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Efficient and rapid decontamination of radioactive elements is impor-
tant to prevent radioactive exposure. Herein, we develop a strippable
catechol-terminated polyurethane (CPU) coating for effective surface
decontamination. Our polyurethane coating can be directly applied to
contaminated surfaces via simple spraying or solution casting, followed
by rapid drying at room temperature. The resulting coating is easily
stripped off with sufficient toughness and adhesion strength, showing
superior *’Cs removal efficiency on stainless steel (~94.9%) and rough
cement (~59.1%), in a much shorter time (<3 h) compared to com-
mercial decontamination coatings (~93.8% on stainless steel and
~8.4% on cement after 24 h). This performance can be attributed to
the strong adhesion and cohesion mediated by catechol moieties.
Furthermore, after use, the coating waste is readily dissolvable in
acetone, suggesting potential for reducing radioactive waste with the
aid of an appropriate separation process, thereby preventing secondary
contamination. These results establish CPU as a promising radioactive
decontamination strategy.

Introduction

The generation of nuclear energy as a low-carbon power source has
grown significantly in recent years." However, nuclear accidents,
such as those at Chernobyl and Fukushima Daiichi, have demon-
strated the catastrophic results of radionuclide release.”> Among the
various radionuclides, cesium-137 (**’Cs) is particularly hazardous
due to its high fission yield, long half-life (30.2 years), and strong
gamma radiation emissions.? Its high solubility in water allows it to
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New concepts

Strippable coatings have long been used for surface decontamination, but
they often rely on irreversible crosslinked polymers that are slow to dry
and difficult to recycle. This work introduces a catechol-terminated
polyurethane (CPU) coating simultaneously achieving rapid decontami-
nation and dissolvable characteristic after use. By integrating mussel-
inspired adhesion chemistry with solvent-responsive polymer design, the
CPU coating enables rapid drying and facile sprayable application for
large-area treatment, while maintaining high decontamination perfor-
mance. In addition, the coating can readily dissolve after stripping,
providing a potential approach for waste minimization through post-
treatment separation. This dual design resolves the long-standing trade-
off between short drying time and solvent dissolvability with effective
decontamination performance, offering a conceptually new route toward
rapid, scalable, and sustainable decontamination materials.

spread rapidly in the environment,* posing significant risks to
ecosystems and human health. Consequently, surface decontami-
nation is an important strategy for mitigating environmental and
health impacts from nuclear incidents and maintaining the safe
operation of nuclear facilities.’

Conventional decontamination methods, such as high-pressure
washing and abrasive removal, are widely used,® but they have
notable drawbacks. High-pressure washing generates large volumes
of contaminated liquid waste, and abrasive removal often damages
surfaces and produces fine particulate waste.” Advanced techno-
logies like ionic washing® and dry ice blasting” have been developed
to overcome these issues; however, they still require specialized
equipment and involve complex procedures. These challenges
emphasize the need for scalable decontamination strategies, mini-
mize secondary waste, prevent substrate damage, and enable rapid
and effective performance.

Strippable coatings have emerged as a promising alternative
for surface decontamination.'® These coatings adhere to con-
taminated surfaces, trapping radioactive contaminants within
their matrix, and can be stripped off after drying or curing.'*
Compared to traditional methods, strippable coatings
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minimize secondary waste, prevent damage to surfaces, and
offer a simple application process. Among various types, UV-
curable strippable coatings, such as polyurethane acrylates
(PUA),"* have been employed, due to their flexibility, strong
mechanical properties, long-term stability, and rapid curing by
UV. Liu et al. prepared a UV-cured coating by forming a PUA-
crosslinking network. The PUA-crosslinked coating was cured
by 1 min of UV irradiation with high decontamination effi-
ciency on various surfaces. However, the permanently cross-
linked nature of UV-curable polymers generally limits their
solubility after curing, which may result in the generation of
secondary organic radioactive waste. In addition, the require-
ment for UV irradiation can pose practical challenges for large-
scale field applications.

