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ABSTRACT

Liquid marbles, renowned for their non-wetting behavior, have been extensively investigated in the fields of controlled delivery,
droplet reactors, and biomaterial storage. However, the transition in wetting interactions between the liquid droplet and the coating
particles has not been clearly studied, and leveraging this transformation for new applications remains unexplored. Here, we use
UV irradiation along with mechanical vibration to switch the wetting state at the liquid marble interface from Cassie-Baxter to
Cassie-impregnating during a one-step process that converts liquid marbles into ceramic green bodies. Renewable biowaste pollen
is, for the first time, employed to impart both surface patterning and internal porosity together with a photocured polymer, yielding
dual-porosity ceramic adsorbents that achieve up to 2.88 times higher pollutant removal efficiency, particularly for heavy metal

ions and nanoplastics. Furthermore, different pollen species exhibit distinct pollutant selectivity, underscoring their potential for

environmental remediation.

1 | Introduction

A liquid marble (LM) is a non-wetting droplet fabricated by dep-
ositing and rolling an individual water droplet on a layer of hydr-
ophobic powder such as lycopodium, poly(tetrafluoroethylene),
hydrophobized silica, polyethylene, graphite, and carbon black
[1-4]. First introduced by Aussillous and Quéré, it was envisioned
as a safe method to transport liquids without leakage [5] owing
to the proper encapsulation that inhibits coalescence between
LMs and ensures safe storage [6]. Their unique characteris-
tics, including low wettability, remarkable separability, easy
size/shape tunability, and controlled gas permeability [7-9] make
them sought after in many applications, from controlled delivery

[10, 11] to precise miniature reactors [12-14] to cell cryopreserva-
tion and culture [2, 15, 16].

LM formation relies on the interaction between liquid droplets
and solid particles, with low wettability being favored facilitating
particles to adhere to the liquid surface rather than dispersing
within it. This behavior arises from the replacement of the liquid—
vapor interface with the liquid-solid interface reducing the
overall surface free energy [4, 7,17, 18]. Liquid-particle wettability
depends on the liquid surface tension and the particle surface
energy, with low wettability primarily being a result of high
liquid surface tension and low particle surface energy [19, 20].
Furthermore, roughening of the liquid-solid interface reduces
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the wettability, trapping air pockets between protrusions of the
particles, increasing the contact angle, leading to a Cassie-Baxter
(CB) state [21-24]. Contrarily, low liquid surface tension coupled
with high surface energy particles results in the transition from
the CB to the Wenzel state, increasing wettability and spreading
on the surface and inhibiting LM formation [21, 25, 26]. The
Cassie-impregnating (CI) state is an intermediate wetting state
between the CB and Wenzel states: the droplet remains supported
by the tops of surface protrusions but partially enters the texture.
As a result, some of the air pockets between protrusions are
replaced by liquid [27, 28]. The CI state demonstrates a pro-
nounced liquid-solid interface, underscoring its potential utility
in adsorption-related fields, as the increased surface area can
improve adsorption performance.

The transition of wetting state can be achieved when sufficient
energy is introduced into the system or by modifying the particle
surface [29, 30]. Such stimuli include mechanical vibration [29],
temperature [31], or UV irradiation [32]. Fujii et al. report
that the transition of poly(N-isopropylacrylamide) particles from
hydrophobic to hydrophilic occurs once the temperature is
cooled below its lower critical solution temperature forming
thermo-responsive LMs [31]. According to Bormashenko et al.,
mechanical vibration triggers the transition of wetting state
from CB to CI due to sufficient energy input promoting the
penetration of liquid into the surface pores [29]. Additionally,
Tan et al. demonstrate that UV irradiation can induce surface
modification on pollen microparticles transforming their surface
from hydrophobic to hydrophilic [32].

Owing to the sporopollenin-rich exine layer, hydrophobic pollen
microparticles are widely employed as separating particles for LM
formation [3, 33, 34]. Within the same species, pollen exhibits
great monodispersity, whereas different pollen species can be
distinguished by their unique morphological features [35]. As an
organic material, pollen decomposes at a temperature <600°C
[36], holding great potential to be introduced as a porogen to
control the pore morphologies for porous ceramic adsorbents.
The spiky morphology of sunflower pollen grains has been lever-
aged to imprint nanoscale asperities onto polydimethylsiloxane
(PDMS), yielding a superhydrophobic composite [37] which is
expected to function as an efficient substrate for LM formation.

In contrast to previous pollen-based LMs, in which the LM serves
only as a transient non-wetting container and liquid impregna-
tion into the particle layer is regarded as a failure mode, this
study deliberately exploits the wetting transition as a fabrication
tool and converts the LM itself into a solid functional material.
Pollen is used in three key roles: as hydrophobic separating
particles for LMs, as building blocks for a superhydrophobic
pollen coating and as porogens for porous ceramic adsorbents.
Besides modulating the wetting states from CB toward CI to
enhance liquid impregnation into the pollen microstructure
and increase liquid-solid interfacial contact, the combination of
mechanical vibration [29] and UV irradiation [32] is employed
not only to engineer the LM geometry and production but
also to facilitate the photocuring of LMs into ceramic green
bodies [38, 39]. Simultaneous thermal decomposition of the
pollen template and the photocured polymer matrix generates
a hierarchically porous network, producing pollen-engraved,
dual porosity ceramic beads (PDCBs) specifically engineered

for environmental remediation. PDCBs templated with various
pollen porogens (lycopodium, sunflower, camellia, olive, and
pine) are evaluated against common pollutants including dyes,
heavy metal ions, and nanoplastics to establish correlations
between the unique pollen-engraved pores and pollutant selec-
tivity. The PDCBs synthesized from LMs retain the intrinsic
advantages of porous ceramics—low density, high mechanical
strength, superior thermal, and chemical stability [40, 41]—
while pollen particle templating markedly increases their specific
surface area establishing a sustainable platform for a wide
array of environmental-remediation technologies. Furthermore,
upcycling pollen—an abundant, renewable biowaste [35]—into
high value products exemplifies the resource-efficiency strategies
promoted by cross-economy frameworks [42, 43].

2 | Results and Discussion

2.1 | Liquid Marble Automatic Formation Based
on Pollen Systems

The aqueous precursor of LMs contains silica nanoparticles
(SNPs) as the matrix material to develop the bulk ceramic
adsorbent. Various pollen particles (including lycopodium, sun-
flower, camellia, olive, and pine pollen) are added at 0—5 wt.%
into the precursor as porogens. Prepolymer poly(ethylene gly-
col)diacrylate (PEGDA) and photoinitiator (PI, Darocur 1173) are
included to construct the crosslinked network that binds the
SNPs and pollen together under UV light. The precursor is well
mixed then pumped and injected through a Teflon nozzle which
is fixed within a metal sheath to ensure the vertical extrusion
direction allowing droplets to continuously drip down (Figure
la-i and Figure S1). Teflon is chosen as the nozzle material over
glass and metal due to its superior hydrophobic properties, which
prevent dripping droplets from climbing and adhering to the
outer surface of the nozzle (Figure S2). This characteristic enables
the stable and uniform fabrication of droplets resulting in better
size control. A collection dish with a specially designed pollen-
based bottom is positioned at the center of an orbital shaker where
it serves to collect and shape the droplets.

