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ABSTRACT: Oil spills cause severe environmental damage that motivates
scientists to explore better and sustainable strategies for cleaner and cheaper
remediation techniques. Advances in extreme-wetting materials that selectively
absorb oil and yet be water repellent have recently brought about promising
results. However, the challenge of practical application persists due to the high
costs associated with this technology, the limited oil-absorbing capacity, and
the instability of oil retention. An innovative design of capsule-type reusable oil
collector (CROC) has been developed to address the current shortcomings of
conventional oil collection practices. The CROC can be replaced as a self-
contained module and consists of a modified melamine sponge (MMS). The
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CROC system demonstrated high potential for repeated use (up to 10 times)
and achieved an oil collection efficiency of up to 89% during testing in a 1000 L
custom-built water pool, with a 0.5 L oil collection per unit when tilted. In our
work, we focus on four aspects: (1) MMS integration with the innovative concept of CROC design; (2) theoretical correlation and
experimental testing of buoyant force, submergence depth, and tilt angle; (3) performance evaluation with oils of different viscosities
in a custom 1000 L water pool; and (4) cyclic reusability of MMS under repeated oil absorption. The combination of MMS with the
innovative compact design provides a new route for oil spill cleanup. The technical feasibility of creating a modular CROC unit that
can efficiently recover oil is proven through experimental findings, and it also demonstrates its potential for application on an
industrial scale. These results indicate that CROC may play an important role in environmental protection by offering a practical,
reusable, and scalable solution for oil spill cleanup.

Bl INTRODUCTION

Oil spillage from either accidents or industrial operations
releases massive petroleum discharges into water ecosystems. "
The conventional remediation methods such as mechanical
skimmers, chemical dispersants, and in situ burning have the
common drawback of efficiency, selectivity, or sustainability.’
Although chemical dispersants are efficient in degrading oil
slicks, they have raised environmental concerns due to their
toxicity and the potential for secondary contamination.*
Moreover, in situ burning can remove oil quickly but generates
harmful by-products and is only feasible under limited
circumstances.” One of the traditional alternatives of
remediation that has proved to have great potential is the
absorbent-based methods. Absorbents possess the ability to
use surface interactions and capillary effects to physically
capture oil on water surfaces. Their parameters of design
enable to control their selectivity.”~"" In recent years, scientists
have discovered a variety of materials including natural fibers, Received: August 11, 2025

synthetic polymers, and nanocomposites to create efficient oil Revised:  October 14, 2025
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material possesses a distinctive porous architecture, mechanical
flexibility, and modifiable surface chemistry.

The commercially available MS is a polymeric foam made of
melamine-formaldehyde resin that has a three-dimensional
(3D) open-cell structure and a high surface area relative to its
mass. Although this material has its merits, it also has
disadvantages regarding the selective absorption of oil, as it
can absorb both oil and water due to its intrinsic hydro-
philicity. To address this shortcoming, intensive research has
been conducted on how the surface of MS can be altered to
make it superhydrophobic and superoleophilic.”'~>* Among
the many available surface modification methods, dip coating
has proven to be one of the most promising approaches due to
its simplicity, scalability, and low cost.”*~>” The authors have
demonstrated exceptional results in oil/water separation by
designing surfaces that are both superhydrophobic and

absorbents.'”~>° However, conventional absorbents possess
limitations in terms of water uptake and insufficient mechanical
strength for reuse. More recently, melamine sponge (MS) has
expanded the scope of interest in spill remediation, as the
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Commercial melamine sponge

Figure 1. Modification process of MS via the facial dip-coating method.
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superoleophilic. Superhydrophobicity refers to a surface
possessing an outstanding water-proofing property, charac-
terized by a water contact angle of over 150°. Due to this
property, water droplets bead and roll off the surface
effectively.’”’! Surface roughness at hierarchical scales,
combined with low surface energy achieved through chemical
modifications, has been proven instrumental in achieving these
properties.

In general, two major approaches can be utilized to create
extreme wettability in surfaces: (i) generating hierarchical
roughness by means of micro/nano- structuring and (ii)
chemical modification of the surface with low surface energy
materials, e.g., fluoropolymers, silanes, or polymers.”' ~** The
highlighted research on MS-based materials with extreme
wettability characteristics has significantly advanced remedia-
tion strategies.””” "' For example, superhydrophobic/super-
oleophilic melamine sponges were constructed through the
impregnation of a deep eutectic solvent (DES) composed of
tetraethylammonium chloride and decanoic acid. The sponges
demonstrated high oil absorption (40.9-99.8 g ¢'), low
density, high porosity, and excellent reusability. The major
innovation lies in the employment of biodegradable, naturally
derived DESs, which provide an environmentally friendly, low-
cost approach to effectively responding to oil spill cleanup.*®
Moreover, the mechanical recovery of absorbed oil by simple
squeezing is possible due to the inherent compressibility of
MS, which is essential in determining whether the absorbent is
reusable. To achieve multifunctional oil/water separation,
Yang et al. synthesized graphene-decorated melamine sponges
with opposite wettability. In comparison, the hydrophilic/
oleophobic sponge exhibited remarkable water absorption
capacities of 72.3—136.5 g g~', while the hydrophobic/
oleophilic sponge demonstrated high oil uptake qualities.
Bidirectional filtration based on a combination of sponges
showed the ability to continuously separate a broad range of
oil/water mixtures very efficiently, indicating the usefulness of

this system in practical environmental cleanup.”* Fang and
coworkers developed a hydrophobic melamine sponge for oil/
water separation by dip-coating it in a solution of urushiol, a
compound of natural origin. The urushiol-modified sponge
exhibited a large water contact angle of around 139° and an
impressive oil absorption volume of up to 181 times its weight.
It was also recyclable at a high separation flux and showed
great promise as a low-cost and green remedial technique for
treating oily wastewater.” Although there has been significant
progress in the development of extreme wettability substances
and the functionalization of MS, the design of a viable and
reusable oil collector remains a challenge. First, the mechanical
integrity of the MMS may be reduced during multiple
absorption-squeezing cycles. Second, it typically lacks an
integrated device-level design that facilitates easy deployment,
collection, and recovery of the absorbed oil. Addressing these
issues requires an in-depth approach involving innovative
material adjustments along with practical designs that enable
fast application, extraction, and reutilization in realistic oil
spillage conditions.

