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ABSTRACT: Various plant-based materials effectively absorb oil
contaminants at the water/air interface. These materials showcase
unparalleled efficiency in purging oil contaminants, encompassing

rivers, lakes, and boundless oceans, positioning them as integral
components of environmental restoration endeavors. In addition, Kl = .
they are biodegradable, readily available, and eco-friendly, thus v

making them a preferable choice over traditional oil cleaning g : Underwater

materials. This study explores the phenomenal properties of the FfSEERERINEE = 1 "
floating Azolla fern (Azolla pinnata), focusing on its unique g ) i .

hierarchical leaf surface design at both the microscale and 1 i ”’"’""um

nanoscale levels. These intricate structures endow the fern with 4 ' ' *‘
exceptional characteristics, including superhydrophobicity, high b .

water adhesion, and remarkable oil or organic solvent absorption

capabilities. Azolla’s leaf surface exhibits a rare combination of dual wettability, where hydrophilic spots on a superhydrophobic base
enable the pinning of water droplets, even when positioned upside-down. This extraordinary property, known as the
parahydrophobic state, is rare in floating plants, akin to the renowned Salvinia molesta, setting Azolla apart as a natural wonder.
Submerged in water, Azolla leaves excel at absorbing light oils at the air—water interface, demonstrating a notable ability to extract
high-density organic solvents. Moreover, Azolla’s rapid growth, doubling in the area every 4—S days, especially in flowing waters,
positions it as a sustainable alternative to traditional synthetic oil-cleaning materials with long-term environmental repercussions.
This scientific lead could pave the way for more environmentally friendly approaches to mitigate the negative impacts of oil spills and
promote a cleaner water ecosystem.

1. INTRODUCTION emissions during the process. These limitations underscore the
need for exploring more environmentally friendly alternatives
to mitigate the adverse impact of oil spill cleanup on
ecosystems. Plant-based materials like coconut coir/or biochar
efficiently absorb oil and clean up oil spills.'""'* These materials
have high absorption rates and can effectively remove oil from
the water and soil. In addition, they are biodegradable and eco-
friendly, making them a more sustainable alternative to
traditional oil cleaning methods.'”'*

Water and oil are separated at the interface between the
water and solid surfaces. The interaction of water molecules
with nano-/or microscale surface topography and functionality
is crucial in oil/water separation.ls_17 The chemical and
physical properties governing the interaction between water
and the solid are surface energy, hydrophobicity/or hydro-
philicity, and surface charge.'*™*" This interaction can impact

The relationship between water and climate change is complex
and multifaceted. The discharge of oils and organic solvents
into water bodies is a serious environmental issue of
widespread concern, causing harm to marine ecosystems and
threatening the livelihoods of coastal communities.' Besides,
oils also destroy the protective capability of fur-bearing
creatures, including otters and bird feathers with hydrophobic
surface features,"”” thus exposing the valuable creations to
tough rudiments.” On losing water-repellent character on skin
and feathers, the birds/and animals die from hypothermia.*
Besides, the investigation into the earlier oil leaks revealed that
some deadly toxic substances have stayed in marine waters for
centuries (International Energy Agency).S Some long-term
effects may include population declines, reduced biodiversity,
and altered community structures.®’

Materials and techniques for oil spill cleanup vary based on
factors like spill size, location, oil type, and weather.® % The
use of nonbiodegradable oil cleaners, such as pads, socks, and
booms made of foam, rubber, or plastic, in oil spill cleanup has
inherent drawbacks. Additionally, in situ burning, though rapid
in removing large oil volumes, emits harmful substances, and
vacuum trucks, while efficient in extraction, produce harmful
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the behavior of substances dissolved or suspended in water.!