To ensure stable fabrication and uniform curing of spherical
LMs, the precursor droplets are collected on a specially designed
pollen-based platform mounted on a shaker (Figure la-iii and
Figure S1). The pollen-based platform is comprised of three layers
arranged from top to bottom: loosely packed lycopodium pollen
bed (LPB), superhydrophobic sunflower pollen-PDMS coating
(SPC) and plastic/glass substrate. The hydrophobicity of both
LPB and SPC systems is essential for LM formation. Lycopodium
pollen (30.8 um) is characterized by a distinctive honeycomb
structure with an average pore size of 4.5 um (Figure 4i-i
and Figure S3a). The exine of lycopodium pollen is composed
primarily of sporopollenin, a mechanically robust and chemically
inert biopolymer that contains long hydrocarbon chains [44, 45]
(Figure S3b,c) rendering it water-repellent.

The structure of lycopodium pollen follows the CB wetting model,
where the liquid sits on the ridges of the reticulate surface
with air pockets trapped beneath (Figure la-ii,iv) [3, 46, 47].
The air-water contact angles for the precursors with different
SNP content (21.6, 28.8, and 36.0 wt.%) on LPB are measured as
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FIGURE 1 | Liquid marble (LM) automatic formation and solidification. (a) Schematic illustration of LM formation. (i) Preparation and extrusion
of the precursor containing poly(ethylene glycol) diacrylate (PEGDA), SNPs, photoinitiator (PI), and pollen porogens (0-5 wt.%) through a Teflon nozzle
under UV irradiation. (ii) Formation of a precursor droplet governed by the liquid-air-solid interfacial configuration. (iii) Pollen attachment and LM
rolling on the collection dish consisting of a lycopodium pollen bed (LPB), a superhydrophobic sunflower pollen-polydimethylsiloxane (PDMS) coating
(SPC), and a supporting substrate. (iv) Wetting transition from the CB to CI state. (b) High-speed camera frames illustrating a single LM formation:
(i) droplet dripping, (ii) contact with pollen bed, (iii) pollen attachment, (iv) LM rolling, (v) upper-surface encapsulation, and (vi) fully encapsulated
LM. (c) Collision between a dripping LM and a rolling LM without coalescence: (i) approach, (ii) contact, and (iii) separation. (d) Rebound between two
rolling LMs: (i) approach, (ii) collision, and (iii) separation. (¢) Droplet deformation on the pollen bed: (i) initial contact, (ii) flattening, and (iii) recovery.
(f) Photograph and size distribution curve showing the homogeneity of the solidified LM green bodies (LMGBs) in the collection dish. (g) Multi-angle
stereomicroscopic characterization of a representative LMGB. (i) Schematic illustration of the viewing directions used for imaging. (ii) Representative
optical images acquired from V,so and S50, demonstrating the spherical three-dimensional (3D) geometry of the LMGB.
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134.3°, 135.9°, and 138.1°, respectively (Figure S4). The droplets
extruded from the nozzle form spheres under influence of surface
tension (Figure 1b-i,ii). After dripping down onto the LPB, the
nearest pollen particles self-assemble around the droplet to form
an outer packed powder layer (Figure 1b-iii), during which
the energy has been rearranged by replacing a spherical cap-
shaped portion of the droplet’s liquid-air and particle’s solid-air
interface with a solid-liquid interface across the attachment
area to minimize total surface free energy (Figure la-ii,b-iii-vi)
[17, 48]. Lycopodium powder spreads out forming an inverted
dome-shaped pit (Figure 1b-iii). The partially covered droplet rolls
and climbs out of the pit under the effect of shaking (Figure
1b-iv). The top part of liquid droplet is then further covered with
pollen powder (Figure 1b-v,vi). From contacting to being fully
encapsulated, it takes about 45 ms for an LM to be formed (Video
S1). The next droplet continues to strike onto LPB and forms
a disk-like shape spreading and touching the surrounding LMs
(Figure 1c-i). The droplet doesn’t coalesce with the LM in contact;
instead, it recovers to spherical shape under surface tension and
Video S2). During the shaking process, LMs roll around on LPB
(Figure 1d-i) and hit against each other (Figure 1d-ii). Although
they are squeezed into ellipsoids, the LMs remain discrete
and bounce back after collision (Figure 1d-iii and Video S3).
In addition, the striking and rolling of droplets also assist in filling
up the pits and smoothing out the LPB (Figure le and Video S4).
After shaking and exposure under UV light, the wetting state
between liquid droplet and pollen microparticles transforms from
CB to CI. To validate these stimulus-induced wetting changes,
time-resolved in situ wetting measurements were performed by
simultaneously monitoring the contact angle and droplet-pollen
surface contact length (Figure S5 and Videos S5-S8). After 10 min
of UV pretreatment, the initial contact angle decreased by 6.25%,
while the contact length increased by 16.17%, demonstrating
enhanced liquid spreading and solid-liquid interfacial contact
on the pollen surface. This behavior is attributed to UV-induced
modification of the pollen surface chemistry, particularly the
increase in oxygen-containing functional groups, which ren-
ders the pollen surface more hydrophilic and promotes liquid
impregnation [30, 32]. Likewise, mechanical vibration caused
the contact length to increase rapidly by 20.73% within the first
minute, accompanied by a 5.56% decrease in contact angle. This
vibration-enhanced wetting is likely associated with overcoming
the energy barrier for liquid penetration and displacing trapped
air pockets within the pollen microstructure, thereby facilitating
the transition toward the CI state [47].

The LMs are cured by UV exposure and discretely distributed on
the LPB with a narrow unimodal size distribution (Figure 1f).
Multi-angle stereomicroscopic imaging and continuous rota-
tional observation further confirm the uniform spherical three-
dimensional (3D) geometry of the LMGBs (Figure 1g and
Figure S6; Video S9). Both LPB and SPC are essential for the stable
formation of LMs. Without them, the droplets directly strike the
collection dish, stick to the bottom and merge into a freeform
pool of liquid forming a chunk after UV solidification (Figure 2a,
Control). For the case with only LPB, the droplets strike and
pass through the LPB buffer zone hitting the substrate. The
pollen particles are expelled from the impact zone of the droplets,
resulting in the adherence of the liquid droplets to the substrate
(Figure 2a, LPB). The SPC is made by half-embedding the defatted