Inspired by the advances in extreme wettability materials,
this work aims to bridge the gap between research-level
developments and practical applications by presenting a
capsule-type reusable oil collector (CROC). CROC is an
independent system designed to achieve effective oil/water
separation. The basic structural requirement is to develop a
portable device that can float on water surfaces and gather oil
using its own power without consuming external power
sources. The reusable MMS functions as the main component
of CROC through a simple dip-coating process and serves as
the primary element in combination with a capsule-type
collector design. Surface modification enhances the water-
repelling ability of MS, enabling selective and efficient oil
absorption. The design was guided by the need for a self-
contained, modular, deployable system that could operate
efficiently at the oil—water interface while being completely
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Figure 2. (a) Ilustration of oil selectivity:oil/water mixture penetration through the MMS structure, (b) correlation between oil viscosity and
MMS absorption capacity, and (c) sequential observation of oil absorption behavior in MMS over time.

recoverable and reusable. Accordingly, this study emphasizes %) was added to the PVDF solution, followed by 1 h of stirring to
the practical utility of CROC as an accessible, cost-effective, obtain a well-dispersed mixture. Immersing MS slides into the

environmentally compatible, and easily implementable alter- prepared mixture took approximately 10 min to ensure sufficient

native that addresses key limitations of current oil-spill coating ad}}ered to the shges. Afterward, the samples were allowed to
response solutions dry in an air oven at 150 °C for 24 h to evaporate excess solvent and

form a uniform coated layer. The completed MMS sample was
collected for future use after fabrication.

B EXPERIMENTAL SECTION Evaluation of CROC Performance: Efficiency, Recovery, and

Materials. The 3D reticular architectural sponge, MMS, was Reusability. Oil collection efficiency can be defined as

fabricated through a simple dip-coating process that integrated

. . - Meollected oil
derived carbon with polyvinylidene fluoride (PVDF, Solef) in Oil collection efficiency = — === X 100%

dimethyl sulfoxide (DMSO, Daejung Chemicals & Metals Co., it ol

Ltd.) on the MS scaffold, as shown in Figure 1.*> Uniform slices of where M jjecied oil i the mass of oil recovered by CROC, and m44 o1
MS (Basotect®) (100 mm in diameter and 2 mm in thickness) were is the mass of oil originally introduced into the tank. The reusability of
cut. The commercial oils are transparent and difficult to distinguish MMS was measured by several repetitions of absorption—
when spread on water; hence, they were stained with Oil Red O compression cycles to obtain the absorbed oil. The MMS was
(Daejung Chemicals & Metals Co., Ltd.) to increase their visibility. weighed after every cycle to detect the presence of any permanent oil
The dimensions of the profile of the 1L transparent polystyrene oil retention or decrease in absorption capacity. The MMS was weighed
container are 160 mm X 100 mm in length and diameter. No further after every cycle, and the percentage of permanent oil retention or loss
physical and/or chemical treatment of any materials was undertaken of absorption capacity was measured.

before tests.
Fabrication of MMS via a Facile Dip-Coating Method. The B RESULTS AND DISCUSSION
preparation method for MMS was a dip-coating method. The first

step involved preparing a PVDF solution (0.5 wt %) by stirring PVDF Oil Selectivity and Absorption Capacity of MMS.
in DMSO intensively at 60 °C for 8 h in order to ensure the complete Figure 1 shows the open-cell structure and pore size of
dissolution of PVDF. Subsequently, derived carbon powder (0.5 wt approximately 100 ym in the 3D network porous structure of

C https://doi.org/10.1021/acs.langmuir.5c04219
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Figure 3. (a, b) Capsule-type reusable oil collector and its components.
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MS. As observed in SEM (scanning electron microscopy)
images, the pristine MS exhibits a 3D structure with a porous
nature comprising numerous interconnected networks. PVDF
served both as an effective adhesive and a linker, securing the
carbon particles uniformly on the MS scaffold. The results
demonstrate that the facile dip-coating technique on MS
skeletons was effectively utilized for MMS.**

The solid—liquid interaction depends on the corresponding
surface properties of the structure and its chemical
composition. The MMS framework, with open-cell pores, has
lower surface energy on the material’s surface and functions as
both a water repellent and an oil attractant. As a result, Figure
2a shows that the MMS exhibited significantly improved
hydrophobicity compared with MS. The water contact angle
exceeded 150° on most observations, demonstrating strong
water-repelling properties. MMS is attributable to the proper-
ties of PVDF and the derived carbon coating, which lower the
surface energy and increase oil affinity. The derived carbon
particles provide microscale roughness, enhancing the
oleophilic nature of MMS, while PVDF contributes additional
chemical resistance and hydrophobicity. Moreover, the
interconnected pores in the sponge create capillary channels
that absorb oil into the MS structure due to the strong affinity
between the hydrophobic coating and nonpolar hydrocarbons.
This synergistic effect enables MMS to absorb oil quickly while
preventing water penetration in spill scenarios.