To address these limitations, various systems that are dis-
solvable in a specific solvent have been explored. For instance,
Yang et al. reported a pH-responsive boronic acid-based self-
generating hydrogel coating™ formed by mixing two liquid
components, which is dissolvable in water after use. Although
this system successfully reduced secondary organic radioactive
waste, the complex 2-category spray application was required.
Moreover, its cohesive strength is insufficient for an easy and
clean stripping process. Another example, a commercial pro-
duct, DeconGel, has notable limitations, including slow drying
time (~24 h, according to the product description), poor
removal efficiency for porous surfaces like cement,'* degrada-
tion in wet environments, and low adhesion, as illustrated in
Fig. 1a. Therefore, the development of advanced decontamina-
tion methods with minimized waste, facile process, strong
adhesion, and enhanced removal efficiency is highly desired.

To achieve both enhanced adhesion to contaminated sur-
faces and improved removal efficiency of radionuclides,
inspired by mussel adhesion chemistry, we hypothesized that
catechol termination could simultaneously enhance interfacial
adhesion and cohesive integrity. Catechol, observed in mussel
adhesive proteins,*’ is well-known for its superior adhesion to a
variety of surfaces and high cohesion properties through inter-
actions such as hydrogen bonding,'® n-n interaction,'” cation-n
interaction,*® and metal coordination.'® These versatile inter-
actions can induce a mechanically robust coating with strong
adhesion properties.>°

(a) Conventional strippable coating

(b) Strippable
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In this study, we present a strippable catechol-terminated
polyurethane (CPU) coating for a facile and efficient radioactive
decontamination method, as illustrated in Fig. 1b. The CPU
coating also enables rapid application and drying, while
remaining readily dissolvable after use for potential recycling.
The terminal catechol groups enhanced the mechanical tough-
ness and adhesive strength of the CPU, surpassing those of the
alkyl-terminated polyurethane (APU) coating. Moreover, the
CPU coating exhibited a superior Cs' removal efficiency on
stainless steel (~94.9%) and cement (~59.1%) compared to
DeconGel (~93.8% and ~8.4%, respectively), even after a
significantly shorter drying time (3 h vs. 24 h). Since the coating
can be applied using portable spray equipment, it is a promising
candidate for wide-area decontamination in nuclear facilities
decommissioning,* protection against chemical warfare agents,*
and heavy metal removal (Fig. 1c).>

Results and discussion

Preparation and characterization of strippable polyurethane
(PU) coatings
Strippable PU coatings were prepared by two-step polymeriza-
tion. The HgXDI-terminated PU prepolymer was polymerized by
polycaprolactone diol (PCL) and H¢XDI. CPU was synthesized
by reacting dopamine hydrochloride with the PU prepolymer,
as illustrated in Fig. S1. To investigate the effect of terminal
catechol groups, we compared CPU with APU as a control
(Fig. 2a). APU was synthesized by reacting ethanol with the
PU prepolymer. The synthesized PUs were characterized using
FT-IR (Fig. 2b) and '"H-NMR spectroscopies (Fig. S2 and S3). FT-
IR spectra displayed the disappearance of NCO group peak at
2250 em ™', indicating the complete polymerization. The FT-IR
peaks corresponding to the C—C stretching of benzene rings at
1670 cm ™', and distinct "H-NMR peaks for benzene groups
(6.5-7.0 ppm), resulting from the aromatic groups of the
catechol, further verified the successful synthesis of CPU.
Generally, PCL-based PUs are reported as semi-crystalline
polymers, exhibiting a crystalline peak near their crystallization
temperature.>* The normal X-ray diffraction (XRD) results con-
firmed the semi-crystalline structure of both CPU and APU,
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terminated polyurethane coating (CPU), and (c) possible area of application.
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by catechol mediated interaction

Illustration and the characteristics of strippable coatings, including (a) the conventional strippable coating, (b) the developed strippable catechol-
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Fig. 2 Characterization of strippable catechol-terminated (CPU) and alkyl-terminated (APU) polyurethane coatings. (a) Molecular structure of strippable
CPU and APU. (b) FT-IR curves of CPU and APU. (c) TGA curves of CPU and APU. (d) Water contact angle measurements of CPU and APU.