sunflower pollen particles inside the binder PDMS (Figure 2b).
The sporopollenin’s hydrophobic nature and protruding spikes
out of the SPC surface result in a superhydrophobic surface
similar to that of lycopodium pollen. The contacting droplets
sit on the spikes with air pockets trapped in between cohering
with the CB state (Figure 1a(iv)). The air-water contact angles of
the precursors with different SNP content on SPC are measured
to be 143.1°, 143.2°, and 145.8°, respectively (Figure 2c). For
the case with only SPC, LMs can be fabricated with a better
ellipsoidal shape. However, the strong impact of the droplet
on SPC without the LPB cushion as well as the UV-induced
hydrophilization makes the LMs stick to the SPC with the liquid
entering the interspace between spikes and wetting the sunflower
pollen surface (Figure 2a, SPC), resulting in the incoming liquid
droplets coalescing with previous ones. For the case with both
SPC and sufficient thickness of LPB, LMs can be fabricated
with the desired uniform geometry (Figure 2a, LPB + SPC).
LPB thickness (k) has a great impact on LM formation. As h
increases, the yield of well-dispersed, spherical, and uniform
LMs first increases then decreases with 4 = 1 mm recording the
highest yield when the UV source height and shaking speed are
set as 30 mm and 250 rpm, respectively (Figure 2d). When h
is relatively small, the LPB is incapable of providing sufficient
cushion to reduce the droplets’ impact on SPC, resulting in the
LM splitting with tiny satellite droplets left on SPC (Figure 2e
and Video S10) which becomes the culprit for the bottom capture
of the subsequent droplets (Figure 2f and Video S11). Afterward,
the next droplet strikes onto the captured droplet and coalesces
with it due to the contact of the bottom liquid while expelling the
redundant pollen particles (Figure 2g and Video S12). However,
when h is relatively large, the impacted dent is too deep for
the LM to climb out and roll resulting in forming a LM with
an unwrapped top and subsequent coalescence of multiple LMs
(Figure 2h).

2.2 | Fabrication of LM Green Bodies (LMGBs)

Besides the factor of LPB thickness, the shaking speed (R),
nozzle diameter (d) and surface tension (y) of the precursor
also influence the LMGB fabrication in terms of yield, size,
sphericity, and so forth. The yield of LMGB’s experiences a linear
increase as R increases from 0 to 250 rpm and a slight decrease
past 250 rpm (Figure 3a). Without sufficient kinetic shaking
energy input, the LM is unable to roll on the LPB sufficiently
to capture enough pollen particles to encapsulate its bare top
(Figure 1b-iii,iv), resulting in the coalescence of the LM after
colliding with the following droplets (Figure 2g-i). However,
when R > 250 rpm, LMGBs are measured to have a significantly
larger disparity both in their size and sphericity distribution
(Figure 3b-d), with 250 rpm recording the narrowest distribution
in size of 2.303 mm and out-of-roundness (OR) of 0.0765. Clumpy
and irregular LMGBs are formed at higher shaking speeds
(Figure 3d-ii,e), because satellite droplets are generated and air is
trapped inside LMs under the influence of increased centrifugal
force [2, 49]. Moreover, the LMs are hard to cure in this case
due to the UV-protection nature of the pollen [50] and enhanced
crosslinking inhibition effect from oxygen after LM cleavage [51,
52]. When the shaking speed is fixed at 250 rpm, as d increases
the size of LMGB’s gradually increases and approaches saturation
at 2.4 mm after the nozzle size reaches 0.876 mm (Figure 3f).
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FIGURE 2 | LM formation under different conditions. (a) LM formation in the collection dish under four conditions (columns): without LPB and
SPC (Control), with only LPB, with only SPC, and with both LPB and SPC. Rows show (i) the schematic wetting/encapsulation behavior and collection-
dish photographs of (ii) the base material before dripping, (iii) after LM dripping and curing, (iv) during sample removal, and (v) the substrate after
removal. LMs coalesce under the first three conditions and remain separated and in good shape only with both LPB and SPC. (b) SEM images of
the SPC surface at (i) low and (ii) high magnification, showing the half-embedded spiky sunflower pollen. (c) Contact angles of LM precursors with
three different silica contents on SPC. (d) Yield of uniform LM versus thickness & of LPB. (e) High-speed camera frames illustrating the coalescence
inducer—satellite droplet was split from LM and stuck onto SPC: (i) sticking, (ii) satellite-droplet separation and rebound, and (iii) separation from the
LPB. (f) High-speed camera frames showing that the dripping droplet was captured by the SPC through the satellite droplet: (i) sticking, (ii) rebound,
and (iii) droplet capture. (g) High-speed camera frames showing the coalescence process of the dripping droplet with the captured droplet: (i) collision,
(ii, iii) deformation/contact, and (iv) coalescence. (h) Optical characterization of a coalesced LM formed with a thick LPB (h = 4 mm): (i) top-down
optical image and (ii) 3D surface reconstruction.
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FIGURE 3 | Adjustable fabrication of LM green bodies (LMGBs). (a) Yield as a function of shaking speed (R) showing that it rises and then slightly
decreases as R increases. (b) LMGB size versus R showing that the size distribution reaches its narrowest at 250 rpm. (c) Out-of-roundness (OR) versus R
showing the most uniform and spherical shape at 250 rpm and significantly increased irregularity above this. (d) Optical microscope images of LMGBs
fabricated at (i) 250 and (ii) 500 rpm. (e) Top-down layer-by-layer optical scanning images of an irregular LMGB fabricated at 500 rpm. (f) Size variation

of LMGBs with the inner diameter (d) of Teflon nozzle. Experimental and

simulation results match and both indicate that the LMGB size increases with

d and reaches saturation as d ~0.876 mm. (g) Size variation of LMGBs with silica content of precursor. (h) Surface tension (y) of LM precursors versus
silica content. (i) Schematic illustration of hydrogen bond formation on the surface of SNPs.

This trend and the saturation behavior are corroborated by
computational fluid dynamics simulations of the LM forma-
tion process. LMGB formation is recorded to be affected by
the contents of components in the precursor as well. Silica
content is focused on since it constitutes the majority of the
precursor and has a decisive effect on the sintered structure of
subsequent PDCBs. Higher silica content leads to the formation

of smaller LMGBs (Figure 3g) due to the increased surface
tension (Figure 3g,h) [53]. When the SNPs are dispersed in
water, their surface consists entirely of silanol groups, including
isolated (non-hydrogen bonded), vicinal (hydrogen bonded), and
geminal (two silanol groups attached onto the same silicon atom)
silanol groups forming hydrogen bonds with surrounding water
molecules (Figure 3i) [54-58].
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2.3 | LMGB Transformation Into PDCBs

LMGBs undergo a two-step heat treatment process, begin-
ning with the removal of organic components followed by the
consolidation and densification of the SNPs through sintering
(Figure 4a-c). After air drying overnight, the LMGBs show a
slight mass loss from room temperature to ~125°C, which is
mainly attributed to the evaporation of residual water. Between
~125°C and ~284°C, the polymer inside the LMGBs experience
two sequential endothermic processes: glass transition and melt-
ing. Over this period, the polymer evolves from a rigid, glassy
state to a soft, rubbery state and ultimately to a liquid state
[59, 60]. A major weight loss and substantial exothermic heat
release subsequently occurs from ~284°C to ~402°C, correspond-
ing to the progressive thermal decomposition of PEGDA and
pollen into smaller molecules, water vapor and other volatiles.
Upon further heating from ~402°C to ~544°C, the remaining
organic residues undergo oxidative combustion in air, resulting
in an additional mass loss accompanied by a modest exothermic
heat release. Above ~544°C, no significant additional organic-
related mass loss is observed, indicating that the organic com-
ponents have been removed, while subsequent high-temperature
treatment promotes consolidation and densification of the silica
framework. The magnitude of weight loss and the associated ther-
mal events depend on the relative amounts of silica and pollen in
the formulation: a lower silica content and higher pollen content
generally result in greater total mass loss (Figure 4a and Table S1).
A specimen containing 20.1 wt.% silica and 5 wt.% pollen shows
the largest weight loss at 64.7%, whereas a formulation with
36 wt.% silica and 0 wt.% pollen exhibits the smallest loss at 44.1%
(Figure 4a). During the debinding process, temperature is ramped
slowly at 0.5°C/min to limit abrupt mass- and volume-related
stresses that could provoke cracking and ensure the quality
of the final sintered product. FTIR analysis further confirms
the removal of organic components during thermal treatment
(Figure S7). Lycopodium pollen and the corresponding green
body exhibit characteristic organic-associated bands, including
O-H, aliphatic C-H, C=0, and C-H bending/rocking vibrations,
whereas these bands disappear after sintering. In contrast, the
spectrum of the sintered PDCB is dominated by the characteristic
Si-O-Si stretching bands [61], indicating effective removal of
the pollen and polymer components and the formation of a
predominantly silica-based ceramic framework.

