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Directional, Silanized Plant-Based Sponge for Oil Collection

Jongbeom Kim, Jingyu Deng, Nam-Joon Cho,* and Seung Min Han*

Porous materials are commonly employed to combat marine pollution by
absorbing oil. However, the release of microplastics or nanoparticles from
their synthetic components further exacerbates environmental concerns. In
this study, a sustainable and reusable pollen sponge derived from eco-friendly
pollen grains and fabricated using a directional freeze-drying method is
introduced for the first time. These grains undergo a defatting process
followed by a controlled hydrolysis process, transforming them into a pollen
microgel made of sporopollenin, the primary constituent of a pollen grain’s
outer layer. The directional freeze-drying technique is used to fabricate porous
structures with controlled orientation using the pollen microgel. The
application of a chemical vapor deposition with dodecyltrimethoxysilane
(DDTS) grants sponge hydrophobic properties, making it ideal for selective oil
absorption. This modified pollen sponge boasts superior absorption
capacities (15–59 times its weight) compared to most natural sponges.
Additionally, its excellent durability and ability to recover up to 65% of
deformation even after 60% strain compression are remarkable with the
silanization process tripling the recoverability of pollen sponges. Remarkably,
the silanized directional pollen sponge (SDPS) retains this resilience after 100
compression cycles. Therefore, the SDPS emerges as an eco-conscious
solution for repeated and selective oil absorption tasks.

1. Introduction

The natural environment offers invaluable resources like sun-
light, air, and minerals, among which plants have been crucial for
human needs, including food and shelter.[1] Pollen, a small part
of plants, is vital for plant reproduction and has received much
interest for its unique qualities, being nutrient-rich and therapeu-
tic, making it a choice ingredient in superfoods and medicine.[2–4]

To ensure reproductive efficacy, plants generate an abundance of
pollen grains and spores, equipping them with the ability to pro-
tect against the harsh conditions of nature.[5–7] Pollen consists of
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four layers: pollenkitt, exine, intine, and
cytoplasmic content,[8] and the outer exine
is constructed with biopolymers with ex-
cellent chemical and mechanical stability
called “sporopollenin” that serves as the
layer that protects the genetic materials
inside for plant reproduction. Altering
the physical and chemical properties
of pollen grains through processing re-
sults in versatile material building blocks
employed in various cutting-edge fields
such as drug delivery,[9] tissue engi-
neering, soft robotics,[7] biosensors,[10]

actuators,[11] flexible electronics,[12] and
environmental cleanup.[13] Inspired by
the concept of cross-economy,[14] the
utilization of pollen has emerged as a re-
markable example of sustainable resource
transformation.[15] To achieve sustain-
able development goals,[16] it is necessary
to explore radically new functions that
challenge the inherent characteristics of
natural materials. Pollen, often considered
a byproduct of the plant reproduction
process, is now recognized for its unique
potential as a high-value material.[15]

Pollen plays a vital role in protecting the
genetic material of plants by acting as a protective casing due to
its inert properties. This biological function of pollen in the pro-
tection of genetic materials can be used to protect the environ-
ment through sustainable processes. As one of the major envi-
ronmental pollutants, oil spills can have severe environmental
and economic consequences,[17] and cleanup technologies such
as containment booms, skimmers, and sorbents have been com-
monly employed to remove oil from the water surface and shore-
line. These conventional cleanup technologies make use of non-
reusable materials that in turn cause another environmental pol-
lution, and thus the development of reusable absorbent materi-
als for selective oil absorption has been of recent interest.[18–23]

