong et al.
(2015b)
Dong et al.
(2015b)

Sorbent

a

Our own experimental results.

3. Results and discussion

weighing, samples were placed on a wire mesh for 15 min to allow free
oil to drip off. The final value was calculated after 30 repetitions.
The amount of removed oil was calculated by equation (4) (da Costa
Cunha et al., 2019):
�� �
�
Mr
⋅ 100%
(4)
%Removal  ¼
Ma

3.1. Characterization
3.1.1. Spider molt structure and microstructure
Different parts of the cuticle have a variety of element types and
functions, as well as an extraordinarily broad range of physical and
mechanical properties. The spider cuticle presents a non-homogeneous
morphology: we may distinguish elements covered by thick hairs, a

where: Mr (oil removed) ¼ (mass of crude oil and water) – (mass of crude
6
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Fig. 6. Crude oil absorption by A. sp. “Peru purple”
molting cuticle at room temperature. (a) Crude oil
(1.5 g) layer on the water surface (100 ml) in a
beaker. (b) Molting cuticle (about 400 mg) during
contact with crude oil, inset presenting oil sorption.
(c) Fully absorbed oil pollution after 30 s contact time
with molting cuticle. (d) Presentation of retention of
crude oil by the cuticle surface by immersing in
water. (e) Crude oil absorption capacity as a function
of time with 5% error bars. Conditions: 60 ml fresh
water, 2 g crude oil, 100 mg sorbent. (For interpre
tation of the references to color in this figure legend,
the reader is referred to the Web version of this
article.)

porous cuticle layer, and a wax surface (Machałowski et al., 2019a). This
makes the material especially interesting from the point of view of
sorption. For better understanding of the structure and microstructure of
the cuticle, a fragment of walking leg from A. sp. “Peru purple” molt was
selected. Digital microscopy and scanning electron microscopy (SEM)
investigations were carried out according to the procedures described in
sections 2.3.2 and 2.3.3 respectively. The cuticle combines two
morphologically distinct parts: a brush-like structure of thick hairs (see
Figs. 2e and Fig. 3) and a porous part of the cuticle where setae (hairs)
are connected (see Fig. 3 a, b). The morphology of a single hair re
sembles a bird’s feather: it consists of a main core and micro-hairs
protruding from it. The hairs covering the cuticle are between 0.5 and
1 mm in length. The pores range between 0.1 and 10 μm and are well
visible on the cuticle surface (see Fig. 3, green arrows). In nature the
spider’s cuticle represents a complex system of pores and wax canals
(Hadley, 1981).
Supplementary video related to this article can be found at https://
doi.org/10.1016/j.jenvman.2020.110218

3.1.2. Determination of contact angle and hydrophobic character
Wettability is a highly important feature of sorbent materials in
oil–water separation. It is controlled by the chemical composition and
structural geometry of the surface of a material. Thus, it was important
to evaluate the contact angle of polar and dispersive fluids—water and
diiodomethane respectively—for surface free energy (SFE) determina
tion. The results are shown in Fig. 4 c, d. The contact angles for water
and diiodomethane were determined at 131.63 � 0.54� and 114.52 �
0.23� respectively. These results indicate the extremely high hydro
phobicity of the material (Cunha and Gandini, 2010; Wu et al., 2014).
The surface free energy (SFE) was calculated at 4.47 � 0.08 mN/m. The
very low value of SFE obtained for the spider cuticle means that the
adhesive forces between oil molecules and the cuticle surface are much
higher than those between water molecules and the cuticle surface;
therefore oil particles in water are easily captured and retained. The
value of the polar component of SFE close to 0.12 mN/m suggests
minimal water pickup, which is a desirable feature for natural sorbent
materials (Aboul-Gheit et al., 2006). The photos in Fig. 4 a, b, e also
indicate the material’s hydrophobic character. The visible air bubbles on
7
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Fig. 8. Efficiency of oil removal during successive sorption–desorption cycles,
and mass loss over four cycles.

Fig. 7. Efficiency of spider molting cuticle in removing crude oil from surfaces
of different types of water (sea, distilled, and fresh water respectively). Con
ditions: 2 g crude oil, 100 mg sorbent, contact time 2 min.

The mechanism of sorption by the molting cuticle may be explained
by the physical trapping of crude oil drops. The dry brush-like structure
of the cuticle, formed by irregular branched hairs, creates an excellent
space for physical trapping of crude oil and may be considered as a fiber
surface. The irregular brushy units drive oil sorption through the hair
structure and retain oil particles by clumping together (see Figs. 2 f,
Fig. 9 c, Fig. 11). This mechanism is controlled by weak interactions such
as van der Waals forces, hydrophobicity or other physical and chemical
interactions (Ifelebuegu and Johnson, 2017; Sabir, 2015). According to
Abdullah et al. (2010), parameters such as surface wax, surface rough
ness and porosity may also affect oil sorption efficiency. The total wax
content on the cuticle surface was determined at 1.9% of total weight.
Analyzing the data for desorption cycles (Fig. 8) it may be suggested that
wax enhances the sorption efficiency and oleophilic character (Dong
et al., 2015a). The instantaneous accumulation of oil at the cuticle
surface is reinforced through lipophilic interactions (see supplementary
video). Moreover, the pores present on the cuticle surface may play a key
role in oil sorption (Ifelebuegu and Johnson, 2017). These pores can
allow the entry of oil to the interior of the cuticle and reinforce the
sorption process (see Fig. 12 b, e). The mechanism of absorption is
represented in Fig. 12.