After sintering, the beads undergo isotropic linear shrinkage
while their monodispersity, shape retentivity, and shape fidelity
remain well preserved (Figure 4d and Figure S8). The surface
of the silica bead is engraved and densely distributed with
lycopodium-structured cavities (Figure 4e,f), which verify the CI
wetting state of LMs mentioned earlier and the resulting deeper
engraving of the pollen microstructure into the bead surface.
The silica beads are shown to consist of two elements, silicon
and oxygen (Figure 4e), and to possess the crystal structure cor-
responding with cristobalite (Standard PDF#39-1425, Figure 4f).
The porosity increases approximately linearly with increasing
pollen content (Figure 4g). The sample prepared without pollen
porogens (0 wt.% pollen) is defined as the control and exhibits a
porosity of 26.1%, which increases to 56.6% upon the addition of
5 wt.% lycopodium pollen.

Different pollen species, including lycopodium, sunflower,
camellia, olive, and pine, are employed as natural porogens
to generate distinct pollen-templated pores within the silica
beads, enabling tunable pore structures (Figure 4h,i). To directly
evaluate the contribution of pollen templating, the pollen-free
control is included for comparison in Figure 4h. At a fixed pollen
content of 1 wt.%, the porosities of lycopodium-, sunflower-,
camellia-, olive-, and pine-templated PDCBs are 31.6%, 47.3%,
39.3%, 31.7%, and 45.1%, respectively, all higher than that of the
pollen-free control (26.1%). Micro-CT imaging further reveals the
internal pore architecture of the lycopodium-templated PDCBs
(Figure S9). Sequential XY-plane slices show pollen-templated
cavities distributed throughout the ceramic framework, with
channel-like connections between neighboring cavities,
confirming the formation of an interconnected open-pore
network. A representative cavity extends across approximately
60 slices at a slice interval of 0.3 pm, corresponding to a
characteristic dimension of ~18 um, consistent with the size
of the lycopodium pollen-templated pores after sintering.
BET measurements further reveal pronounced pollen-species-
dependent differences in the accessible surface area of the
PDCBs. The pollen-free control exhibits a specific surface area
of 0.323 m? g™!, whereas the values for lycopodium-, sunflower-,
camellia-, olive-, and pine-templated PDCBs are approximately
1.141, 0.491, 0.481, 0.347, and 1.169 m? g%, respectively (Figure
S10). Notably, the specific surface areas of the lycopodium- and
pine-templated PDCBs are approximately 3.53 and 3.62 times
that of the pollen-free control, respectively, demonstrating a
substantial increase in accessible surface area induced by these
pollen templates. Consistently, the N, adsorption-desorption
isotherms show markedly higher N, uptake for the lycopodium-
templated PDCBs than for the pollen-free control over the
entire relative-pressure range, further confirming the increased
accessible surface area after pollen templating. These results
demonstrate that the introduction of pollen effectively increases
the porosity of the PDCBs, while the distinct size, morphology,
and density of different pollen species further modulate the
resulting pore architecture and microenvironment. In addition
to the pollen-templated pores, interconnected pores with a
characteristic size of approximately 0.58 um are generated within
the beads following the removal of the PEGDA polymer.

2.4 | PDCB Application in Pollutant Removal

PDCB is well suited for environmental remediation because it
unites high adsorption capacity with practical handling advan-
tages: it is easier to transport, store, deploy, package, and retrieve
than conventional powdery adsorbents [62-66]. The PDCBs are
packed into a tube (Figure 5a) creating a cartridge that removes
pollutants from wastewater. The voids between the PDCBs allow
water to flow smoothly through the medium. When PDCBs are
submerged in water, surface siloxane (Si—O—Si) groups hydrolyze
to form silanol (Si—OH) groups. When the surrounding pH
exceeds the isoelectric point (pH ~ 2-3), the silanol group
deprotonates to Si—O~ rendering the surface electrostatically
negative [67-70]. Combining the porous nature and negatively
charged surface, PDCBs are expected to be great adsorbents for
various pollutants such as dye molecules, heavy metal ions, and
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FIGURE 4 | LMGB transformation into pollen-engraved dual PDCBs. (a) Thermogravimetric analysis of LMGB weight change during the sintering
process (SiO, x/pollen y represents the sample with x% silica and y% pollen). (b) Derivative of LMGB weight change with temperature during sintering.
(c) Differential scanning calorimetry curves of LMGBs during sintering. (d) Optical image and size distribution curve of sintered PDCBs showing their
uniform morphology. (e) SEM image and EDX spectrum of PDCB surface exhibiting the lycopodium pollen-engraved surface pattern and Si and O
elemental composition. (f) SEM image of the enlarged surface of PDCB and x-ray diffraction spectrum showing its cristobalite crystalline structure.
(g) Variation of PDCB porosity with pollen content, where the pollen-free sample (0 wt.% pollen) serves as the control. (h) Comparison of the porosity of
the control and PDCBs templated with different pollen species (1 wt.% pollen). (i) SEM images of various pollen particles including (i) lycopodium, (ii)
sunflower, (iii) camellia, (iv) olive, and (v) pine pollen showing their special structures and uniform morphologies and their resultant PDCBs showing
the inner pore structures templated by pollen and polymer binder.
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FIGURE 5 | Environmental remediation performance of PDCBs. (a) Photograph of PDCBs packed in a column. Schematic illustration of PDCB
adsorption for (b) dye molecules, (c) nickel ions, and (d) nanoplastics (NPs). Effects of adsorbent mass on adsorption capacity (q;) and removal efficiency
(R.) for (e) dye molecules, (f) nickel ions, and (g) NPs. Effects of contact time on g; and R, for (h) dye molecules, (i) nickel ions, and (j) NPs. Effects of
solution pH on g; and R, for (k) dye molecules, (1) nickel ions, and (m) NPs. EDX elemental mapping and spectrum of PDCB (n) after dye adsorption and
(o) nickel ions adsorption. (p) SEM images showing NPs retained within the porous structure of PDCBs. (q) Comparison of g, and R, among the pollen-
free control and PDCBs templated with different pollen species for dye molecules, nickel ions, and NPs. (r) Comparisons of the maximum adsorption
capacities of PDCBs with previously reported adsorbents for dye molecules [83-87], nickel ions [88-92], and NPs [93-96]. All the data in (e-m), (q) are
presented as mean =+ s.d. from > 3 samples.