The most popular materials used for reusable absorbents are
synthetic polymers,[24–28] and carbon nanomaterials[29–32] due to
their excellent elastic properties, but yet with their own limita-
tions. Synthetic polymers carry the risk of partial degradation in
harsh marine environments, leading to the release of microplas-
tics that lead to marine pollution[33] while carbon nanomaterial-
based alternatives raise concerns regarding the ecological im-
pact on marine ecosystems by effects of nanosized particles
on organisms.[34] Therefore, many studies are underway in
trying to replace these materials with nontoxic natural mate-
rial alternatives.[35–37] An oil absorbent made from pollen as a
renewable material holds great promise in addressing another

aspect of environmental pollution.
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Sporopollenin, composed of random copolymers of fatty acids,
phenylpropanoids, and phenolic compounds, is one of the most
chemically and mechanically inert biopolymers, with differ-
ent functional groups attached to it depending on the plant
species.[38,39] These functional groups present on sporopollenin
make its surface hydrophobic through functional group modifi-
cation. Connecting long carbon backbones to the hydroxyl group
of the pollen surface using a silanization reaction,[40,41] the hy-
drophobicity of the pollen surface can be increased to elevate the
oil absorption ability of the pollen structure. The improvement in
hydrophobicity enhances capillary action for oil absorption by de-
creasing the surface tension between the oil and pollen surface.

In this study, a new 3D porous scaffold consisting of pollen
was developed using a directional freeze-drying method as an
eco-friendly reusable oil-absorbent material. A thermal gradient
in one direction is imposed during freeze-drying to fabricate a
3D porous structure that consists of walls made from pollen
building blocks.[42] The 3D porous structure with aligned orien-
tation allows for excellent recovery and resilience, and the verti-
cally aligned pores with hydrophobic modified surfaces allow for
the use of capillary effect to facilitate oil absorption from the sea
surface. The resulting directionally aligned pollen 3D structure
termed salinized directional pollen sponge (SDPS) was thus de-
signed and used in this study as a new oil absorption material
with significant enhancement in absorption capacity, resilience,
and thus lifetime.

2. Results and Discussion

2.1. Morphology of Directional Freeze-Dried Pollen Sponges

A 3D porous sponge composed of pollen walls was fabricated
using pollen microgel through a freeze-drying method, which
can manufacture a 3D porous structure with the inverse struc-
ture of ice crystals. Pollen microgel is composed of a mix-
ture of water and sunflower pollen exine particles made of
sporopollenin. Sporopollenin possesses an exceptionally high
Young’s modulus, ranging from 9.5 to 16 GPa, surpassing that
of other biopolymers.[43] Additionally, the abundant presence
of hydroxyl and carboxyl groups on the surface, along with a
spiky micro/nano hierarchical surface morphology, aids in the
self-crosslinking formation of the structural walls by sunflower
pollen grains.[7,44] Therefore, sunflower pollen can be chosen as
a highly suitable building block for creating a robust 3D material.
A schematic image of the fabrication process of pollen sponges
is illustrated in Figure 1a. The side of the mold containing the
pollen microgel is made of an insulating material, and only the
bottom of the solution is cooled to generate a temperature gradi-
ent in the vertical direction. Ice crystals are generated along the
direction of the temperature gradient through a sublimation pro-
cess, and a directionally aligned pore structure can be obtained
by a directional freeze-drying process. The photographs of direc-
tionally freeze-dried pollen sponges are shown in Figure S1 (Sup-
porting Information). A directional pollen sponge (DPS) with a
size of 1.5 cm × 1.5 cm × 1.5 cm was fabricated. The density of
the pollen sponge was 28.7 mg cm−3. To confirm the pore geom-
etry of the DPS, the freeze-dried sponges with vertical and hori-
zontal directionality were cut in the horizontal direction as indi-
cated in Figure S2 (Supporting Information), and the SEM cross-

section image is shown in Figure 1b,c. The vertically grown DPS
had anisotropic pores created by the sublimation of columnar-
shaped ice crystals with a high aspect ratio that are found in
Figure 1b. The high aspect ratio and small radius of these pores
also maximize the capillary action that is needed for liquid ab-
sorption of the entire sponge structure. The directional freeze-
drying method can control the growth of ice crystals, leading to
changes in the pore structures of DPS from vertical to horizontal,
and the aligned parallel walls of DPS from the directional freeze-
drying method are shown in Figure 1c.