In order to understand the oil selectivity process, an oil/
water mixture was used. The MS and MMS were placed
between the funnel and the flask. Qil (stained with Oil Red O)
and water (stained with Brilliant Blue) were mixed in a 1:1
ratio by volume. Then, the mixture was poured into the upper
funnel through the MS and MMS (Figure S1). MS exhibits
amphiphilic properties that absorb both oil and water, which
can be clearly observed in the filtrate flask. The hydrophobic-
oleophilic property of the MMS developed a stable layer of oil
on its textured surface, which formed a three-phase interface,
preventing the entry of water into the separation layer. The
Cassie and Baxter theory implies that superhydrophobicity can
be achieved only through the three-phase interface. During the
oil—water separation, the water—oil—solid system also

constructed a three-phase interface, which allowed only the
oil to pass through while repelling the water off.*>**

To determine the oil absorption capacity of MMS, the oil-
saturated absorbent was collected after being immersed in oil
for S min. The mass of the MMS was measured with an
electronic analysis scale before and after the absorption test.
The initial weight of the MMS (in grams) before oil absorption
is represented by m, whereas the weight of the MMS (in
grams) following the absorption of oil is represented by m; in
the equation below. This provides a quantitative measure of
the oil absorption capacity of the MMS, offering valuable
insight into how effectively the MMS can be used for oil
absorption purposes. The absorption capacity of MMS is given
by

Absorption capacity = u[g g_l]
my

The physical properties of the commercial oils used in this
study, including density and viscosity, are summarized in Table
S1. The quantitative mass absorption capacities of MMS for
different oil types appear in Figure 2b. The absorption
capacities of MMS ranged from 54.1 g g”' to 101.0 g g™/,
depending primarily on oil viscosity. Oils with lower viscosity
penetrate more rapidly into the sponge matrix but tend to yield
lower ultimate capacities due to easier drainage, whereas oils
with higher viscosity diffuse more slowly yet achieve higher
ultimate capacities owing to reduced drainage. Thus, viscosity
affects not only the rate of diffusion but also the equilibrium
absorption capacity of the MMS. Although both density and
viscosity contribute to the absorption capacity, our results
indicate that viscosity is the dominant factor, whereas the effect
of density is comparatively minor. Furthermore, the sequence
of images in Figure 2¢ records the absorption behavior of the
MMS in contact with oil. The initial observation shows oil
remaining distinct from the sponge surface, but it eventually
starts to penetrate through the outer MMS layer. The
interconnected pores in the MMS absorb oil penetration
over time, creating noticeable darkening in the affected MMS
area. This step highlights the capillary-enhanced oil uptake
through MMS due to its oleophilic properties, which enable
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(a)

(b)

Figure 4. (a) Configuration of the geometric profile and buoyant equilibrium of tilted CROC and (b) digital images of tilt angle evaluation.

the sponge to absorb oil. Finally, the MMS becomes
completely saturated, demonstrating how effectively the
sponge absorbs and stores the oil within its structure. The
color change indicates that the oil has permeated the entire
internal network of the interconnected pore structure.

Design of Capsule-Type Reusable Oil Collector. The
capsule-type reusable oil collector shown in Figure 3ab
operates as an independent system to perform efficient oil/
water separation through its transparent cylindrical design,
along with a metal mesh, lid, and MMS. The transparent
container, with a capacity of 1 L, can hold up to 0.5 L of oil in
its tilted position, allowing real-time observation of oil
absorption. The parts are modularly structured so that they
can be easily assembled, disassembled, and replaced. The basic
structural requirement is to develop a small, portable device
that can float on water surfaces and gather oil under its own
power without relying on external power sources. Due to the
coating of the MMS with PVDF and derived carbon, the MMS
facilitates hydrophobicity and oleophilicity, enabling not only
effective absorption but also reusability. The design aims to
make the CROC an affordable and sustainable solution for oil
spill recovery.

Tilted Floating CROC: Derivation of Force Balance,
Equilibrium Tilt Angle, and Submerged Depth. In
CROC, the system must remain stable enough to avoid
sinking or excessive tilting, which could compromise oil
absorption. We consider a rigid floating object of length and
cross-sectional diameter partially immersed in the surrounding
water. CROC has a mass m and tilts by an angle 0 from the
horizontal due to buoyant equilibrium. As shown in Figure 4,

aD?

V= (T)hl is the volume of a fully immersed cylindrical

2
section of height h;, and V, = %(%)hz is the triangular or

wedge-shaped volume of partial immersion h,, the total
submerged volume is given by*

N

ﬂDz( 1 ]
V.=V +V,="|h+ =h
ub 1 2 4 1 22

Considering a horizontal cylindrical collector, the buoyancy
of the capsule was modeled using Archimedes’ principle to
ensure stable floating,

7D? 1
F,=p.gViw = 0,8 X T(hl + Ehz]

where p,, is the density of the surrounding fluid (kg m™>), g is
the gravitational acceleration (9.81 m s72), V., is the
submerged volume. At equilibrium, the buoyant force balances
the weight of the collector:

2

nD 1
.8 X T(hl + Ehz) = mg

Substitute h; = L—Dtan 0 and h, = Dtan 6, we have

ITDZ( 1 )
X —|L — —Dtan @ | =m
.8 4 > g

Thus, the required total weight of the cylinder is

2
m=p X H(L — iDtan 9]
4 2 (1)

The submerged depth is conceptually divided into two
components, s = (h1 + h, — g)cos 0, accounts for the

height of the main submerged section, adjusted for the tilt
and the effective vertical offset of the dominant mass and

5, = gcos 0, other is based on the geometry of the submerged

CROC, where d represents the length of the offset mass
(weight block) used to induce tilting.

. d d
Substitute s, = (h1 + h, — E)COS 0 and s, = Jcos 0, we
get
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Achieving the oil-water interface with a stable setup
depends strongly on tilted angle adjustment. The floating
collector demonstrates that adding adjustment masses enables
control and ensures the collector floats with a stable
inclination. Consider the cylinder in its tilted position, as
shown in Figure 4; the horizontal dashed line represents the
original water surface plane. When the cylinder is tilted
through the angle 6, the center of buoyancy shifts to F, as a
result of the alteration in the shape of the displaced fluid. The
tilted angle @ of a floating object is determined by the forces
acting on it. However, when the collector tilts by an angle 6,
the geometry of the submerged section becomes more
complex. The tilt angle occurs when the weight inside the
cup is not centered.