Particularly, understanding the water/solid interface is vital for
oil /water filters/membranes.*>**

This study presents a comprehensive analysis of the Azolla
fern (Azolla pinnata) found in lake waters, highlighting its
exceptional oil-absorbing properties. A thorough examination
of the surface structural intricacies of the fern leaves has
unveiled a remarkable hierarchical design featuring microscale
and nanoscale structures. These structures impart dual
functionality, effectively repelling water while attracting oil—
a phenomenon of great scientific interest. The study employed
microscopic techniques, real-time optical visualization, contact
angle (C.A.) analysis, and water droplet adhesive force
measurements to investigate the correlation between the
surface structure of the fern and its ability to absorb oil from
water. The findings could offer a scientific lead in confronting
oil spill issues by floating plant species for sustainable oil
remediation. The fern grows very fast and provides an
opportunity to be cultivated and deployed in areas affected
by oil spills to accelerate the natural biodegradation process. In
addition to their potential remediation capabilities, living
floating species offer other benefits. They can help restore
damaged ecosystems by providing a food source for higher
trophic levels, and they may also have applications in
bioremediation beyond oil spills such as in treating wastewater
or other pollutants.

2. EXPERIMENTAL WORK

2.1. Materials and Sample Collection. Various oils and
organic solvents were used during the experiments: crude oil
(Hindustan petroleum), mustard oil (p-mark, grade-1),
soybean oil (fortune, grade-1), toluene (RANKEM), diesel
(RANKEM), chloroform (CDH), and dichloromethane
(RANKEM). The Azolla fern samples were collected from
Dal Lake, Srinagar, India. The fresh samples were washed with
tap water before use. The samples remained fresh in a Petri
dish filled with tap water at laboratory temperature for several
months. We investigated only the upper floating part of the
fern; we were not interested in the submerged roots.”* "% The
Azolla plant is readily available in Dal Lake in Srinagar; it
overgrows in the areas of slow-moving waters in late summer
before withering in the freezing winter temperatures. Three
kinds of oils and four different organic solvents of varying
viscosity (17) and density (p) were used. For instance, crude oil,
n = 22229 mPa s andp = 0.8 g/mL at 15 °C; mustard oil, 7 =
11.727 mPa s and p = 0.96 g/mL at 20 °C; soybean oil, n =
60.9 mPa s and p = 0.91 g/mL at 20 °C; toluene, # = 0.63 mPa
s and p = 0.86 g/mL at 20 °C; diesel, 7 = 3.16 mPa s and p =
0.88—0.82 g/mL at 15 °C; chloroform, # = 0.536 mPa s and p
= 1.48 g/mL at 20 °C; and dichloromethane, # = 0.41 mPa s
and p = 1.33 g/mL at 25 °C.

3. EXPERIMENTAL WORK

3.1. Azolla Fern Habitat and Dimensions. A. pinnata
(known as the mosquito fern, feathered mosquito fern,
duckweed fern, and water velvet) is a floating fern”” It is a
species of the Salviniaceae family native to Asia (India, China,
Korea, Japan, Brunei Darussalam, and the Philippines), Africa,
and parts of Australia. The aquatic plant grows on the water’s
surface, covering the entire area with a green and reddish
carpet-like appearance. The plant thrives on quiet, slow-
moving bodies of water. It is found to double its biomass in 1.9

days, with most strains achieving such growth within a week
under optimal conditions.”” The fern has a triangular stem (2.5
cm long) with various overlapping angular leaves (1/or 2 cm
long). The leaves are initially green, turning blue-green and
dark red within a few months.”” The floating character of the
fern is blamed on the tiny structures on the leaf that repel
water; however, this water-repelling character is not discussed
adequately.”” Moreover, symbionts (cyanobacterium Anabaena
azollae) on leaves fix atmospheric nitrogen. Therefore, the
plant can grow in habitats that are nitrogen-deficient.”” The
plant can also adsorb heavy metals (e.g., lead) from
wastewater.

A digital camera and an optical microscope (LEICA, DM-
600M, Germany) were used to study the general morphology
and the water droplet interaction with the Azolla fern surface
(Figure 1). We observed that the small/or large water droplets
interact differently with the fern surface.