Surface modification of the DPS for enhancing oil absorption
was performed by attaching dodecyltrimethoxysilane (DDTS)
molecules to the surface using chemical vapor deposition. The
reaction rate of this thermal-dependent reaction increases as the
temperature rises from 70 to 250 °C.[45] In the case of DPS, a
silanization reaction occurred noticeably at temperatures exceed-
ing 125 °C. The photographs of fabricated DPS and SDPS with
different reaction temperatures are shown in Figure S3 (Sup-
porting Information). After the silanization reaction, the pollen
sponge changed color from light yellow to brown, and its vol-
ume decreased by 44% due to heat-induced shrinking. Cross-
sectional SEM images of the SDPS in Figure 1d,e show ertical
and horizontal pore alignment, respectively. The average pore
sizes of DPS and SDPS were measured as the length of the minor
axis from cross-sectional SEM images of vertical pore sponges
(Figure 1b,d), and Figure S4 (Supporting Information) shows
their pore size distributions from cross-sectional SEM images
cut in perpendicular to pore alignment. As the volume of the
sponge decreased by silanization, the average pore size also de-
creased from 48.1 to 11.6 μm. The capillary force is known to
be governed by two parameters: surface tension and pore radius.
Silanization reaction therefore can maximize the capillary force
from changing these two parameters, as it reduced the radius of
the pores and decreased surface tension with nonpolar liquids
from attached carbon backbones for more effective absorption of
SDPS.

2.2. Spectroscopy-Based Characterization of Silanization
Reaction

The pollen sponge fabricated using the directional freeze-drying
method had a suitable structure for absorbing liquids because of
its high porosity and high aspect ratio of the pores. However, the
hydrophilic surface of pollen grains, resulting from functional
groups such as hydroxyl and carboxyl groups, hinders selective
oil absorption of the fabricated structure in the oil–water mix-
ture. Therefore, to promote selective oil absorption of the DPS,
surface modification of the walls of the pores of DPS to increase
its hydrophobicity was performed. Among various surface mod-
ification methods such as chemical treatment with hydrophobic
coating[46] or modifying surface structure,[47] the silanization re-
action, where the alkoxy group of alkoxy silane covalently bonds
hydroxyl groups to form oxygen bridges between Si and organic
molecules was determined to be most compatible to increase the
hydrophobicity of the DPS. Sporopollenin possesses numerous
hydroxyl and phenolic moieties in its chemical structure,[38] and
these readily react with the three methoxy groups present in the
DDTS molecules to attach long carbon backbones onto the pollen
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Figure 1. a) The schematic images of the SDPS fabrication process. SEM visuals of the DPS prepared by directional freeze-drying method, b) freeze-dried
in a horizontal orientation, and c) freeze-dried in a vertical orientation. SEM visuals of the SDPS that was freeze-dried, d) horizontally, and e) vertically.

surface. As methoxy groups are more reactive than the ethoxy
group and, unlike chlorosilane, do not produce hydrochloric acid
as a byproduct, DDTS was selected for the silanization of the
pollen sponge.

To verify the formation of oxygen bridges between pollen sur-
faces and DDTS, the binding state of the DPS, heat-treated DPS,
and SDPS were analyzed by using FT-IR spectroscopy (Figure
2). Heat-treated DPS was included in order to distinguish peak
changes caused by the silanization reaction from those resulting
from heating. These three samples derived from the pollen mi-

crogel, where sporopollenin is the main component, exhibited
similar patterns in the FT-IR spectra, and a detailed explanation
is shown in Figure S5 (Supporting Information).