Figure 4a illustrates the driving forces and tilt angle of the oil
collector with respect to the horizontal offset and adjustable

mass support. The device is designed to maintain a specific tilt
angle during flotation by precisely tuning its center of gravity
relative to its center of buoyancy. By controlling the angle of
inclination, CROC remains situated at the oil/water interface,
where it achieves optimal contact with oil slicks. The dynamic
interaction between gravitational and buoyancy forces is
further complicated by the absorption of oil. As the MMS
absorbs oil, the mass of CROC increases, altering the balance
of forces and potentially affecting the tilt angle. Our design
anticipates these changes by ensuring that the device maintains
stability even as the load varies, as shown in Figure 4b. Based
on the derived equations, it reflects the correlation between the
buoyancy calculation, submerged height, and tilt angle, and
confirms that it satisfies the experimental conditions. In
addition, the tilt angle at the equilibrium state was calculated
as 59.8°, respectively, which was derived through eq 1. Finally,
the submerged height based on the buoyancy eq 2 was
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during the collection process.

calculated as 80.4 mm, which takes into account the volume
displacement. This experimental data quantifies the relation-
ship between buoyancy force and submerged height while
validating the link between buoyancy and tilt angle for stability
evaluations.

Performance Evaluation of CROC: Practical Testing
Site. Performance evaluations focused on oil/water separation
efficiency, absorption capacity, and operational stability under
realistic conditions. The protocol used experimental conditions
to represent typical pollution events, demonstrating the
practical and reliable performance of the oil collector in actual
field operations. A testing site was set up using a rectangular,
custom-built water tank with a capacity of 1000 L, designed to
replicate practical scenarios for realistic performance testing, as
shown in Figure Sa. The large tank capacity ensured
unrestricted movement of CROC during testing with various
types of commercial oil. In Figure Sb, various commercial oils
with different physical properties were tested to evaluate the
performance of CROC.

CROC is assembled by placing the MMS on the metal mesh
inside the PET container and then sealing it with the lid. A
known volume of each commercial oil (0.5 L) was gently
poured onto the water surface, forming a floating slick. CROC
was placed on the surface, and its movement, absorption
kinetics, and final oil uptake were monitored. During
deployment, the device was gently placed on the water surface

of an oil slick. The MMS actively absorbs oil through the mesh
into its porous network. As oil accumulates, the capsule tilts,
retaining up to 500 mL of oil and preventing overflow or
submersion.

CROC performance tests were conducted on low- and high-
viscosity oils using the oil collector in a rectangular, custom-
built water pool, as shown in Figure 6. In the low-viscosity oil
test, a fast absorption rate and stable separation were observed,
and efficient operation at the oil/water interface was
confirmed. In contrast, in the high-viscosity oil test, the
absorption rate of the oil was relatively slow as the viscosity
increased, but CROC still absorbed the oil effectively and
maintained its structural stability. The reliable performance of
CROC across different oil viscosity ranges demonstrates
evidence of its practical potential in environmental applica-
tions.

The flow of the oil patterns through the open-cell porous
structure of MMS and the rapid movement of flows between
channels are illustrated in Figure 6b. The oil flow penetrates
through the gaps between the MS scaffold, a phenomenon
known as capillary imbibition. The wetting effects can have a
considerable impact on the dynamics of displacement at the
microscale, where capillary forces are dominant. When the oil
droplets initially come into contact with the surface, countless
pores in MMS immediately pull floating oil into the complex
3D interconnected structure. The kinetic process of oil
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absorption through porous media depends on three factors:
capillary forces, viscous resistance, and interfacial tension.
Lucas-Washburn theory provides a baseline model for capillary

penetration in a single capillary, with the penetration length
45—47
x

yXrXt
XX |
n

where y is the interfacial tension, r is the effective pore radius, ¢
is time, and # is the fluid viscosity. In complex porous
networks, such as MS, deviations from this idealized behavior
are predictable. In general, lower-viscosity oils are absorbed
more rapidly, whereas oils with higher viscosity yield higher
ultimate capacities due to reduced drainage. Although the pore
size was not directly varied in this study, the Washburn
equation also suggests that it can significantly influence
absorption dynamics. From the perspective of capillary flow,
a larger pore size may facilitate faster oil uptake due to reduced
viscous resistance, while smaller pores may enhance oil-
retention stability by providing a higher capillary pressure.
Therefore, pore size can be regarded as a structural factor that
presents a trade-off between absorption rate and retention
stability, highlighting the importance of systematic inves-
tigation in future work.

A quantitative measurement characterizing how much oil an
absorbent can collect in the case of an oil spill is referred to as
oil collection efficiency (%). It is a significant indicator of the
ability of an absorbent to remove oil and separate water and oil
under specific circumstances. The variation in the rate of oil
collection will be represented as a plot in conjunction with the
rate of loss during the duration of the reusability test with a
series of oils. The relationship between the viscosity of various
oils and the oil absorption rate of MMS is depicted in Figure
7a,b. According to the findings, kerosene and gasoline had the
highest initial collection efficiencies, at over 89%, and
maintained over 87% efliciency after 10 cycles. Over 10
subsequent cycles, the initial collection efficiency of silicone oil
dropped from 86% to 82%. This drop results from the high
viscosity of silicone oil, which slows regeneration by delaying
both absorption and total expulsion. Capillary absorption slows
as oil viscosity rises due to increased viscous resistance, which
lowers absorption rates. It was confirmed that the absorption
capacity of MMS was maintained above 3.03 mL min ™" for oils
of various viscosities.