with crystalline peaks observed at (110) and (200) lattice planes
(Fig. S4). The crystallization temperature (7.) and melting
temperature (7Ty,) of the PUs were measured using DSC
(Fig. S5). Consistent with the XRD results, CPU exhibited weak
crystallinity. This crystallinity peak of CPU in DSC is thought to
result from microphase separation of the polymer induced by
catechol-mediated hydrogen bonding.>® DSC also revealed that
CPU had a higher Ty, (39.7 °C) compared to APU (35.6 °C). The
thermal degradation behavior of PUs was analyzed via TGA. A
5% weight loss temperature (Tsq) was higher for CPU (318 °C)
compared to APU (240 °C), indicating sufficient thermal stabi-
lity for general applications (Fig. 2c and Table S1). The higher
T and Tsq4 values of CPU compared to APU can be attributed to
the hydrogen bonding,?® which occurs between catechol terminal
groups”” as well as between catechol and ether groups.”® The
higher hydrogen bonding of CPU can also contribute to its higher
storage modulus, measured using a rheometer, ensuring
adequate rigidity for strippable coatings (Fig. S6).

To optimize the strippable coating solution, the polymer
content was optimized to achieve an appropriate viscosity for
spray applications (Table S2). Samples with excessively low solid
content led to sagging or splattering during spraying,”® whereas
those with overly high solid content exhibited too high viscosities,
low processability, and nozzle clogging.*® Therefore, a solid con-
tent of 20 wt% (20 CPU), which exhibited appropriate viscosity for
spraying (0.76 Pa s~ ' at a shear rate of 1000 s~ '), was selected as
the optimal concentration.

The polymer samples were prepared using a H,O/acetone
mixture. To optimize solvent composition, the polymer solution

This journal is © The Royal Society of Chemistry 2026

was prepared with varying water contents (0-25 wt% H,O/
acetone), as summarized in Table S3 and Fig. S7. The water
contents simultaneously affect the dispersion stability of the
solution, the dissolution rate of the radioactive contaminants
such as Cs*,*! and drying time. In terms of dispersion stability,
CPU maintained a clear single-phase solution up to 15 wt% H,0,
while a yellowish dispersion was observed at 20 wt%, followed by
phase separation at 25 wt%. In contrast, APU exhibited cloudy
dispersions at H,O contents above 15 wt%, followed by phase
separation at 25 wt%.>> The higher water solubility and hydro-
philicity of CPU (as shown in Fig. 2d) compared to APU can be
attributed to the presence of catechol moieties, which contain
two adjacent hydroxyl groups capable of forming strong hydro-
gen bonds with water molecules.*® To investigate the effects of
water content and drying time on adhesion and decontamina-
tion performance, the water content in the CPU and APU coat-
ings was adjusted to achieve different drying times: 10 wt% H,O
yielded a drying time of 1 h, while 20 wt% H,O resulted in a
drying time of 3 h.

Mechanical and adhesive properties of strippable PU coatings

Strippable coatings should possess good mechanical properties
to resist physical damage.*® In particular, they require high
tensile strength and toughness to withstand external forces, as
well as sufficient flexibility to prevent tearing or breaking
during stripping. The inherent flexibility and mechanical
robustness of polyurethanes (PUs) make them highly suitable
for strippable coating applications.’>>® CPU exhibited strong
and tough mechanical properties by strong hydrogen bonding

Mater. Horiz.
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Fig. 3 Mechanical and adhesive properties of strippable PU coatings. (a) Schematic illustration of catechol-mediated intermolecular interactions.
(b) Toughness and peel strength of CPU samples with varying NCO/OH ratios. (c) Representative images of successful stripping of PU with an NCO/OH ratio
of 1.05:1, and cohesive failure for PU with a ratio of 1.15: 1. (d) Stress—strain curve of PU with an NCO/OH ratio of 1.05:1 PUs. (e) Peel strength of PU coatings in
various substrates and drying times. (f) Cross-sectional SEM images showing the interface between the stainless steel (SUS) surface and the PU coatings.