When these three FT-IR spectra were compared, two peaks
were identified that significantly changed in the SDPS. The peak
at 1051 cm−1 increased, while the peak at 1489 cm−1 disap-
peared. The absorption of Si─O─C vibration appears generally as
a broad peak at 950–1250 cm−1.[48] The broad peak at 1051 cm−1

could be assigned to the Si─O─C vibration in the SDPS. The
peak at 1489 cm−1, observed in the FT-IR spectra of the DPS,
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Figure 2. FT-IR spectra of the DPS, the heat-treated DPS, and SDPS.

corresponds to the O─H bending of the hydroxyl group attached
to sporopollenin. As the silanization reaction proceeds, the hy-
droxyl group of the pollen and the methoxy group of DDTS re-
act to form an oxygen bridge. Therefore, the content of hydroxyl
groups in the DPS decreased sharply. In the spectra of the SDPS,
the 1489 cm−1 peak corresponding to O─H bending disappeared.
These changes in the FT-IR spectra indicate that the hydroxyl
groups on the pollen surface no longer had the ─OH form, but in-
stead had the form of Si─O─C bridges. By comparing the spectra
of the DPS with the SDPS, it was confirmed that DDTS success-
fully bound to the hydroxyl groups of the pollen by the silaniza-
tion reaction.

The silanization reaction occurs more effectively as the tem-
perature increases due to the influence of reaction kinetics,
where higher temperature leads to increased mobility of silane
molecules.[49,50] To investigate the thermal conditions of the
silanization reaction, the Si peak of the SDPS was observed us-
ing XPS analysis while changing the reaction temperature. Each
pollen sponge was fabricated using the same process mentioned
above, and the silanization reaction was carried out by CVD at
125, 150, and 175 °C for 24 h. Conditions exceeding 200 °C were
excluded from the experiment, as this resulted in extensive car-
bonization of the pollen sponge and severe deformation due to
thermal shrinkage of its structure. The Si 2p peak graph for each
temperature condition observed in the XPS analysis at 125, 150,
and 175 °C is shown in Figure 3.

The Si 2p binding energy is sensitive to the atom attached to
Si, allowing us to determine the ratio between carbon and oxy-
gen bonded to the Si atom.[51] The Si in the DDTS molecule has
Si─O─C bonds, observed at 102.2 ± 0.2 eV. This bond is associ-
ated with the methoxy group and the linkage between DDTS and
pollen grains. The Si─C binding energy shown in the bond be-
tween the Si atom of DDTS and the carbon backbone is located at
101.3± 0.2 eV. For the silanized surface, the Si─O─Si binding en-
ergy is located at 103.2 ± 0.1 eV from the oxygen bridge formed
between DDTS molecules. By calculating the relative peak area
of each binding energy peak, we can infer how DDTS bound to
the pollen sponge surface during the silanization reaction. The

Si─O─C binding peak had an occupancy of 74–79%, showing
that it was the main binding state of the Si atom in the SDPS.
Evaluation of the XPS data shows that the proportion of the Si─C
binding peak was the highest in the 175 °C sample. Specifically,
this peak had the largest relative peak area in that sample, which
indicates that the attachment of carbon backbones to the pollen
surface was most efficient in the 175 °C sample. Therefore, the
surface of the pollen sponge that was subjected to silanization at
175 °C had a higher density of carbon backbones than the sur-
faces of the pollen sponges that were reacted at lower tempera-
tures. The reaction temperature of 175 °C, which produced pollen
sponges with higher hydrophobicity, was therefore the most suit-
able for fabricating selective oil absorbents. Temperatures ex-
ceeding 200 °C, on the other hand, lead to significant carboniza-
tion of pollen sponges, making them unsuitable for reusable oil
absorbers.