MMS achieved 10 cycles of reuse while maintaining high
performance in various types of oil, particularly in low-viscosity
oils. These findings imply that MMS has the potential to be
recycled multiple times in different oil settings and can be
deployed as an oil collector, meeting both requirements of
reuse and performance. For practical application, MMS should
exhibit not only a hydrophobic surface but also mechanical
toughness. Mechanical toughness is an important factor in the
reusability of MMS. Since a hydrophobic surface alone cannot
guarantee the long-term functionality of the material, MMS
must possess sufficient mechanical strength to avoid
deformation or loss of properties despite repeated use and
physical manipulation. Therefore, to continue improving its
design and exploring its potential use in actual operating
conditions, it is critical to assess the mechanical strength of
MMS. One of the core benefits of MMS is its ability to enable
mechanical recovery of oil absorption. The sponge can be
squeezed or, on large scales, can be passed in rollers to extract

the oil, which can then be collected. The reusable material
contrasts with single-use absorbents by eliminating waste
disposal through burning or landfill that reduces environmental
impact. Greater reusability of the material extends its lifespan ,
which lowers costs and further reduces waste.

The tilt angle of the CROC is governed by the balance
among capsule geometry, buoyant force, and submerged depth.
Although the present tests were conducted under controlled
conditions, the same principle of buoyancy—load balance may
also be applicable in ocean environments. While temporary
disturbances, such as surface waves, could affect the
equilibrium, the modular design of the CROC, with stable
flotation and passive self-adjustment, suggests that it may be
able to maintain the tilt angle and remain functional under
open-ocean conditions.

Bl CONCLUSIONS

Oil spills present a serious threat that requires breakthrough
remediation strategies capable of restoring ecosystems while
complying with environmental protocols. In this study, we
developed CROC as a remedial solution for oil spills,
consisting of the integration of the MMS fabrication technique
by employing a dip-coating method utilizing derived carbon/
PVDF components and a strategic capsule assembly
configuration. The findings highlight several key outcomes:

(i) Enhanced hydrophobicity and oil selectivity: MMS
achieved a high water contact angle above 150° and
demonstrated strong oil selection capabilities, making it
effective for oil—water separation.

(ii) High oil absorption capacity: MMS exhibited consistently
high oil absorption capacity, taking up to 101.0 g g™* of
different commercial oils, which can be attributed to the
synergistic effects of the porous structure of MS
combined with the coated carbon/PVDF.

(iii) Capsule design for practical deployment: Stable flotation,
simple retrieval, and minimal secondary waste are made
possible by the modular and motorless design of CROC.
By balancing buoyancy and capacity, the tilting
mechanism can hold up to 0.5 L of oil in a 1 L
transparent container.

(iv) Buoyancy and tilt angle optimization: CROC behaves
dynamically stable, as demonstrated by experimental
validation and theoretical models based on Archimedes’
Principle. The good agreement between calculated and
measured tilt angles confirms the robustness of design.

(v) Performance evaluation of CROC in a 1000 L custom-built
water tank: CROC achieved up to 89% collection
efficiency across oils of varying viscosity, while
maintaining 80—90% absorption capacity after 10 reuse
cycles.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.Jangmuir.5c04219.

Table S1. Physical properties of the commercial oils.
Table S2. Recent research on MS-based materials for oil
absorption applications. Table S3. Calculation of
equilibrium tilt angle and submerged depth of CROC.
Figure S1. Primary oil selectivity test (PDF)

https://doi.org/10.1021/acs.langmuir.5c04219
Langmuir XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.langmuir.5c04219?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5c04219/suppl_file/la5c04219_si_001.pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.5c04219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

B AUTHOR INFORMATION

Corresponding Authors

Ho Seon Ahn — Department of Mechanical Engineering,
Incheon National University, Incheon 22012, Republic of
Korea; ® orcid.org/0000-0002-1036-3038;
Email: hsahn@inu.ackr

Sang Moon Kim — Department of Mechanical Engineering,
Incheon National University, Incheon 22012, Republic of
Korea; ® orcid.org/0000-0002-2311-2211;
Email: ksm7852@inu.ackr

Authors
Thi To Nguyen Vo — Department of Mechanical Engineering,
Incheon National University, Incheon 22012, Republic of
Korea
Taewan Kim — Department of Safety Engineering, Incheon
National University, Incheon 22012, Republic of Korea

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.langmuir.5¢04219

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by Post-Doctor LAB employment
support Program (INU SURE LAB Program) (2024) at
Incheon National University.

B REFERENCES

(1) LT.O.P.F. Oil tanker spill statistics: 2009; The International
Tanker Owners Pollution Federation Limited, 2009. https://www.
bpb.de/system/files/pdf/JXV4OZ.pdf.

(2) LT.O.P.F. Fate of Marine Oil Spills; The International Tanker
Owners Pollution Federation Limited, 2011. https://www.itopf.org/
fileadmin/uploads/itopf/data/Documents/TIPS_TAPS new/TIP_
2_Fate of Marine_Oil_Spills.pdf.

(3) Handbook of Oil Spill Science and Technology; Fingas, M. Ed.;
John Wiley & Sons, 2014.

(4) Barthlott, W.; Neinhuis, C. Purity of the sacred lotus, or escape
from contamination in biological surfaces. Planta 1997, 202 (1), 1-8.

(5) Evans, D. D.; Mulholland, G. W.; Baum, H. R;; Walton, W. D.;
McGrattan, K. B. In Situ Burning of Oil Spills. J. Res. Natl. Inst. Stand.
Technol. 2001, 106 (1), 231-278.

(6) Hammouda, S.; Chen, Z.; An, C.; Lee, K. Recent advances in
developing cellulosic sorbent materials for oil spill cleanup: A state-of-
the-art review. J. Cleaner Prod. 2021, 311, 127630.