Floating part

Figure 1. A. pinnata fern habitat and parahydrophobic features. (a)
Floating Azolla fern in Dal Lake of Srinagar. Inset: high magnification
of the plant. (b) Digital image of a gigantic spherical water droplet on
the fern leaves showing water repellency. (c) High-resolution digital
photograph of the water droplet. (d) Schematic of the Azolla fern
showing two critical parts of the plant (ie., floating and submerged).
(e) Optical microscopic images of the spherical water droplets
pinning to the surface of the fern leaves at different angles (j, ii, and
iii) to demonstrate the parahydrophobic surface topography features.

3.2. Tunable Water Adhesion on the Azolla Fern. The
wetting phenomenon of water on the Azolla fern surface is
tested by C.A. analysis. Employing an electronic syringe
connected to a C.A. goniometer, we strategically positioned
D.I. water droplets on various surface locations. The static
contact angle (SCA) measured is found at 152° (ACAM-
Series, Apex Instruments, India), Figure 3d. Depending on the
volume, the water drops pin or slip off the surface at various
sliding angles. For a more comprehensive visual representation
of these wetting behaviors and to access the associated data,
see Table 1.
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Figure 2. Hierarchical surface structure of A. pinnata. (a) Optical micrographs of the plant leaves; inset: high-magnification optical image of the leaf
surface (b). (c) SEM images of the leaf surface displaying multiple airlike sacs. (d) SEM image illustrating each air sac adorned with a carpet of
microscale and nanoscale structures. (e) High-resolution SEM image depicting the hierarchical structures (x;: hydrophobic structure, x;:

hydrophilic structure).
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Figure 3. Parahydrophobic Azolla fern leaf surface. (a) Representation of a water drop showing superhydrophobicity and high-adhesion behavior
on the fern leaf (the Cassie-impregnating wetting state). (b) Optical microscopic image of a water drop pinned to a leaf upside-down. (c) SEM
image showing rough microstructures and smooth nanobases on the surface for water pinning and repelling features. (d) Optical images of a water
drop showing a high SCA of 152° and the (e) pinning effect of the water drop on detaching it from the leaf surface.

Table 1. Sliding Angle Impact on the Pinning/Depinning of
Water Drops of Variable Volumes

droplet sliding angle sliding angle
S/No  volume (uL) (deg) effect (deg) effect
1 10 uL <5° pinning 180° pinning
2 20 uL <§° pinning 180° pinning
3 30 uL 90-95° pinning 95-100° slip
4 40 uL 80—85° pinning 85-90° slip
N S0 uL <§° slip 5-10° slip

3.3. Tunable Water Adhesion on the Azolla Fern. The
adhesive force between water droplets and the surface of Azolla

12727

leaves is investigated by using a force tensiometer (KRUSS,
Force Tensiometer-K100, Germany). This analytical instru-
ment allows for the precise measurement and analysis of
interfacial forces. Notably, it has been observed that the
volume of the water droplets notably influences the adhesive
forces. A systematic experimental approach is employed in
studying the efficacy of Azolla leaves in removing oil from
water. Initially, Azolla leaves are affixed to a linear stage, which
allows for controlled movement. The Azolla leaves are
progressively introduced into oil-contaminated water, facilitat-
ing contact with the oil droplets. Subsequently, the leaves are
carefully withdrawn. The process is meticulously monitored

https://doi.org/10.1021/acsomega.3c08417
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Droplet repelled/detached

Droplet pinned

Figure 4. Optically monitoring the place-and-pick experiment. (a—d) Water droplets (with volumes ranging between 1.4 and 4.5 yL) are placed
and picked from the surface. (e) Water drops (with a volume of 6.7 L) remain pinned to the surface.

and recorded using a high-speed camera, specifically an
ACAM-Series camera provided by Apex Instruments in
India. This scientific methodology provides insight into the
adhesive properties of Azolla leaves. It offers a systematic
means of investigating their potential application in oil removal
from water, which holds significance in environmental and
ecological contexts (Figure 3).