2.3. Reinforcement Effect of the Silanized Pollen Structure

Reliability in repeated compression is one of the most impor-
tant performance factors in the development of reusable oil ab-
sorbents. The mechanical properties and reliability of pollen
sponges were therefore obtained through a uniaxial cyclic com-
pression test. Compression tests were performed in vertical and
horizontal directions on freeze-dried pollen sponges with and
without silanization and compression cycles were performed to
100 cycles. The pollen sponges used in the compression tests
were prepared in cubes of 1 × 1 × 1 cm and the cyclic compres-
sion tests to the max strain of 60% were conducted at a relatively
high strain rate of 1 min−1 to minimize strain-rate dependency
of polymers.[52]

The results of the cyclic compression tests on the pollen
sponges are presented in Figure 4. Figure 4a displays the stress-
strain curves for the first cycle, while the other cycle data (5th,
10th, and 100th cycle) can be found in Figure S6 (Supporting In-
formation). The stress–strain curves revealed that the vertically
aligned structures exhibited greater strength, highlighting the
anisotropic mechanical properties of the DPS as expected due to
the directional alignment of the pores. The maximum recorded
stress of DPS was 16.2 kPa for vertical alignment and 9.3 kPa
for horizontal alignment. The vertically aligned structure had
higher strength due to the honeycomb-like wall grown in the di-
rection of loading while the horizontally aligned structure was
observed to have lower strength due to less structural support
from the walls. After silanization, the strength of the SDPS sig-
nificantly increased regardless of the directional alignment; the
maximum stress increased to 9.5 times from 16.2 to 154.7 kPa
and 4 times from 9.3 to 35.4 kPa for vertical alignment and hor-
izontal alignment, respectively. In comparison, the stress–strain
curve for heat-treated vertically aligned DPS showed that heating
increased the strength of the sponges to 1.4 times compared to
sponges without heat treatment (Figure S7, Supporting Informa-
tion), strongly suggesting that significant strength enhancement
was achieved from the tethering of DDTS during the silanization
process. In addition, the silanization reaction led to dehydration
and shrinkage of the pollen sponges, which resulted in SDPS hav-
ing a higher strength than DPS.
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Figure 3. Si 2p XPS spectra of SDPS reacted at 125, 150, and 175 °C. The proportion of Si 2p(SiC) peak indicates how efficiently the carbon backbones
are attached to the pollen sponge surfaces.

The high-temperature silanization process significantly en-
hanced the recoverability of pollen structures. The permanent
strain was measured at the point where stress was completely
relieved after one cycle of load-unload; the permanent strain de-
creased from 44.0% to 22.8% and from 43.7% to 21.2% in the
vertical and horizontal alignment samples, respectively (Figure
S6, Supporting Information). Figure 4b illustrates the changes in
permanent strain during 100 cycles of compression for DPS and
SDPS. DPS showed an increasing permanent strain closer to the
maximum compressive strain. In contrast, even after 100 com-
pression cycles, SDPS maintained a 43.9% permanent strain,
demonstrating its ability to retain its shape during repeated com-
pressions and suggesting its potential as a reusable oil absorbent.
The horizontally aligned sponges exhibited a higher recoverabil-
ity compared to the vertically aligned sponges. In the horizontal
pore structures, the spaces between pores were compressed in-
stead of the bending of the pollen walls. This prevented perma-
nent deformation of the entire structures, resulting in a slight
improvement in the recoverability of horizontal pollen sponges.

The SDPS exhibited higher strength and recoverability com-
pared to the DPS in both pore directions. The mechanical

strengthening of the pollen structure after silanization can be
attributed to the enhanced connectivity between pollen grains.
Pollen grains in the DPS formed their walls through hydrogen
bonding.[53] These bare pollen walls, which are connected by
relatively weak forces, were susceptible to deformation caused
by external forces, and thus the strength and the recoverability
of the entire sponge were low. In contrast, the SDPS intercon-
nected pollen grains with covalent bonding and improved the
pollen grain resilience to deformation via the silanization reac-
tion. This difference in bonding methods for wall formation af-
fected the resistance to wall deformation and enabled SDPS to
have high strength and recoverability. Pollen grains strongly con-
nected through covalent bonding maintained high recoverability
even under repetitive deformations.