the surface of the spider molting cuticle (Fig. 4e) provide a strong barrier
against water contact. A comparison of surface free energy data for the
spider cuticle studied here and other sorbents is presented in Table 2.
3.2. Sorption assays
The results presented in Fig. 6 e show that A. sp. “Peru purple”
molting cuticle may be considered as an efficient sorbent. It is calculated
that this material is able to remove up to 16.6 times its own mass (a
sorption capacity of 16.6 g/g) after a contact time of about 2 min. It
should be highlighted that after the first 30 s of contact with oil, the
cuticle absorbs about 71% of its maximum capacity. The biomaterial
also demonstrates high retention of the absorbed crude oil (see Fig. 6 d).
A comparison of the sorption capacity of the molting cuticle with that of
other natural sorbents is shown in Fig. 5 below. This pre-designed,
ready-to-use biosorbent demonstrates better sorption parameters than
currently used biosorbents of animal origin such as human hairs,
chicken feathers, goat hairs, or chitin and chitosan (see Fig. 5). More
over, the proposed sorbent demonstrates excellent ability to remain on
the water surface for a long time. Water sorption is negligible (less than
0.1 g/g) after 24 h of contact with water.
In this assay, the maximum efficiency of the molting cuticle as a
crude oil sorbent in three types of water was evaluated (Fig. 7). An
amount of 2 g of crude oil was added to a beaker containing 60 ml of
each water type, and 100 mg of cuticle was used as a sorbent. The
amounts removed ranged from 63% in sea water (sorption capacity 12.6
g/g) to 83.4% in fresh water (sorption capacity 16.6 g/g). The propor
tion of the crude oil layer removed from distilled water was found to be
79% (15.8 times the cuticle’s own mass).
A desorption assay was performed by the method described in sec
tion 2.4. The results, presented in Fig. 8, show a decreasing trend in the
sorption ability of spider molting cuticle over successive cycles. This
may be explained by two mechanisms. First, the wax covering this
natural material is removed together with the absorbed oil after the first
desorption process. It is seen that in the subsequent cycles (2–4) the
sorption capacity remains at around 40–45%. Loss of the wax layer
causes a reduction in the material’s sorption ability. The second possible
explanation relates to mass loss resulting from mechanical damage to
the fragile cuticle during desorption. The mass loss between the first and
fourth cycles was determined at 16%. Thus, sorption ability is impaired
by adverse structural changes. The capacity of the biosorbent decreases
successively from 12.6 g/g to 9 g/g.

4. Conclusions
In this study we have shown for the first time that the molting cuticle
of A. sp. “Peru purple” (Araneae: Theraphosidae: Avicularinae) is an
excellent crude oil biosorbent, due to its good oil sorption capacity, low
susceptibility to water pickup, cost-effectiveness and reusability. The
proposed material exhibits good ability to remain on the water surface
for a long time. The non-homogeneous morphology of the molt makes it
useful for oil spill removal and may be an inspiration for the design of
future sorption materials. It was found that spider cuticle has a very low
surface free energy of 4.47 � 0.08 mN/m, and excellent hydrophobicity,
with a water contact angle close to 131.63 � 0.54� . The sorption ca
pacity for crude oil spill removal from sea water, distilled water and
fresh water was measured at 12.6 g/g, 15.8 g/g and 16.6 g/g respec
tively. Application of this material enables elimination of the con
sumption of chemicals, because no modification is required for
obtaining indicated sorption capacity. Based on the investigation of this
biomaterial, it can be expected to have diverse applications, including in
the treatment of marine spills, produced oily water and industrial oilcontaminated wastewater. We suggest that post-treatment is needed
for further studies on recovery/migration of trapped oil from the pores
and microhair towards completing the environmental remediation via
the biosorbent examined.
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Fig. 9. (a) Digital image of a selected fragment of A. sp. “Peru purple” molting cuticle. (b) Single hair isolated from a selected fragment. (c) Effect of retention of oil
particles through mutual bonding of five hairs. (d) Effect of trapping of crude oil on a selected hair surface. See also Figs. 10 and 11. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 10. SEM images: (a, b) A single hair of spider molting cuticle with clearly visible line between areas with and without contact with crude oil. (c) Crude oil causes
adhesion of the molt micro-hairs.
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Fig. 11. SEM images: Mutual adhesion of hairs of the molting cuticle after sorption of crude oil (a, b, c). Micro-drop of crude oil (d) on the surface of a single
micro-hair.

Fig. 12. (a) Schematic overview of the trapping of crude oil drops by the brushy hair of A. sp. “Peru purple” molting cuticle and pores located on its surface. (b) SEM
image of the molt surface before crude oil sorption; open pores are well visible. (c) SEM image of crude oil surrounding a single hair. (d) SEM image of oil micro-drop
absorbed by a single micro-hair. (e) SEM image of the molt surface after crude oil sorption; the porous structures are filled with oil and are no longer visible. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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