3.4. Scanning Electron Microscopy. The morphological
characteristics of the Azolla fern leaf surface, particularly at the
micro- and nanoscale levels, are examined using field emission
scanning electron microscopy (FESEM) with a ZEISS
GeminiSEM-500 instrument in Germany. While effective in
capturing the overall structure, traditional optical microscopy
(OM) and digital imaging techniques were limited in revealing
the intricate topographical features on the leaf’s surface. Both
OM and digital imagery depicted the Azolla leaves as having a
gently curved shape with microsized protrusions distributed
across the leaf surface. However, the finer microscale/
nanoscale topographical details, crucial for understanding
surface properties at the nanoscale level, were beyond the
resolution capabilities of these conventional techniques. In
contrast, the utilization of FESEM brought to light these
minuscule surface intricacies, as illustrated in Figure 4.
FESEM’s exceptional resolution and imaging capabilities
uncovered the previously unseen micro- and nanoscale
topographical features present on the Azolla fern leaf, offering
a comprehensive insight into its surface structure. This in-
depth examination is vital in understanding the leaf’s functional
attributes and potential applications in various scientific and
environmental contexts.

4. RESULTS AND DISCUSSION

4.1. Hierarchical Structural Details. In preparation for
the FESEM analysis, the surfaces under investigation under-
went a crucial pretreatment process. Initially, a nanolayer of
gold with nanosized particles, approximately 10—9 m in
diameter, was meticulously deposited onto the surface. This
deposition occurred under controlled conditions, specifically at
a temperature of 20 °C and a pressure of 10—6 mbar. Upon
closer examination using FESEM, the coated surface revealed a
fascinating and intricate hierarchical structure.

The surface structure is divided into two distinctive
components: (a) smooth nanostructures (surface base): a
uniform array of nanostructures characterizes the foundation of
the Azolla leaf surface. However, these structures played a
crucial role in determining the surface’s hydrophobic proper-
ties at the nanoscale. Their uniformity and arrangement
connect to what is referred to as the “depinning effect”,
indicating that they actively prevent the pinning of water
droplets on the surface. This hydrophobic behavior stems from
the regular, smooth nature of these nanostructures. (b)
Irregular microstructures: Complementing the smooth nano-
structures were randomly spaced, irregular microstructures on
the surface. These larger-scale structures exhibited a contrast-
ing hydrophilic nature. In other words, they had an affinity for
water and actively participated in the pinning of water droplets.
These irregular microstructures created hydrophilic domains
on the surface, which allowed water droplets to adhere to
them. As depicted in Figure 2, the interplay between the
hydrophobic smooth nanostructures and the hydrophilic
irregular microstructures is central to the surface’s wetting
behavior. This complex, dual-scale surface architecture
contributes to the material's overall wetting characteristics
and has implications for its potential applications in various
scientific and technological contexts.

4.2. Water Drop Pinning and Depinning Effects. The
multiscale surface structures of the Azolla leaf show highly
adhesive superhydrophobic features (i.e., the rose petal effect).
The two effects are schematically illustrated and optically
confirmed (Figure 3a,b). While checking the SEM image, one
could correlate the two effects to microstructures and
nanostructures (Figure 3c). On testing the water-wetting
properties on the Azolla leaf surface, we found that the SCA of
the water drop on the leaf surface is >152° (Figure 3d).
Besides maintaining the spherical shape on the leaf surface, the
water drop remains pinned to the surface (even in an upside-
down position) by high adhesive forces. The increased C.A. is
due to the smooth nanostructures. The pinning effect is
blamed on sharp, irregular microstructures that pierce into the
water droplet. The water drop exhibited a stretching effect on
detaching from the leaf surface to confirm the pinning
phenomenon, Figure 3e. Such surfaces (with superhydropho-
bic features and high adhesive forces) are called para-
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Figure 5. Force—distance curves. Adhesive force measurement of water drops on the adaxial surface of the Azolla fern as a function of the droplet

volume (a—d; between 3.5 and 6.7 puL).