mediated by catechol groups. Catechol groups can participate
in hydrogen bonding, n-n interactions with other catechol
moieties,”” and additional hydrogen bonding with ether
groups.”® In contrast, APU exhibited relatively low mechanical
strength due to the presence of hydrogen bonding only between
urethane segments (Fig. 3a).%*

To optimize the mechanical and adhesive properties of the
strippable polyurethane (PU) coating, a series of polymers were
synthesized by varying the NCO/OH molar ratio from 1:1to 1.15:1,
corresponding to catechol/PCL feed ratios ranging from 0 to

Mater. Horiz.

30 mol% (Tables S4 and S5). Increasing the NCO/OH ratio led
to a reduction in both the molecular weight and degree of
polymerization (DP), while simultaneously increasing the feed ratio
of terminal catechol groups. Based on the DP, the polymer
prepared with an NCO/OH ratio of 1.05:1 was composed of 14.8
repeating units and two catechol terminal groups. Polymers with
higher NCO/OH ratios exhibited increased adhesive strength but
reduced mechanical performance, often resulting in cohesive fail-
ure during peeling. This trade-off was attributed to their lower
molecular weight and weaker intermolecular interactions.*

This journal is © The Royal Society of Chemistry 2026
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As shown in Fig. 3b and c, the polymer with an NCO/OH
ratio of 1.05:1 achieved an optimal balance, exhibiting strong
adhesion without cohesive failure. In contrast, the weak
mechanical properties and cohesive failure observed in CPU
(NCO/OH 1.15:1) led to residual contaminants and coating
remnants on the surface, thereby reducing decontamination
performance. These results indicate that the optimal catechol
content can enhance both the toughness and adhesive strength
of the polymer. Based on this finding, CPU was optimized at an
NCO/OH ratio of 1.05:1 with a catechol content of 0.1 mol%.
Similarly, APU was synthesized with the same NCO/OH ratio
(1.05:1) and an alkyl content of 0.1 mol%.

A Universal Testing Machine (UTM) was used to investigate the
effects of catechol groups in CPU, compared to APU, on their
mechanical properties and adhesive strength. CPU exhibited
higher tensile strength (12.2 MPa) and toughness (75.1 MJ m?)
than APU (9.0 MPa and 70.7 MJ m >, respectively) (Fig. 3c and
Table S6).

The adhesive properties of strippable coatings are critical for
preventing unintended detachment caused by external factors
which can compromise decontamination efficiency.’® However,
when adhesion strength exceeds the internal cohesion of the coat-
ing, cohesive failure can occur, leaving residues on the surface,
diminishing decontamination performance and requiring an exces-
sive force during stripping, ultimately reducing usability."’ To
achieve residue-free decontamination, strippable coatings should
be engineered to possess high internal cohesion and a well-balanced
level of adhesion strength.

Adhesion performance under different stress conditions was
assessed using lap shear and 180° peel tests. The lap shear test
measures adhesive strength under shear stress, which is influ-
enced by both interfacial adhesion and cohesive integrity.** The
3 h CPU sample exhibited significantly higher lap shear
strength (15.7 kPa) compared to APU (~0.1 kPa) (Table S6),
indicating strong interfacial adhesion with the substrate and
high cohesive strength within the coating.

Since strippable coatings may commonly be applied to both
equipment and building surfaces,' it is essential to evaluate
their adhesion performance on representative materials. SUS
and cement were selected as test substrates, and 180° peel tests
were performed after 1 and 3 h of drying to examine the effects
of substrate type and drying time on adhesion (Fig. 3e).