2.4. Absorption Test for Selective Oil Collecting

The water contact angle was measured to determine the in-
creased hydrophobicity after the silanization reaction (Figure
5a). The contact angle is determined by the surface tension be-
tween the liquid and the substrate, and it increases as the surface

Figure 4. a) Results of first uniaxial compression test on DPS and SDPS with horizontal and vertical alignment indicating higher strain recoverability in
SDPS. Permanent strain in each sample is marked for comparison. b) Permanent strain as a function of the compression cycle.
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Figure 5. a) Contact angle test on the SDPS. b) Absorption capacity with various oils. c) Oil-O-Red stained n-hexane absorption test of the SDPS. d)
Change of Q/Q0 during the 10 cycles of squeezing after n-hexane absorption.

tension increases. Generally, a surface is defined as hydrophilic
when the water contact angle is less than 90°, and conversely
defined as hydrophobic if the angle exceeds 90°. The measured
water contact angle on the SDPS surface was 119°, a significant
increase in hydrophobicity relative to the water contact angle of
DPS (Figure S8, Supporting Information). This phenomenon in-
dicated that the pollen surface changed to a hydrophobic surface
due to the attachment of carbon backbones through the silaniza-
tion reaction.

To determine whether the SDPS produced in this study is suit-
able for use as an oil absorbent, experiments on absorption ca-
pacity were conducted. The absorption capacities of the SDPS
were measured against various oils and chemical solvents. The
liquids used in the absorption tests were commonly used non-
polar liquids and oils that are prone to leakage, including pump
oil, diesel, gasoline, sunflower oil, n-hexane, p-xylene, toluene,
and silicone oil. The absorption capacity was calculated by divid-
ing the mass of the absorbed liquid by the initial mass of the
absorbent. The absorption capacity is affected by the structure
density, liquid density, and surface tension between the absorb-
ing liquid and the pollen. The absorption capacity of the SDPS
ranged from 15 to 59 times the mass of the sponge depending
on the liquid used (Figure 5b). Demonstration of oil absorption
was conducted using the fabricated SDPS, as shown in Figure 5c.
The SDPS with vertically aligned pore quickly absorbed the sur-

rounding n-hexane on the water surface as shown in Video S1
(Supporting Information). In the graph of recording absorption
capacity of SDPS and random-oriented pore pollen sponge over
time (Figure S9, Supporting Information), the oil absorption rate
can be estimated based on the slopes of this graph. The slope
of SDPS during the first 5 s was steeper than that of a random
pore sponge, and the majority of absorption occurred within that
initial 5 s period. However, the random pore structure indicates
that complete absorption does not occur even after 60 s have
elapsed. As it is known that pores aligned in a specific direction
exhibit more effective absorption compared to randomly created
pores,[54] the aligned pores of the SDPS, formed using the direc-
tional freeze-drying method, promoted more effective absorption
than other oil absorbents primarily composed of randomly dis-
tributed pores.

The absorption capacity of the SDPS fabricated in this study
was compared with that of other biopolymer absorbents (Figure
6). In particular, the absorption capacity increased by up to 30%
depending on the type of liquid compared with a 3D pollen
sponge composed of random pores.[55]

Cyclical oil recovery was studied to determine the reusability
of the SDPS during oil absorption. 10 cycles of oil uptake and
release by squeezing were performed and quantified to evaluate
the oil recovery of SDPS. The absorption capacity of each absorp-
tion cycle was measured as Q, with the initial absorption capacity
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Figure 6. The absorption capacities of biomass absorbents[55–63] and SDPS show that SDPS has a higher oil absorption ability than other biomass
absorbents.

denoted as Q0, and the oil recovery was calculated as the differ-
ence between Q/Q0 after squeezing. The graph of Q/Q0 during
the cyclic absorption test is shown in Figure 5d. During repeated
absorption cycles, the average oil recovery after squeezing oil
was maintained at 60%. This sustained oil recovery was achieved
through the freeze-dried pore structure and structural reinforce-
ment from silanization that was confirmed in mechanical testing.
This indicated that the SDPS maintain their structures during the
repeated oil absorption-squeezing process. Therefore, the SDPS
demonstrates high potential as an eco-friendly, reusable, and se-
lective oil absorbent.