hydrophobic surfaces. A few common examgles of such
surfaces are rose petals and Salvinia molesta.”’ The para-
hydrophobic surfaces are explored for application in
separation, directional transport of liquids, water collection,
bubble nucleation, or departure during boiling. Generally, the
theoretical explanation of surfaces with an SCA greater than
150° is termed superhydrophobic surfaces. Nevertheless,
superhydrophobic surfaces could be explained in two ways:
(a) liquid touching the solid surface (i.e., Wenzel’s state) to
explain homogeneous wetting,”” which is described by eq 1

cos O, = r cos O, (1)

where 0,,, is the Wenzel C.A,, 0, is the Young C.A,, and r is
the roughness ratio (i.e.,, the ratio of the actual area to the
calculated area of the solid surface wetted by liquid). (b) Air
film traps between liquid and solid surfaces (Cassie’s state),

which represents heterogeneous wetting,> as explained by eq 2

cos O, =rf cos O, +f—1 )
where 0, is the Cassie C.A,, 6, is the Young C.A,, r is the
ratio of the actual area to the calculated area of the solid
surface wetted by liquid, and f denotes the area fraction of the
estimated wet area. This condition matches the lotus effect; the
three contact lines are discontinuous, meaning the water
droplets only make contact with the surface at a few discrete
points rather than spread uniformly across the surface. This
characteristic helps minimize the contact area between the
water droplet and the surface, reducing adhesion and
restricting water droplets from intruding into the micro-
structures. The situation promotes low C.A. hysteresis, and the

water droplets tend to bead up and roll freely in any direction.
The low C.A. hysteresis means a minimum difference between
the advancing C.A. (when the droplet is spreading) and the
receding C.A. (when the droplet is retracting).

Overall, the combination of hydrophobicity, roughness,
discontinuous contact lines, and low C.A. hysteresis allows
water droplets to move freely on the surface, preventing the
accumulation of dirt and ensuring self-cleaning properties (for
instance, those observed on lotus leaves).>**> Both Cassie and
Wenzel states were thoroughly investigated previously.
However, the parahydrophobic surface (a metastable state)
can be described as an intermediate wetting state between the
Cassie and Wenzel regimes. In this scenario, the three-phase
contact line remains continuous, which refers to the water
droplet spreading across the surface, making contact at
multiple points instead of being localized at specific discrete
points, as in the case of the Cassie state. The microstructures
on the surface, which may bear ridges, pillars, or textures,
generate strong capillary forces that pin the water droplet in
place even when the surface is tilted, sliding, or inverted.
Therefore, the surface demonstrates superhydrophobicity with
high adhesive forces.’®”” The investigation of the para-
hydrophobic state is essential because it provides insights
into the wetting phenomenon and the manipulation of liquid—
solid interactions.”®

4.3. Water Drop Pinning and Depinning Effects. To
illustrate the water pinning effect, which signifies the adhesive
forces between water droplets and the Azolla leaf surface, we
initially employed OM observation during a water drop
placement and retrieval experiment. When tiny water droplets
(ranging from 1.4 to 4.5 L in volume) were placed on the
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surface, they could be effortlessly picked up vertically using a
needle attached to an automated stage (as shown in Figure
4a—d). However, as the droplet volume increased to 6.7 uL, it
exhibited a pronounced pinning effect, remaining firmly
attached to the surface (as depicted in Figure 4e). This
phenomenon underscores the intriguing water-adhesive
properties of the Azolla leaf surface.

Second, we employed a force tensiometer to quantify the
adhesive forces between the water droplet and the fern surface.
This enabled us to probe these adhesive forces across a range
of water droplet volumes. We observed a fascinating
correlation: as the volume of the water droplets increased,
the corresponding adhesive forces exhibited concurrent and
substantial augmentation. This intriguing phenomenon is
further elucidated through the representation of force—
distance curves, graphically outlining the intricate interactions
as the water droplet progressively approached and receded
from the Azolla leaf surface, as showcased in the visual
depiction found in Figure S. These curves were recorded by
using a force tensiometer, granting us invaluable insight into
the dynamic interplay between the water droplets and the
surface of the Azolla leaf.