nanoplastics (NPs) (Figure 5b-d). In addition, silanol groups  the high R, of 96.3% obtained at 0.2 g, this PDCB mass was
present on the pore walls enable organic molecules to form selected to investigate the effect of exposure time on adsorption
strong hydrogen bonds and exhibit dipole-dipole interactions performance (Figure 5h). Dye uptake proceeds rapidly during
with the surface of silica, promoting adsorption [71, 72]. The  the initial adsorption stage, reaching a g, of 12.2 mg g~! and
effects of PDCBs and their adsorption properties are explored R, of 86.5% within 5 min. Thereafter, adsorption gradually

by investigating the adsorption capacity (g;) and removal effi-  approaches saturation after 10 min as the readily available active
ciency (R.) against adsorbent mass, exposure time, and solution sites become progressively occupied, limiting further dye uptake
pH. [74, 75]. The pH-dependent adsorption profile (Figure 5k) sug-

gests that electrostatic attractions participate in the removal of dye
Organic dye molecules were used to evaluate the adsorption molecules. The removal of dye experienced low adsorption rates
performance of PDCBs. At a fixed contact time of 1 h, increasing at pH 1, with a g, and R, of 1.28 mg g~' and 8.7%, respectively.
the PDCB mass from 0.01 to 1.0 g increased the R, from 12.3% Under acidic conditions, the high concentration of hydrogen
to 97.1%, while decreasing the g, from 32.74 to 2.81 mg g™ ions competes with dye for the negatively charged adsorption
(Figure 5e). The enhanced R, arises from the greater number of  sites, resulting in the subpar removal of dye molecules. As the
available adsorption sites at higher mass, whereas the decline of =~ pH increased, deprotonation of the silanol groups facilitates
q, reflects a lower amount of dye adsorbed per unit adsorbent the transition toward a more negatively charged PDCB surface,
mass under a fixed initial dye concentration [73]. Based on enhancing the electrostatic attraction toward dye molecules.
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Consequently, dye removal experiences rapid adsorption at its
native pH of 4.3, with a R, of 93.0%, and exceeds 97.1% at pH 5.
Thereafter, subsequent dye adsorption tests were performed with
0.2 g of PDCBs at a native pH of 4.3 for 10 min. Additionally, SEM-
EDX elemental analysis of the PDCB’s pores after adsorption
revealed the additional presence of carbon signals aside from the
characteristic silicon and oxygen signals of the PDCBs, providing
further evidence of the successful adsorption of organic dyes
(Figure 5n).

Nickel ion (Ni?*) is used to represent a typical heavy metal for the
adsorption tests. The residual Ni** concentration after adsorption
was quantitatively determined using inductively coupled plasma
optical emission spectrometry. The g, and R, profiles against mass
followed trends similar to those observed for dye adsorption,
albeit with a more gradual increase (Figure 5f). Increasing the
PDCB mass at a fixed contact time of 2 h produced a gradual,
near-linear improvement in Ni** removal up to 0.4 g, at which
removal transitioned gradually into a saturation plateau with
a R, of 81.6%. Further increment in PDCB mass facilitated the
complete removal of Ni** ions at 0.8 g. Therefore, 0.4 g of
PDCBs was selected for subsequent experiments, providing a
high R, while retaining sufficient sensitivity to elucidate the
influence of the other adsorption parameters. PDCBs exhibited
an adsorption profile broadly consistent with that observed for
dye removal. PDCBs displayed rapid Ni*" adsorption, reaching
57.8% removal within 10 min, followed by a slower approach
to saturation with near-complete removal after 24 h (Figure 5i)
[76]. Although R, exceeded 96% removal after 12 h, 4 h was
selected for subsequent experiments as it provided 88.1% removal
and a g, of 2.01 mg g, with substantially longer exposure
time producing only marginal improvements. Ni** removal
demonstrated strong pH-dependence, with R, limited to only
15.9% at pH 1 (Figure 51), whereas further increases in pH
resulted in near-complete removal of Ni** above pH 9. This
trend remains consistent with the deprotonation of surface
silanol groups, which increases the negatively charged density
of PDCBs with increasing pH, strengthening the electrostatic
interactions with Ni**. Although alkaline conditions favored
Ni** removal, subsequent experiments were performed at the
native pH of approximately 7, where PDCBs achieved a R, of
88.1%. This enabled the evaluation of other PDCB types under
a fixed, near-neutral condition without interference from a pH-
adjusted environment. Additionally, SEM-EDX analysis further
confirmed the incorporation of Ni** after adsorption (Figure 50).
The broader applicability of PDCBs was subsequently evaluated
by using copper (Cu®") as a second heavy metal model. PDCBs
demonstrated higher affinity toward Cu?* than Ni?*, achieving
near-complete Cu** removal with a ¢, of 2.63 mg g™!, as compared
to that of Ni** (Figure S11). This selectivity persisted in a binary
solution containing 100 mg L™! each of Cu?** and Ni**, with Cu?*
removal achieving 94.9% with a g, of 2.63 mg g~!, whereas Ni**
removal was reported at only 29.4% with a g, of 0.69 mg g
The preferential removal of Cu?* over Ni** indicates competitive
selectivity of PDCBs toward Cu?*. This behavior may be asso-
ciated with differences in the physicochemical properties of the
two ions, including electronegativity, ionic radii, and hydrated
radii size, among others. Although similar competitive Cu/Ni
removal has been investigated in multi-component systems, with
Cu?* reported to demonstrate a higher selectivity as compared
to Ni**, the magnitude and origin of the heavy metal selectivity

are strongly dependent on the adsorbent’s surface chemistry and
solution conditions [77-79].