3. Conclusion

In this study, eco-friendly anisotropic pore-structured silanized
directional pollen sponges were manufactured using the di-
rectional freeze-drying method. The silanization reaction us-
ing CVD increased the hydrophobicity of the pollen sponges by
shielding the hydrophilic hydroxyl groups on the pollen sponge
surface with hydrophobic carbon backbones of DDTS, and the
formation of oxygen bridges as a result of the silanization reac-
tion was verified by FT-IR spectroscopy and XPS analysis. The
increased hydrophobicity contributed to a decrease in interfacial
tension between the SDPS surface and nonpolar liquids, and this
in turn increased the capillary force for nonpolar liquids. The
anisotropic pore structure of the sponges obtained using the di-
rectional freeze-drying method induced a greater capillary force
due to smaller pore size and increased affinity with nonpolar
liquids. The oxygen bridges generated by the silanization reac-
tion improved the mechanical durability of the SDPS by replac-
ing the hydrogen bonds between the pollen grains with covalent
bonds. The recoverability of the SDPS increased by a maximum
of 65% when mechanical deformation was exerted perpendicular
to the aligned pore direction of the freeze-dried structure. These
factors of increased capillary force and recoverability of SDPS
demonstrate the potential of the fabricated sponge in repeatable

oil absorption. SDPS exhibited a higher oil absorption capacity of
15.2−59.1 g g−1 compared with absorbents made from other nat-
ural materials. Taken together, SDPS was prepared and demon-
strated its potential as an eco-friendly oil absorbent with high oil
absorption ability and recovery.

4. Experimental Section
Sunflower Bee Pollen Defatting: Bee pollen (500 g) was combined with

deionized (DI) water (1 L, 50 °C) and stirred for 2 h. The mixture was then
strained through a 200-μm pore-sized nylon mesh to remove impurities
such as sand. Vacuum filtration was used to collect the remaining pollen,
which was then combined with 1 L of acetone at 25 °C. A disperser (IKA,
Staufen, Germany) was used to stir the mixture at 800 rpm for 3 h before
filtering. The pollen was washed 3−4 times with fresh acetone until the
filtrate became clear. The pollen powder was then left in a fume hood for
12 h to evaporate any remaining acetone. Afterward, the dried pollen pow-
der was mixed with diethyl ether (1 L) and stirred at room temperature for
2 h. This procedure was repeated two more times. The pollen was then
combined with an additional 1 L of diethyl ether and stirred overnight to
complete the reactions. Finally, the pollen powder was placed in a glass
Petri dish and left in the fume hood to fully dry, resulting in the defatted
pollen powder.

Microgel Preparation from Pollen: First, 20 g of defatted pollen was
combined with a 10 wt% KOH aqueous solution (200 mL) and heated to
80 °C for 2 h while stirring at 800 rpm. Afterward, the mixture was filtered
using a 35-μm pore-sized nylon mesh, and the collected pollen samples
were rinsed with a fresh 10 wt% KOH solution until the filtrate appeared
clear. The samples then underwent a de-esterification process that was in-
cubated at 80 °C in a 10 wt% fresh KOH solution for 3−15 h, as detailed in
the previous study.[64] To neutralize the samples, they were washed with DI
water and filtered using the same 35-μm pore-sized nylon mesh until the
pH value reached ≈7.5. This resulted in the formation of pollen microgels.

Fabrication of Freeze-Dried Directional Pollen Sponge: A pore-aligned
pollen 3D porous structure was prepared from the pollen microgel above.
The pollen microgel was centrifuged at 12 000 rpm for 1 h, and the su-
pernatant liquid was removed. The resultant condensed microgel was col-
lected in a vial in preparation for the freeze-drying process. The collected
condensed microgel was pipetted into a square mold made of insulating
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 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202313808 by N
anyang T

echnological U
niversity, W

iley O
nline L

ibrary on [18/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

material on a copper plate. Controlled directional freezing was performed
by cooling the bottom copper plate on dry ice with the acrylic plate as a
thermal insulator to maintain a surface temperature of −20 °C. The frozen
solution was lyophilized at −120 °C for 24−48 h to completely eliminate
ice crystals from the entire structure using a freeze-dryer (FDCF-12006,
Operon Co., South Korea).