During these interactions, the water droplets underwent
continuous deformation as they approached the leafs surface.
However, the most intriguing aspect of this phenomenon was
the gradual detachment of the droplets from the Azolla leaf.
This detachment formed a distinct neck region—a slender,
connecting bridge between the water droplets and the Azolla
leaf. Notably, we observed multiple instances of these
interactions across the surface of the Azolla leaf, each unveiling
the complex interplay between the leaf surface and water
droplets of varying volumes.

Our findings in this regard are especially noteworthy. When
we examined water droplets measuring 6.7 yL in volume, we
observed a substantial adhesive force quantified at 150 uN.
This indicates a robust adhesive interaction between the water
droplet and the Azolla leaf surface. In contrast, with water
droplets of 3.5 uL in volume, the adhesive force measured 50

12730

UN, representing a proportionally lower but still significant
adhesive effect.

It means that the tiny water droplet on the Azolla leaf
exhibits a much lower adhesive force on the surface than that
of its bigger counterparts, as shown in Figure 4. When the
water droplet volume is fixed at 3.35 L, the SCA on the Azolla
leaf is greater than 155° + 1. So, in this case, the water droplet
cannot stick to the leaf surface, given that the water droplet is
smaller in size and offers fewer pinning spots (ie., irregular
microstructures) to the water droplet. However, as the water
droplet volume reaches 6.7 uL, the size of the droplet
increases, and the SCA decreases to 140° + 1. Consequently,
the droplet is pinned by surface microstructures (with a higher
surface energy) at various spots, ensuring the stable attachment
of the water droplet with the leaf surface (Figure 6a,b). Also,
we investigated both the pinning and depinning of water
droplets (with different volumes) on the leaf surface with
different sliding angles on water droplets (with variable
volumes) to illustrate the pinning effect.

We measured the SCA of various liquids on the fern leaf
surface (Figure 6c). As the volume of droplets undergoes
augmentation, three pivotal processes come into play, each
playing a crucial role in the escalation of surface energy. First,
the expansion in droplet size weakens the cohesive forces
between its constituent molecules, thereby diminishing
intermolecular interactions. This phenomenon leads to an
expansion of the liquid—air interface, where these weakened
intermolecular forces become influential. The consequence is a
greater requirement for energy to maintain this enlarged
surface area. Second, as the Laplace equation dictates, the
pressure within a droplet exhibits an inverse relationship with
its radius. With the growth of droplets, their internal pressure
decreases, demanding higher pressures to maintain their
characteristic spherical shape. An increase in surface energy
accompanies this elevation in pressure. Lastly, from a
thermodynamic perspective, it is inherently more energetically
favorable for a liquid to occupy a smaller surface area owing to
the reduced energy associated with cohesive forces. Hence,
enlarging the volume of a droplet to more substantial

https://doi.org/10.1021/acsomega.3c08417
ACS Omega 2024, 9, 12725-12733


https://pubs.acs.org/doi/10.1021/acsomega.3c08417?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08417?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08417?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08417?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08417?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Toluene

Azolla leaf

Chloroform

_i—l il
DI
water
DCM k.
m Azolla leaf
i i

Crude oil

iii

Mustard oil Soya bean oil

Figure 7. Remediation of oils and organic solvents by the Azolla leaf. (a) Removal of various oils (such as diesel, toluene, crude oil, mustard oil, and
soybean oil) at the air/water interface and (b,c) organic solvents (dichloromethane (DCM) and chloroform) in an underwater condition.

proportions necessitates an increase in surface energy to
sustain the expanded surface area. In summary, these three
intricately interlinked processes collectively contribute to the
overall augmentation of surface energy as the volume of the
droplet experiences enlargement.