(7) LT.O.P.F. Use of Sorbent Materials in Oil Spill Response; The
International Tanker Owners Pollution Federation Limited, 2012.
https://www.itopf.org/fileadmin/uploads/itopf/data/Documents/
TIPS_TAPS_new/TIP_8 Use_of Sorbent Materials_in_Qil_
Spill Response.pdf.

(8) Yang, Y.; Yi, H.; Wang, C. Oil Absorbents Based on Melamine/
Lignin by a Dip Adsorbing Method. ACS Sustainable Chem. Eng.
2015, 3 (12), 3012—3018.

(9) Zhang, A; Chen, M; Du, C; Guo, H; Bai, H; Li, L.
Poly(dimethylsiloxane) Oil Absorbent with a Three-Dimensionally
Interconnected Porous Structure and Swellable Skeleton. ACS Appl.
Mater. Interfaces 2013, S (20), 10201—10206.

(10) Guan, H; Cheng, Z.; Wang, X. Highly Compressible Wood
Sponges with a Spring-like Lamellar Structure as Effective and
Reusable Oil Absorbents. ACS Nano 2018, 12 (10), 10365—10373.

(11) Zhang, T.; Li, Z; Li, Y,; Liu, Y;; Yang, D,; Li, Q; Qiu, F.
Recent progress and future prospects of oil-absorbing materials. Chin.
J. Chem. Eng. 2019, 27 (6), 1282—1295.

(12) Khan, N; Tabasi, Z. A; Liu, J.; Zhang, B. H.; Zhao, Y. Recent
Advances in Functional Materials for Wastewater Treatment: From

Materials to Technological Innovations. J. Mar. Sci. Eng. 2022, 10 (4),
534.

(13) Wang, Z; Ma, H.; Chu, B,; Hsiao, B. S. Super-hydrophobic
Polyurethane Sponges for Oil Absorption. Sep. Sci. Technol. 2017, 52
(2), 221-227.

(14) Li, B;; Liu, X; Zhang, X;; Zou, J; Chai, W.; Lou, Y. Rapid
adsorption for oil using superhydrophobic and superoleophilic
polyurethane sponge. J. Chem. Technol. Biotechnol. 2015, 90 (11),
2106—2112.

(15) Lu, Y; Yuan, W. Superhydrophobic/Superoleophilic and
Reinforced Ethyl Cellulose Sponges for Oil/Water Separation:
Synergistic Strategies of Cross-linking, Carbon Nanotube Composite,
and Nanosilica Modification. ACS Appl. Mater. Interfaces 2017, 9
(34), 29167—29176.

(16) Khosravi, M.; Azizian, S. Synthesis of a Novel Highly
Oleophilic and Highly Hydrophobic Sponge for Rapid Oil Spill
Cleanup. ACS Appl. Mater. Interfaces 2015, 7 (4S), 25326—25333.

(17) Li, B; Liu, X;; Zhang, X;; Chai, W.; Ma, Y.; Tao, J. Facile
preparation of graphene-coated polyurethane sponge with super-
hydrophobic/superoleophilic properties. J. Polym. Res. 2015, 22, 190.

(18) Gong, X; Wang, Y.; Zeng, H; Betti, M,; Chen, L. Highly
porous, hydrophobic, and compressible cellulose nanocrystals/PVA
aerogels as recyclable absorbents for oil-water separation. ACS
Sustainable Chem. Eng. 2019, 7 (13), 11118—11128.

(19) Chau, M. Q; Trung, T. T.; Hoang, A. T.; Le, T. H. Oil spill
cleanup by raw cellulose-based absorbents: a green and sustainable
approach. Energy Sources, Part A 2025, 47 (1), 8269—8282.

(20) Minju, N.; Ananthakumar, S.; Savithri, S. Superswelling Hybrid
Sponge from Water Glass for Selective Absorption of Crude Oil and
Organic Solvents. ACS Omega 2019, 4 (19), 17990—18001.

(21) Zhou, X; Li, D; Wang, L; Wang, Q,; Wang, Z,; Jing, Q;
Marisol, R.; Li, L. Recent advances in the modification of melamine
sponge for oil-water separation. J. Mater. Sci. Technol. 2025, 207,
209-224.

(22) Xu, Y,; Yang, H.; Zang, D.; Zhou, Y.; Liu, F.; Huang, X.; Chang,
J.-S;; Wang, C.; Ho, S.-H. Preparation of a new superhydrophobic/
superoleophilic corn straw fiber used as an oil absorbent for selective
absorption of oil from water. Bioresour. Bioprocess. 2018, S (1), 8.

(23) Lv, N; Wang, X; Peng, S; Luo, L; Zhou, R. Super-
hydrophobic/superoleophilic cotton-oil absorbent: preparation and
its application in oil/water separation. RSC Adv. 2018, 8 (53),
30257-30264.

(24) Yang, S.; Li, J.; Zhen, C.; Li, F.; Sha, S.; Hou, C.; Lu, H.; Wy, J;
Sheng, Z.; Ma, J. Graphene-based melamine sponges with reverse
wettability for oil/water separation through absorption and filtration.
J. Environ. Chem. Eng. 2022, 10 (3), 107543.

(25) Peng, J.; Deng, J.; Quan, Y.,; Yu, C.; Wang, H.; Gong, Y.; Liu,
Y.; Deng, W. Superhydrophobic Melamine Sponge Coated with
Striped Polydimethylsiloxane by Thiol-Ene Click Reaction for
Efficient Oil/Water Separation. ACS Omega 2018, 3 (5), 5222—5228.

(26) Fang, Y.; Yan, L; Liu, H. Facile Preparation of Hydrophobic
Melamine Sponges using Naturally Derived Urushiol for Efficient
Oil/Water Separation. ACS Appl. Polym. Mater. 2020, 2 (9), 3781—
3788.