Surface Modification of Pollen 3D Structures: The DPS surface property
was modified using a one-step silanization reaction to imbue hydrophobic-
ity to the prepared DPS. At high temperatures over 125 °C, DDTS (Sigma-
Aldrich, St. Louis, MO), which has a long carbon backbone after the silicon
atom, reacts with the hydroxyl groups of the pollen grains through chem-
ical vapor deposition. The DPS was converted to the SDPS by enclosing
one 1.5 cm × 1.5 cm × 1.5 cm DPS cube with 50 μL of DDTS in a sealed
reaction vessel and heating at either 125, 150, or 175 °C for 24 h.

Functional Materials Characterizations: The surface and pore morphol-
ogy of the pollen sponges were examined using SEM (SU5000, Hitachi,
Japan). To analyze changes in the pollen surface after the silanization re-
action, Fourier-transform infrared (FT-IR) spectroscopic analysis was con-
ducted using a Nicolet iS50 FT-IR spectrometer (Thermo Fisher Scientific,
Waltham, MA). The bare DPS, the heat-treated DPS, and the SDPS were
used for FT-IR analysis for the comparison of the effect of silanization and
heat treatment. To determine the optimal temperature for the silaniza-
tion reaction of the pollen structure, X-ray photoelectron spectroscopic
(XPS) analysis was performed with the SDPS using the K-Alpha XPS sys-
tem (Thermo Fisher Scientific, Waltham, MA). The silanization tempera-
ture was set at 125, 150, and 175 °C, and then each SDPS was measured
with the XPS system to semi-quantitatively analyze the Si (2p) peaks.

Uniaxial Cyclic Compression Testing: To identify changes in the mechan-
ical behavior in repeated stimulation, cyclic compression tests were con-
ducted on the DPS and SDPS using Insight 1 (MTS Instruments, Min-
neapolis, MN). The pollen sponges were held between two parallel plates
and then uniaxial compressive stress was applied to the block-shaped
pollen sponges. Each sample was tested with vertical and horizontal pore
alignments. The compression strain rate was 1 min−1, excluding the creep
effect of polymeric materials by a fast testing speed. The tests were per-
formed up to a strain of 60% for each sample and repeated 100 times
to assess reliability during oil extraction. Careful alignment between the
sample and the plate with a horizontally cut pollen structure is required to
obtain a reliable loading curve.

Contact Angle Measurement: The contact angle between the SDPS sur-
face and distilled water was measured to determine its hydrophobicity.
Distilled water (0.05 mL) was dropped onto the flat surface of the verti-
cal SDPS in the direction with pores, and then the angle was measured
between the surface and the tangent line of the water drop outline at the
three-phase contact point. The angle between the water drop tangent and
the pollen surface was measured using the sessile drop method with a
Phoenix 300 contact angle analyzer (South Korea, SEO Inc.).

Oil Absorption Measurements: The absorption capacity (Q) of the
SDPS was calculated as follows:

Q ⋅
(
g ⋅ g−1) = (w − w0) ∕w0 (1)

where w0 is the mass of the SDPS, and w is the mass of the SDPS after oil
absorption. The SDPS was immersed in oils and organic solvents (toluene,
chloroform, dichloromethane, n-hexane, cyclohexane, silicone oil, pump
oil, gasoline, diesel, and sunflower oil) for 5 min. The absorption capacity
was measured for each solvent. To measure the recycling capabilities in
the oil absorption process, absorption and squeezing cycles of n-hexane
were performed 10 times, and the oil recovery (Q/Q0) was measured in
each cycle.
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