On SUS, CPU exhibited increased peel strength with longer
drying time (14.8 N 25 mm ™" for 1 h CPU and 17.8 N 25 mm™ " for
3 h CPU), which is attributed to an increase in real contact area and
polymer chain rearrangement at the interface. This rearrangement
promotes catechol group exposure on the surface, thereby enhan-
cing interfacial adhesion.”® On cement, peel strengths were gen-
erally higher than those on SUS, with comparable values observed
for 1 h (21.2 N 25 mm™ ") and 3 h (23.3 N 25 mm™ ") CPU. These
results were attributed to substrate failure in both cases. Notably,
3 h CPU caused more severe surface damage to the cement, likely
due to deeper polymer penetration into the porous substrate during
the extended drying period. The enhanced adhesion on cement
compared to SUS is primarily due to mechanical interlocking
within the porous cement matrix.*! In contrast, APU exhibited

This journal is © The Royal Society of Chemistry 2026
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significantly lower peel strength on SUS (~0.4 N 25 mm™ ") and
cement (~4 N 25 mm "), compared to CPU.

To visualize the interface between the coatings and the SUS
surfaces, cross-sectional scanning electron microscopy (SEM)
was performed. As shown in Fig. 3f, the SEM images revealed
distinct differences at the interface between SUS and the coatings.
The highly adhesive CPU coating maintained intimate contact
with the surface through catechol-mediated interactions, which
enhanced interfacial adhesion and prevented unintended detach-
ment. In contrast, the APU coating frequently exhibited noticeable
interfacial gaps. Although the APU polymer contains ester groups
that can contribute to interfacial interactions, the absence of
catechol moieties resulted in weak adhesion to SUS, thereby
leading to partial microscopic detachment.

37Cs removal performance by the strippable PU coatings

The removal of fallout particles should be considered a key
performance indicator for evaluating the effectiveness of strip-
pable coatings.® Fallout is generated by the intense heat pro-
duced during nuclear fission, which vaporizes various elements
at the detonation site. Upon condensation, these vapors form
particulate matter containing both radioactive metallic elements
and common components from surrounding materials such as
concrete and soil. To simulate real fallout contamination, a
simulated fallout (SFO) was prepared, containing cesium (Cs),
strontium (Sr), cobalt (Co), and silicon (Si).*® SFO was applied to
SUS by scattering the particles, followed by the addition and
evaporation of water to create a uniformly contaminated surface.
The applied SFO can exist in both particulate and ionic forms,
and it is important to evaluate the removal efficiency for each
species. In their particulate forms, fallout can be easily dispersed
into the air, posing serious health risks such as lung cancer.*”
Additionally, Cs, Sr, and Co in fallout readily dissolve and ionize
in water.*® In their ionized forms, these elements can spread
through water systems, including rivers and drinking water,
thereby entering both ecosystems and the human body.*’
Accordingly, SFO tests were designed to assess the removal of
ion-containing particles, simulating realistic fallout contamina-
tion scenarios.

To evaluate the SFO decontamination performance of CPU
and APU, their removal capabilities were compared with that of
DeconGel, a commercially available strippable coating. DeconGel
was selected as a reference material due to its well-documented
efficacy in nuclear decontamination applications.

Firstly, SEM was used to directly observe residual particulate
contaminants on SUS substrates after stripping. As shown in
Fig. 4a, both CPU and APU successfully removed SFO contaminants
within 3 h, leaving no visible residues. This performance is
comparable to that of DeconGel after 24 h of application.

Secondly, the removal performance of Cs*, Sr**, and Co®*
ions from SFO was measured by UV-Vis spectroscopy (Fig. 4b
and Table S7).*° Under 1 h drying conditions, CPU showed
higher removal efficiency (90.3%) compared to APU (83.7%).
After 3 h of drying, both coatings exhibited improved perfor-
mance, with 3 h CPU achieving 97.5% removal and 3 h APU
reaching 94.7%. For the quantitative assessment of individual

Mater. Horiz.
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ion removal, ICP-TQ-MS was used to analyze elemental con-
centrations in solution before and after decontamination
(Fig. 4c and Table S8). The results confirmed that CPU achieved
excellent removal efficiencies across all tested ions: 98.4% for
Cs", 98.9% for Sr**, and 97.2% for Co>".