Further, we systematically examined the influence of the
sliding angle on the pinning and depinning phenomena
exhibited by water droplets, characterized by varying volumes,
on the surface of Azolla fern leaves. The intricate hierarchical
microscale and nanoscale structures inherent to the Azolla fern
surface contribute to the manifestation of both pinning
(manifesting adherence) and depinning (exhibiting super-
hydrophobicity). The pinning efficacy shows a notable
dependence on the volume of the water droplets. Notably, as
the droplet volume increases, the pinning action or the
adhesive interaction undergoes a discernible weakening. For
instance, water droplets with volumes ranging from 10 to 20
pL exhibit robust pinning, demonstrating the ability to adhere
firmly even when positioned upside down (ie, at 180°).
However, as the droplet volume escalates to 30—40 uL, the
pinning effect remains intact until the sliding angle reaches a
transition zone between 90—95° and 80—85°.

Moreover, an important observation arises when the water
drop volume is further increased to 50 uL. At this threshold,
the pinning effect on the leaf surface diminishes entirely,
marking the onset of droplet slippage, which commences at a
slight incline of less than 5°. Remarkably, with water droplets
attaining volumes of 50 uL and beyond, the Azolla fern surface
transitions to behaving akin to a lotus leaf, characterized by
enhanced superhydrophobic properties. This transformation
underscores the dynamic interplay between droplet volume
and the structural attributes of the leaf surface, unraveling a
nuanced understanding of the intricate wetting behaviors
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exhibited by the Azolla fern (the summary of the investigation
is given in Table 1).

4.4. Azolla Leaf Qil Separation on the Surface and
Underwater. The mosquito ferns (Azolla) have a contrasting
affinity toward water and oils, which means they are both
superhydrophobic and superoleophilic in surface and under-
water scenarios. Due to their hierarchical (i.e., micro-/
nanoscale) surface structure, they repel water but quickly
(i.e, in a couple of seconds) attract oils and organic solvents.
Notably, they also clean up light oil drops from the surface of
the water (Figure 7a), refer to Video S1 (Supporting
Information), and suck heavy organic solvents from under-
water conditions (Figure 7b). Also, refer to Video S2
(Supporting Information). The maximal absorption is attained
in <12 s (for light oils), 25 s (for heavy oils), and <S5 s (for
organic solvents). These fundamental studies provide the first
evidence of the enormous potential of floating fern leaves as
selective oils/organic solvents absorbent in freshwater bodies.
To investigate the impact of the physical oil qualities on the
sorption capacity, we first assessed the sorption capacity of
Azolla pinnate leaves with three different oils and four different
organic solvents. For instance, crude oil, mustard oil, soybean
oil, toluene, diesel, chloroform, and dichloromethane were
used to make these measurements.

5. CONCLUSIONS

In summary, this study delves into the structural details of the
Azolla fern, particularly its hierarchical design of leaves at the
microscale and nanoscale levels. These unique structures give
the fern distinct properties such as superhydrophobic surfaces,
high water adhesion, and effective absorption of oils and
organic solvents. The fern possesses a combination of
hydrophilic spots (i.e., irregular microstructures) on a
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superhydrophobic base (i.e., regular nanostructures), which
results in high water adhesion on the superhydrophobic
surface. Consequently, when a water droplet comes in contact
with the fern’s surface, the superhydrophobic base (with SCA
> 150) shapes the droplet into a spherical form due to its low
surface energy. In comparison, the hydrophilic spots pin the
water droplet (even in an upside-down position) because of
their high surface energy. This phenomenon is known as the
rose-petal effect. The Azolla fern could act as a natural
biodegradable material for oil remediation in various natural
water bodies, such as rivers, lakes, and springs. It can absorb oil
and organic solvents at the air/water surface and underwater.
One of the notable advantages of using the Azolla fern as an oil
cleaner is its availability, economical and environmentally
friendly character, and quick growth in moving waters. The
fern overgrows in a large chunk of water bodies, thus providing
an alternative yet sustainable choice to traditional oil cleaning
materials, often imposing long-term environmental impacts.
Overall, the findings of this research have the potential to
contribute to addressing oil spills by using floating plant
species for sustainable oil remediation. Furthermore, since the
fern is a millimeter in size and floats on an air/water surface,
collecting ferns after cleaning is even easier. Hence, with our
field experience and experimental results, we strongly
recommend that the Azolla fern be grown with purpose
within freshwater bodies to clean oils/or organic solvents.
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