(27) Liu, X; Tian, F,; Zhao, X; Du, R; Xu, S;; Wang, Y.-Z.
Recycling waste epoxy resin as hydrophobic coating of melamine
foam for high-efficiency oil absorption. Appl. Surf. Sci. 2020, 529,
147151.

(28) Okutan, M.; Boran, F.; Ergiin, A.; Kanca, Y.; Ozkahraman, B.;
Deligéz, H. Hydrophobic surface modification and characterization of
melamine foam. Turk. J. Chem. 2023, 47 (3), 591—604.

(29) Zhao, P.; Yao, Q.; Zhou, G; Yan, X,; Li, S.; Dou, X.; Yang, M.
Green preparation of nonflaimmable carbonized asphalt-melamine
sponges as recyclable oil absorbents. Mater. Chem. Phys. 2019, 226,
235—243.

(30) Feng, L.; Li, S.; Li, Y.; Li, H.; Zhang, L.; Zhai, J.; Song, Y.; Liu,
B.; Jiang, L.; Zhu, D. Super-Hydrophobic Surfaces: From Natural to
Artificial. Adv. Mater. 2002, 14 (24), 1857—1860.

https://doi.org/10.1021/acs.langmuir.5c04219
Langmuir XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ho+Seon+Ahn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1036-3038
mailto:hsahn@inu.ac.kr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sang+Moon+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2311-2211
mailto:ksm7852@inu.ac.kr
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thi+To+Nguyen+Vo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taewan+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.5c04219?ref=pdf
https://www.bpb.de/system/files/pdf/JXV4OZ.pdf
https://www.bpb.de/system/files/pdf/JXV4OZ.pdf
https://www.itopf.org/fileadmin/uploads/itopf/data/Documents/TIPS_TAPS_new/TIP_2_Fate_of_Marine_Oil_Spills.pdf
https://www.itopf.org/fileadmin/uploads/itopf/data/Documents/TIPS_TAPS_new/TIP_2_Fate_of_Marine_Oil_Spills.pdf
https://www.itopf.org/fileadmin/uploads/itopf/data/Documents/TIPS_TAPS_new/TIP_2_Fate_of_Marine_Oil_Spills.pdf
https://doi.org/10.1007/s004250050096
https://doi.org/10.1007/s004250050096
https://doi.org/10.6028/jres.106.009
https://doi.org/10.1016/j.jclepro.2021.127630
https://doi.org/10.1016/j.jclepro.2021.127630
https://doi.org/10.1016/j.jclepro.2021.127630
https://www.itopf.org/fileadmin/uploads/itopf/data/Documents/TIPS_TAPS_new/TIP_8_Use_of_Sorbent_Materials_in_Oil_Spill_Response.pdf
https://www.itopf.org/fileadmin/uploads/itopf/data/Documents/TIPS_TAPS_new/TIP_8_Use_of_Sorbent_Materials_in_Oil_Spill_Response.pdf
https://www.itopf.org/fileadmin/uploads/itopf/data/Documents/TIPS_TAPS_new/TIP_8_Use_of_Sorbent_Materials_in_Oil_Spill_Response.pdf
https://doi.org/10.1021/acssuschemeng.5b01187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.5b01187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am4029203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am4029203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b05763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b05763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b05763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cjche.2018.09.001
https://doi.org/10.3390/jmse10040534
https://doi.org/10.3390/jmse10040534
https://doi.org/10.3390/jmse10040534
https://doi.org/10.1080/01496395.2016.1246570
https://doi.org/10.1080/01496395.2016.1246570
https://doi.org/10.1002/jctb.4646
https://doi.org/10.1002/jctb.4646
https://doi.org/10.1002/jctb.4646
https://doi.org/10.1021/acsami.7b09160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b09160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b09160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b09160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b07504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b07504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b07504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10965-015-0832-1
https://doi.org/10.1007/s10965-015-0832-1
https://doi.org/10.1007/s10965-015-0832-1
https://doi.org/10.1021/acssuschemeng.9b00066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b00066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.9b00066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/15567036.2021.1928798
https://doi.org/10.1080/15567036.2021.1928798
https://doi.org/10.1080/15567036.2021.1928798
https://doi.org/10.1021/acsomega.9b01655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b01655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.9b01655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jmst.2024.04.013
https://doi.org/10.1016/j.jmst.2024.04.013
https://doi.org/10.1186/s40643-018-0194-8
https://doi.org/10.1186/s40643-018-0194-8
https://doi.org/10.1186/s40643-018-0194-8
https://doi.org/10.1039/C8RA05420G
https://doi.org/10.1039/C8RA05420G
https://doi.org/10.1039/C8RA05420G
https://doi.org/10.1016/j.jece.2022.107543
https://doi.org/10.1016/j.jece.2022.107543
https://doi.org/10.1021/acsomega.8b00373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.8b00373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.8b00373?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.0c00393?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.0c00393?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsapm.0c00393?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apsusc.2020.147151
https://doi.org/10.1016/j.apsusc.2020.147151
https://doi.org/10.55730/1300-0527.3563
https://doi.org/10.55730/1300-0527.3563
https://doi.org/10.1016/j.matchemphys.2019.01.031
https://doi.org/10.1016/j.matchemphys.2019.01.031
https://doi.org/10.1002/adma.200290020
https://doi.org/10.1002/adma.200290020
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.5c04219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir pubs.acs.org/Langmuir

(31) Pham, V. H,; Dickerson, J. H. Superhydrophobic Silanized
Melamine Sponges as High Efficiency Oil Absorbent Materials. ACS
Appl. Mater. Interfaces 2014, 6 (16), 14181—14188.