Considering the combined results from UV-Vis and ICP-TQ-
MS analyses, 1 h CPU demonstrated superior decontamination
efficiency compared to 1 h APU. To elucidate the underlying
interaction mechanisms responsible for the distinct deconta-
mination performances of CPU and APU coatings, X-ray photo-
electron spectroscopy (XPS) was employed to investigate the
role of the catechol moiety in Cs' removal (Fig. S8). After
decontamination, the Cs 3d signal appeared in the high-
resolution XPS spectra. The peaks at 738.7 eV and 724.8 eV
corresponded to Cs 3d;/, and Cs 3dss, respectively.54 The presence
of these peaks confirmed the retention of Cs species within both
PU coatings after decontamination. In the O 1s spectrum, the CPU
exhibited an additional component at 531.7 eV, which was attrib-
uted to the Cs-O interaction.”® The emergence of a Cs-O region is
related to catechol hydroxyl groups, suggesting a preferential
association of Cs" with catechol-containing domains. In contrast,
APU did not show a distinct Cs-O peak and only C—0 and C-O
peaks shifted to the higher binding energy, indicating that Cs"
primarily interacts with carbonyl or ether oxygen sites in APU.
This resulted in a significant difference in decontamination
efficiency under the 1 h drying condition. Also, the enhanced
decontamination performance of CPU is attributed to CPU’s
higher hydrophilicity (Fig. 2d), which promotes faster ion
diffusion and stronger interaction with the coating matrix. Such
rapid ion-capturing capability renders 1 h CPU particularly
advantageous for urgent radioactive decontamination tasks.
However, as physical encapsulation became more dominant
over time, the efficiency difference between APU and CPU
decreased.

Moreover, the radioactive decontamination performance
was evaluated using radioactive isotope (RI) tests by comparing
the "*’Cs radiation levels before and after treatment. The tests
were conducted on two substrates: SUS, widely utilized in
equipment and construction materials, and cement, character-
ized by its rough structure and used in building applications
(Fig. 4d and e). The surface morphology of the cement was
analyzed using a confocal optical profiler (Fig. S9). The surface
roughness (R,) was measured to be approximately 13 um, which
corresponds to that of a typical exterior wall cement surface
prepared by sandblasting.”® The removal efficiency R was
calculated using eqn (1):>

r=A A 00y, 1)
Ao
where 4, is the initial radioactivity (counts per minute, cpm)
before decontamination and Ay is the final radioactivity (cpm)
after decontamination.

On SUS surfaces, 1 h CPU exhibited a higher R (87.2%) than
1 h APU (77.9%), which is attributed to CPU’s greater hydro-
philicity and stronger affinity for hydrophilic Cs" ions (Fig. 2d).
In contrast, after 3 h of drying, both CPU (94.9%) and APU
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(95.0%) showed comparable R. These results are consistent
with the SFO removal efficiencies measured by UV-Vis and ICP-
TQ-MS analyses (Table S7), demonstrating that PU coatings
effectively remove both particulate and ionic contaminants on
the surface. Notably, both 3 h CPU and APU outperformed the
commercial reference DeconGel (93.8% after 24 h of applica-
tion), highlighting their potential as faster and more effective
alternatives for radioactive cesium decontamination (Fig. 4d).