Amidine latex beads (NPs) were used as a model nanoplastic.
The 100 mg L' NPs solution exhibited an average particle size
of 100.75 + 0.65 nm and a zeta potential of +49.73 mV at its
native pH of approximately 7 (Figure Sl2a,c). Increasing the
PDCB mass enhanced the NPs removal, consistent with the
greater availability of adsorption sites (Figure 5g). R. values
exceeding 96.3% were obtained at PDCB masses above 0.2 g;
therefore, 0.2 g was selected for subsequent experiments. NPs
removal experiences a rapid uptake between 1 and 4 h, followed
by a slower approach toward near-complete removal at 24 h
(Figure 5j). Subsequently, an exposure time of 4 h was adopted
as it achieved high removal of 96.3% while avoiding the marginal
gains associated with prolonged exposure. The influence of pH on
NP removal is presented in Figure 5m. NPs removal was negligible
at pH 1, with a R, of only 0.99%, but increased with increasing
pH, exceeding 91.1% R, at pH > 5. This trend can be attributed
to the changes in the surface charge of silica with pH. At pH
1, which is below the silica’s isoelectric point (pH ~ 2-3) [67-
70], the silica surface is predominantly positively charged. As
the pH increases beyond the isoelectric point, the silanol groups
will progressively deprotonate, increasing the negative surface
charge density. This promotes stronger electrostatic attraction
between the negatively charged PDCB’s surface and the positively
charged NPs. Since high R, was achieved at the native suspension
pH of approximately 7, subsequent experiments were performed
without pH adjustment. Additionally, the zeta potential profile
of the NPs demonstrates an increase with pH, up to pH 7 before
decreasing at higher pH, with an isoelectric point between pH 11
and 13 (Figure S12a). The initial increase in NPs’ zeta potential
corresponds with the enhanced removal observed from acidic
to near-neutral conditions, elucidating the role of electrostatic
attraction between the negatively charged PDCBs and the pos-
itively charged NPs. However, NPs removal remained high at
alkaline pH despite the declining zeta potential. This discrepancy
suggests that continued deprotonation of PDCB surface silanol
groups under alkaline conditions increases the negative surface
charge density and thereby promotes the removal of positively
charged NPs. Moreover, the sustained high R, at elevated pH
may be further attributed to NPs aggregation and the retention
of larger aggregates within the PDCB structure. The average
particle size increased substantially from 102.77 + 0.41 nm at pH
11 to 2772 + 675.80 nm at pH 13, indicating pronounced aggre-
gation. Collectively, both pH-dependent deprotonation of PDCB
silanol groups and pH-induced changes in the NPs’ colloidal
stability contributed to the removal of NPs under alkaline condi-
tions. Additionally, SEM images further revealed nanosphere-like
particles retained within the pores of PDCBs, corroborating
successful nanoplastic capture (Figure 5p). To further assess the
role of electrostatic attraction, negatively charged poly(methyl
methacrylate) (PMMA) nanoplastics were used as a control. The
PMMA suspension possesses an average particle size of 132.63
+ 0.26 nm, a zeta potential of —50.86 mV, and a native pH of
7.7 (Figure S12b,c). Under otherwise identical conditions, PMMA
NPs exhibit minimal uptake by PDCBs, achieving a R, of only
2.4% and a g, of 0.11 mg g™, as compared to the R, of 96.3%
and g, of 2.23 mg g~! for the NPs (Figure S12d). The pronounced
contrast underscores the influence of electrostatic attraction as
a dominant mechanism for the removal of cationic pollutants,
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with a negatively charged surface favoring adsorption of posi-
tively charged NPs, whereas electrostatic repulsion restricted the
uptake of negatively charged PMMA NPs.

A comparative evaluation of the varying pollen-induced PDCBs
(control, lycopodium, sunflower, camellia, olive, and pine)
reveals differences in pollutant selectivity (Figure 5q). To clearly
observe the impact of these variants, we avoid using the full dose
of adsorbents with extremely long exposure time; instead, 0.2,
0.4, and 0.2 g PDCB and 10 min, 4 h, and 4 h exposure time
are used for adsorption of dye, Ni** ions, and NPs, respectively.
Interestingly, the pollutant-removal performance does not exhibit
a simple monotonic relationship with the overall porosity of
the PDCBs. Dye removal remained high across all samples,
even for the control variant without pollen, with the recorded
R, above 87.2% for all pollen species and the control achiev-
ing a R, of 75.2%, indicating that dye adsorption is relatively
insensitive to the differences in pollen-derived pore architecture
within this removal regime. In contrast, pronounced template-
dependent differences are observed for Ni** ions and NPs.
Ni** ions demonstrate obvious selectivity among the PDCB
variants with R, of 48.1%, 88.1%, 68.4%, 63.1%, 60.4%, and 94.1%,
respectively for the control, lycopodium, sunflower, camellia,
olive, and pine-templated PDCBs. Similarly, NPs’ selectivity is
distinct, with respective pollen species exhibiting R, of 25.6%,
96.3%, 62.6%, 98.6%, 99.4%, and 93.2%. Lycopodium- and pine-
templated PDCBs exhibit substantially higher Ni**-ion removal
efficiencies, with pine-templated PDCBs exhibiting the highest
NP removal. Different pollen morphologies generate distinct pore
sizes, shapes, surface topographies, and interconnected porous
networks, which, together with porosity and accessible surface
area, can regulate liquid penetration, solid-liquid interfacial con-
tact, pollutant accessibility, and mass transport within the beads
[80-82]. For nanoscale particulate pollutants, pore geometry and
connectivity may additionally influence physical interception,
confinement, and retention. Therefore, the observed adsorption
behavior arises from the interplay between the pollen-templated
pore microenvironment and the size and physicochemical char-
acteristics of the pollutants.

The adsorption performance of PDCBs was further compared
with previously reported conventional and advanced adsorbents
(Figure 5r and Table S2) [83-96]. The obtained adsorption
capacities are comparable to those reported for a range of
adsorbents toward dye molecules, Ni** ions, and NPs. How-
ever, because the experimental conditions vary substantially
among different studies, including adsorbent dosage, contact
time, pH, pollutant concentration, and adsorption method, the
comparison is provided as a general reference rather than a
direct ranking of adsorption performance. PDCBs outperform
most of the existing materials, ranging from bulk adsorbents
to engineered particle adsorbents. Notably, PDCBs’ adsorption
performances were achieved without the need for additional
modifications, such as chemical doping, functionalization, or
encapsulation to form bulk adsorbents, thereby simplifying the
fabrication and recovery process. Moreover, the ideal geome-
try of PDCBs allows for efficient packing and facile recovery,
highlighting their potential for environmental remediation appli-
cations due to their multifunctional, practical, and scalable
properties.

3 | Conclusion

In summary, this work presents a novel approach for fabricating
advanced porous ceramic adsorbents from LMs. Pollen micropar-
ticles are strategically employed as hydrophobic particles for the
encapsulation of LMs, as components in the synthesis of SPC to
promote LM fabrication and as porogens to generate a porous
internal structure. Mechanical vibration and UV irradiation
trigger the transition of wetting states from CB to CI, enabling
deeper infiltration of liquid between surface protrusions and
thereby increasing the liquid-solid interfacial contact and the
depth of pollen engraving on the PDCB surface. The multilayer
configuration of LPB, SPC, and substrate in the collection dish
improves the yield, reduces coalescence and guarantees the uni-
formity of LM production. Furthermore, through the optimized
design of fabrication conditions including substrate type, shaking
speed, nozzle size, constituent content, the engineered LMGBs
are produced at a high yield with uniform size distribution and
good sphericity. The pollen and polymer binder are decomposed
gradually based on an optimized sintering profile, generating a
hierarchical porous architecture featuring pollen-engraved mor-
phologies and micro-interconnected pores distributed across the
interior and exterior of PDCBs. The induced porosity elevated the
adsorption performance for the removal of Ni** and NPs, with R,
increased by up to 0.96 and 2.88 times, respectively.

Additionally, the distinct adsorption performances of PDCBs
templated by different pollen species reveal a clear structure—
performance correlation between the pollen-derived pore archi-
tecture and pollutant removal behavior. The combined variations
in pore morphology, porosity, accessible surface area, and pore
connectivity are expected to regulate pollutant accessibility and
transport within the porous network. Lycopodium- and pine-
templated PDCBs demonstrated superior removal of Ni** relative
to the other PDCBs. In contrast, all pollen-templated PDCBs
achieved consistently high dye removal exceeding 87.2%. NPs
removal was also elevated across the samples, exceeding 93.2% for
most PDCBs. However, the sunflower-templated PDCB exhibits
comparatively lower performance. These differences further sug-
gest the selective role of pollen-templated pore architectures
in governing pollutant uptake, likely influenced by diffusion
pathways and interactions between the pollutant categories and
the porous network.