(32) Duman, O.; Diker, C. ok Tung, S. Development of highly
hydrophobic and superoleophilic fluoro organothiol-coated carbon-
ized melamine sponge/rGO composite absorbent material for the
efficient and selective absorption of oily substances from aqueous
environments. J. Environ. Chem. Eng. 2021, 9 (2), 105093.

(33) Hoang, A. T.; Nizeti¢, S.; Duong, X. Q.; Rowinski, L.; Nguyen,
X. P. Advanced super-hydrophobic polymer-based porous absorbents
for the treatment of oil-polluted water. Chemosphere 2021, 277,
130274.

(34) Bayat, A.; Aghamiri, S. F.; Moheb, A.; Vakili-Nezhaad, G. R. Oil
Spill Cleanup from Sea Water by Sorbent Materials. Chem. Eng.
Technol. 2005, 28 (12), 1525—1528.

(35) Yang, M.; Yang, L.; Chen, Z.; Ding, Y.; Li, M;; Wu, Q,; Liu, T;
Liu, L. Superhydrophobic/superoleophilic modified melamine sponge
for oil/water separation. Ceram. Int. 2023, 49 (7), 11544—11551.

(36) Mako$-Chelstowska, P.; Stupek, E. Superhydrophobic and
superoleophilic melamine sponges impregnated with deep eutectic
solvents for oil spill cleanup. Sep. Purif. Technol. 2023, 324, 124537.

(37) Wang, H.; Zhao, Q.; Zhang, K.; Wang, F.; Zhi, J.; Shan, C.-X.
Superhydrophobic Nanodiamond-Functionalized Melamine Sponge
for Oil/Water Separation. Langmuir 2022, 38 (37), 11304—11313.

(38) Wu, Z,; Zheng, K; Cheng, Z.; Zhou, S. Solar-Assisted
Superhydrophobic MoS2/PDMS/MS Sponge for the Efficient
Cleanup of Viscous Oil. Langmuir 2022, 38 (35), 10902—10914.

(39) Zheng, K; Li, W.,; Zhou, S; Huang, G. Facile one-step
fabrication of superhydrophobic melamine sponges by poly(phenol-
amine) modification method for effective oil—water separation. J.
Hazard. Mater. 2022, 429, 128348.

(40) Hailan, S. M.; Ponnamma, D.; Krupa, L. The Separation of Oil/
Water Mixtures by Modified Melamine and Polyurethane Foams: A
Review. Polymers 2021, 13 (23), 4142.

(41) Shi, M; Lin, D.; Huang, R;; Qi, W.; Su, R.; He, Z. Construction
of a Mercapto-Functionalized Zr-MOF/Melamine Sponge Composite
for the Efficient Removal of Oils and Heavy Metal Ions from Water.
Ind. Eng. Chem. Res. 2020, 59 (29), 13220—13227.

(42) Vo, T. T. N;; Yu, D. I; Ahn, H. S. Tuning Carbon Material
Modified Commercial Sponge Toward Pragmatic Oil Spill Cleanup.
Adv. Mater. Interfaces 2023, 10 (30), 2300107.

(43) Cassie, A. B. D.; Baxter, S. Wettability of porous surfaces. Trans.
Faraday Soc. 1944, 40, 546—551.

(44) Wong, T.-S.; Kang, S. H,; Tang, S. K. Y.; Smythe, E. J.; Hatton,

curaces with. prewure stable. bmiphebiny. Netire 3011, 177 » 1
(7365), 443—447. o ' ] = ELIMINATE DATA
ltam o Cotricacgment i, © P e 29~ SILOS.FIND
1(94;61)) }/\;azl;;u;r;,sliz\é\g The Dynamics of Capillary Flow. Phys. Rev. v /N WH AT YOU

(47) Melciu, L. C.; Pascovici, M. D. Imbibition of liquids in fibrous
porous media. In IOP Conference Series: materials Science and
Engineering; IOP Publishing, 2016; Vol: 147, p. 012041.

NEED, WHEN
YOU NEED IT.

A single platform for relevant,
high-quality biological and
toxicology research

Streamline your R&ED

J https://doi.org/10.1021/acs.langmuir.5c04219
Langmuir XXXX, XXX, XXX—XXX


https://doi.org/10.1021/am503503m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/am503503m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jece.2021.105093
https://doi.org/10.1016/j.jece.2021.105093
https://doi.org/10.1016/j.jece.2021.105093
https://doi.org/10.1016/j.jece.2021.105093
https://doi.org/10.1016/j.jece.2021.105093
https://doi.org/10.1016/j.chemosphere.2021.130274
https://doi.org/10.1016/j.chemosphere.2021.130274
https://doi.org/10.1002/ceat.200407083
https://doi.org/10.1002/ceat.200407083
https://doi.org/10.1016/j.ceramint.2022.12.001
https://doi.org/10.1016/j.ceramint.2022.12.001
https://doi.org/10.1016/j.seppur.2023.124537
https://doi.org/10.1016/j.seppur.2023.124537
https://doi.org/10.1016/j.seppur.2023.124537
https://doi.org/10.1021/acs.langmuir.2c01480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.2c01480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.2c01809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.2c01809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.2c01809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jhazmat.2022.128348
https://doi.org/10.1016/j.jhazmat.2022.128348
https://doi.org/10.1016/j.jhazmat.2022.128348
https://doi.org/10.3390/polym13234142
https://doi.org/10.3390/polym13234142
https://doi.org/10.3390/polym13234142
https://doi.org/10.1021/acs.iecr.0c00731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.0c00731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.0c00731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/admi.202300107
https://doi.org/10.1002/admi.202300107
https://doi.org/10.1039/tf9444000546
https://doi.org/10.1038/nature10447
https://doi.org/10.1038/nature10447
https://mathworld.wolfram.com/CylindricalSegment.html
https://mathworld.wolfram.com/CylindricalSegment.html
https://doi.org/10.1103/PhysRev.17.273
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.5c04219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