Furthermore, PDCBs enable easy storage, transportation, pack-
ing, and removal within column systems. A proof-of-concept par-
allelized multi-nozzle fabrication system further demonstrates
the scalability of LMGB production and provides a modular
route toward higher-throughput PDCB fabrication (Figure S13),
which highlights the potential of this strategy for widespread
adoption in industrial scale applications. Future studies should
evaluate the effects of the solution’s ionic strength, competing
ions, and dissolved organic matter to assess the robustness and
practical applicability of PDCBs in realistic wastewater systems.
This study underscores the promising potential of employing
biowaste in engineering advanced functional ceramic materials
for environmental remediation aligning with the concepts of
cross-economy [43], converting waste into high value prod-
ucts through innovative technology or sustainable processing
technologies.
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4 | Experimental Section
4.1 | Materials and Reagents

Defatted pollen powder (pine and olive) was sourced from Greer
Laboratories, Inc. Natural raw bee pollen (sunflower and camel-
lia) grains were obtained from Yuensun Biological Technology
Co. Ltd. Defatted lycopodium spores, hydrochloric acid (37%, ACS
reagent), LUDOX colloidal silica (30, 40, and 50 wt.% suspension
in water, 30 nm diameter), copper(II) chloride dihydrate (reagent
grade), nickel(I) chloride (98%), perfluorooctyltrichlorosilane
(FTS, 97%), poly(ethylene glycol) diacrylate (PEGDA, M, =
700 g/mol), and 2-hydroxy-2-methylpropiophenone (PI, Darocur
1173; > 96.5%) were all purchased from Sigma-Aldrich. Acetone
(AR grade) and amidine latex beads (4 w/v%, 0.1 pm) were
bought from Thermo Fisher Scientific. Poly(methyl methacry-
late) microspheres (PMMA, 25 mg/mL, 0.1 ym) were bought
from Shanghai Yiyuan Biotechnology Co., Ltd. Diethyl ether (AR
grade) was sourced from RCI Labscan. n-Hexane was obtained
from the Tedia Company. Royal Blue 4001 dye was sourced
from Pelikan. Potassium hydroxide was obtained from VWR
Chemicals. Sodium hydroxide (AR grade) was procured from
Schedelco Pte Ltd. SYLGARD 184 silicone elastomer kit (Dow
Corning) was used to prepare the PDMS, with a mixing weight
ratio of prepolymer and curing agent 10:1. All chemicals were
used as received unless stated otherwise. Nylon mesh was sourced
from Elko Filtering Co. LLC. Deionized water was obtained using
a Milli-Q M water purification system (Merck).

4.2 | Defatting of Natural Raw Bee Pollen Grains

Natural raw bee pollen (sunflower/camellia) grains (500 g) were
mixed with 1 L of deionized water and stirred with a disperser
(Eurostar 20 digital, IKA) at 1000 rpm at 50°C for 2 h. To
remove contaminants, the mixture was filtered through a 200 um
nylon mesh. Pollen paste was formed after removing excess water
through vacuum filtration, then it was redispersed in 1 L of
acetone and stirred at 1000 rpm at room temperature for 3 h.
Excess acetone was removed by vacuum filtration, and the pollen
powder was continuously washed with acetone until the filtrate
turned clear. The pollen powder was dried in the fume hood
for 12 h before mixing with 1 L of diethyl ether and stirring at
1000 rpm at room temperature for 2 h. The process was repeated
twice before mixing in fresh diethyl ether and stirring for 12 h.
The excess diethyl ether was removed through vacuum filtration
and the defatted pollen powder was dried overnight in the fume
hood.

4.3 | SPC Fabrication

The SPC was fabricated based on previous work in our group [37].
A PDMS-FTS mixture was obtained by mixing the PDMS and FTS
at a mass ratio of 8:2, 0.3 g defatted sunflower pollen was added
into the PDMS-FTS mixture at 80 wt.%. Subsequently, n-hexane
(2mL)was added and agitated under vortex mixing (Vortex Genie
2) for > 5 min before evenly distributing the mixture on glass
slides (75 x 25 mm?) and drying in the fume hood until n-hexane
was fully evaporated. Subsequently, the dried coating was left at
room temperature for > 7 days to completely cure.

4.4 | LM and LMGB Fabrication

The silica precursors were prepared by mixing 67-72 wt.%
LUDOX colloidal silica, 25 wt.% PEGDA, 3 wt.% PI, and 0—5 wt.%
of defatted pollen powder. LM were extruded out of a Teflon
nozzle using a peristaltic pump (Ismatec, ISM596D, USA) at a
fixed rate of 0.35 mL/min and dropped into a collection dish
(35 mm x 10 mm, Corning) 30 mm away from the nozzle onto
the LPB. The collection dish was coated with SPC and filled
to a controlled thickness of LPB (0—4.05 mm). The thickness
was controlled by adding different masses of lycopodium pollen
(Figure S14). Subsequently, an orbital shaker (Unimax 1010,
Heidolph) was utilized to shake the collection dish to induce
rolling of the LM promoting sphericity. Afterward, LM green
bodies were photocured by a UV light source (Intensilight C-
HGFI, Nikon) at an intensity of 37.8 uW/cm? with an error of
3.1 uW/cm? measured using a UV light meter (SHSE-PUVB,
Hangzhou Sensor Technology Co. Ltd.). To investigate the impact
of LPB thickness h, silica precursors with 72 wt.% LUDOX
(21.6 wt.% silica content) were extruded at a fixed nozzle diameter
d = 0.362 mm and shaken at a shaking speed R = 250 rpm.
Similarly, the effects of R and d were explored utilizing identical
silica precursors at h = 0.98 mm unless otherwise stated. The
effects of varying R were explored at a constant d = 0.362 mm,
and the effects of varying d were studied at a constant R =
250 rpm. Subsequently, under identical fabrication parameters,
the influence of precursor composition on LMGB production
was investigated by varying the silica content at 0 wt.% pollen
inclusion. Then, at a fixed silica content of 28.8 wt.%, the
lycopodium pollen porogens were added at 0—5 wt.%. Finally,
silica precursors were held at 71 wt.% LUDOX with 1 wt.% of
varying pollen species of lycopodium, sunflower, camellia, olive,
and pine pollen to explore the influence of pollen-embedded
pores for pollutant selectivity.

4.5 | PDCBs Fabrication

The optimal sintering profiles were designed with reference to
the thermal analysis of PDCB’s green body. In temperature ranges
where rapid weight loss and notable heat flow fluctuations occur,
the lower heating rate and prolonged heat preservation were
employed to prevent the formation of defects and cracks. The
entire sintering process was conducted in an atmosphere of air.
First, the green bodies were heated from room temperature to
600°C at a rate of 0.5°C/min and isothermally held for 1 h
for the decomposition of binder polymer and pollen particles.
Subsequently, the temperature was raised to 950°C at a rate of
1°C/min and isothermally held for 2 h to densify the PDCBs.
Afterward, the furnace was cooled to room temperature before
obtaining sintered PDCBs.

4.6 | Imaging and Characterization

The material morphologies in this work were analyzed using
a variety of microscopes, including a digital microscope
(DSX1000, Olympus), scanning electron microscope (7600F,
FE-SEM), upright optical microscope (BX60F5, Olympus), and
a stereomicroscope (SMZ1000, Nikon). The FTIR spectra of the
lycopodium pollen powder, LMGB, and PDCB were measured
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using an attenuated total reflection FTIR instrument (Frontier,
PerkinElmer). The liquid dripping process was captured using
a high-speed camera (V1212, Phantom). Contact angles and
the air-water surface tension were measured using an optical
contact angle measuring instrument (OCA 15 Pro, DataPhysics).
The sphericity of LMGBs is quantified using out-of-roundness,
OR = (Dpax—Dmin)/Dae Where Dy, Dpin, and D, are the
largest, smallest (measured from the midway point) and
average (measured radially 6 times) diameters, respectively.
Thermogravimetric  analysis and differential scanning
calorimetry analysis of LMGBs were concurrently performed
under an air atmosphere in thermal analysis equipment (SDT
Q600, TA). The temperature was ramped from room temperature
to 1150°C at a heating rate of 15°C/min. The PDCBs were ground
into powder and analyzed with x-ray diffraction (D8 Advance,
Bruker). The internal pore structure of the PDCBs was visualized
by micro-computed tomography (micro-CT; Xradia 620 Versa,
Zeiss) with a slice interval of 0.3 um. The open porosities of
the PDCBs were determined using a densimeter (SD-200L,
0.0001 g/cm? resolution, Alfa Mirage) based on the Archimedes
method, as schematically illustrated in Figure S15. The dry mass
(Wayy), suspended mass in water (W), and saturated mass in
air (W,,) of PDCBs were measured respectively, and the porosity

was calculated as P (%) = w X 100%. The zeta potential

and particle size distributionsz)[f NPs and PMMA were measured
using a zetasizer instrument (Zetasizer Advanced Ultra Red,
Malvern). The specific surface area and N, adsorption/desorption
isotherms were detected using an automated surface area and
pore size analyzer (Autosorb-iQ3, Quantachrome, USA).

4.7 | LM Formation Simulations

COMSOL Multiphysics 5.4 was used to simulate the formation of
LMs produced through nozzles of various inner diameters d. A
two-phase flow model with the level set method was employed
to capture the evolving liquid-air interface during LM formation.
A 2D axisymmetric model with appropriate boundary conditions
was adopted: the inlet boundary at the nozzle was prescribed
with a velocity profile corresponding to the experimental ejection
conditions; a pressure outlet boundary condition (p = 0 Pa) was
applied to the far field and no-slip conditions were enforced
on the nozzle walls. The computational mesh size was set to
0.0025 mm resulting in a total of 104 613 mesh elements. The
computation time for droplet formation was 0.6 s. Image J was
used to calculate the diameter of LMs.

4.8 | Dye Adsorption

Batch adsorption experiments were performed to investigate the
effects of adsorbent mass, contact time, and solution pH on
adsorption performance. Dye concentrations were determined
from absorbance at 600 nm using a microplate spectrophotometer
(Spark, Tecan) based on the calibration curve (Figure S16).
To evaluate the effect of adsorbent mass, different masses of
PDCBs (0.01-1.0 g) were immersed in 10 mL of dye solution
(0.03035 wt.%) for 1 h. For kinetic studies, 0.2 g of PDCBs was
exposed to 10 mL of dye solution for predetermined time intervals

(0-4 h). The pH effect was assessed using 0.2 g of PDCBs in
10 mL of dye solution for 10 min over pH 1-13, adjusted with
0.1-2 M HCI or NaOH and measured using a portable pH meter
(SevenGo Duo SG23, Mettler Toledo). The adsorption capacity
q, and removal efficiency R, were calculated as g, = ((C;—C}) X
V)/m and R, = (C;—Cy)/C; X 100% where C; is the initial pollutant
concentration (mg L), C; is the final pollutant concentration
(mg L), Vis the volume of solution (L) and m is the adsorbent
mass (g) [97]. To compare pollen-derived pore structures, 0.2 g of
PDCBs prepared from different pollen species was immersed in
10 mL of unadjusted dye solution (pH = 4.3) for 10 min.

4.9 | Ni** Adsorption

Batch adsorption experiments were conducted to investigate the
effects of adsorbent mass, contact time, and solution pH on Ni**
adsorption. Ni** and Cu?* solutions (100 mg L!) were prepared
from nickel(I) chloride and copper(II) chloride dihydrate in
deionized water. For the adsorbent-mass study, 0.05-1.0 g of
PDCBs was added to 10 mL of Ni** solution for 2 h. For kinetic
studies, 0.4 g of PDCBs was exposed to 10 mL of Ni** solution
for 0-24 h. The pH effect was evaluated using 0.4 g of PDCBs in
10 mL of Ni** solution over pH 1-13. Residual Ni*" concentrations
were quantified by inductively coupled plasma optical emission
spectrometry (ICP-OES; Avio 550 Max, PerkinElmer), and the
adsorption capacity (g;) and removal efficiency (R.) were calcu-
lated accordingly. For comparison with another heavy-metal ion,
0.4 g of PDCBs was exposed to 10 mL of Cu** solution (100 mg L™,
pH =~ 6.0) for 4 h. Competitive adsorption was further evaluated
in a binary solution containing 100 mg L~* each of Ni** and Cu**
(pH 5.7) for 4 h. To examine the effect of pollen-derived pore
structures, 0.4 g of PDCBs prepared from different pollen species
was immersed in 10 mL of unadjusted Ni** solution (100 mg L},
pH ~ 7.0) for 4 h.

4.10 | Nanoplastics Adsorption

Batch adsorption experiments were conducted to investigate the
effects of adsorbent mass, contact time, and solution pH on
nanoplastic adsorption. Amidine latex nanoparticle and PMMA
nanoparticle dispersions (100 mg L~!) were prepared in ultrapure
deionized water (Millipore Direct-Q 3 UV, Merck), respectively.
Both amidine latex and PMMA nanoplastics concentrations were
determined from absorbance at 350 nm using a microplate
spectrophotometer based on a calibration curve (Figure S17). For
the adsorbent-mass study, 0.05-1.0 g of PDCBs was exposed to
the nanoparticle dispersion for 4 h. For kinetic studies, 0.2 g
of PDCBs was immersed in 5 mL of nanoparticle dispersion for
0-24 h. The pH effect was evaluated using 0.2 g of PDCBs in
5 mL of nanoparticle dispersion over pH 1-13. The adsorption
capacity (q,) and removal efficiency (R,) were calculated from the
residual nanoparticle concentrations. To investigate the role of
electrostatic interactions, negatively charged PMMA nanoparti-
cles (100 mg L) were tested under otherwise identical conditions
using 0.2 g of PDCBs for 4 h. To evaluate the effect of pollen-
derived pore structures, 0.2 g of PDCBs prepared from different
pollen species were exposed to 5 mL of unadjusted amidine latex
nanoparticle dispersion (100 mg L™, pH ~ 7.0) for 4 h.
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