The rough and porous nature of cement surfaces allows
radioactive elements to penetrate deeply into the substrate,
thereby reducing removal efficiency. Consequently, achieving
effective decontamination on cement remains a significant
challenge.>® To address this issue, the decontamination perfor-
mance of CPU and APU coatings on cement was compared.
Under 1 h drying condition, CPU demonstrated higher removal
efficiency than APU, consistent with the trend observed on SUS
substrates. Although the removal efficiency of 1 h CPU (5.8%)
was slightly lower than that of DeconGel applied for 24 hours
(8.4%), the comparable performance achieved in a much
shorter time highlights the time-saving advantage of CPU.
Specifically, CPU could be applied up to 24 times within the
treatment duration required for a single DeconGel application.
The 3 h CPU coating exhibited significantly higher removal
efficiency (59.1%) than both APU and DeconGel. This enhance-
ment resulted from substrate failure caused by the strong
adhesion of CPU, which led to physical stripping of approxi-
mately 300 £ 30 um of the cement surface. Therefore, the 3 h
CPU formulation may be unsuitable for applications that
require preservation of the substrate. To overcome this limita-
tion and evaluate the feasibility of repeated decontamination
using CPU, we developed a “1 h x 2” strategy, wherein the
coating was applied and removed twice, each after 1 h of drying.
This approach effectively improved removal performance with-
out damaging the cement substrate. The 1 h x 2 CPU achieved
the highest removal efficiency on cement (13.1%), followed by
1 h x 2 APU (11.2%) and DeconGel (8.4% after 24 h). These
results suggest that 1 h x 2 CPU is a promising alternative to
DeconGel for cement surface decontamination. Notably, just
two successive applications of the 1 h CPU coating yielded a
removal efficiency of 1.48 times greater than that of a single
24 hour DeconGel treatment.

Dissolution and recycling properties

The dissolution behavior of strippable coatings is an important
characteristic, as it facilitates post-decontamination handling
and may contribute to reducing secondary organic radioactive
waste.’® To evaluate their dissolution behavior, dried coatings
were immersed in water, ethanol, and acetone, and their
solubility was monitored over time (Fig. S10). Both CPU and
APU maintained structural integrity in water and ethanol even
after seven days. In contrast, they completely dissolved in
acetone within 30 minutes, or within 1 minute under vortex
mixing, forming a clear solution.

By comparison, DeconGel began dissolving in water after 3 h
and was fully dissolved within 24 h. These results demonstrate
that CPU and APU are highly soluble in acetone but insoluble in
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(a) Separation process of the used CPU by acetone dissolution and filtering. (b) Viscosity changes of strippable PU coatings at different shear rates

(0.1-5000 s7Y). (c) Process of the spray test using a portable spray system.

water, ensuring stability in wet environments such as rain or
groundwater. This insolubility helps prevent unintended leach-
ing and spread of radioactive contaminants following
application.

In addition, the solvent-responsiveness of CPU and APU enables
their potential use in separation and recycling processes (Fig. 5a).
Accordingly, a separation test was performed to assess the feasi-
bility of coating recycling (Fig. S11). When used coatings contami-
nated with fallout were dissolved in a mixed solvent of acetone and
water, a turbid dispersion was formed. A simple filtration using a
0.8 pm syringe filter yielded a clear polyurethane solution. Then,
zeolite was added to the contaminated solution as an adsorbent to
eliminate dissolved radionuclides,”” followed by the same separa-
tion procedure using a 0.8 um syringe filter. Notably, separation of
fallout and zeolite from the contaminated solution was achieved, as
confirmed by the disappearance of the characteristic XRD peaks
after filtration (Fig. S12). After this process, a Cs' rejection value of
99.9% was achieved relative to the initial contaminated solution,
with a waste mass reduction factor (Ry,) of 3.4%. The high rejection
value of Cs', combined with the low rejection of polyurethane,
suggests that the PU coatings have the potential to reduce second-
ary waste and enable material reuse, although this process was a
preliminary feasibility test. Further investigation is required to
establish a robust separation protocol and to assess the removal

Mater. Horiz.

efficiency of radioactive contaminants during the solvent-based
recycling process.

Spray coating applicability

To evaluate the feasibility of spray-based application, CPU and
APU coatings were tested using a commercial portable spray
system commonly used for polyurethane materials. The system
included a portable spray gun and an air compressor, offering
user-friendly operation and enabling rapid deployment. Unlike
conventional two-component polyurethane systems, which
require specialized dual-viscosity spray equipment and precise
flow rate control,>® CPU and APU offer a simplified process
using a single-component formulation, thereby enhancing
usability and coating uniformity.

The viscosities of CPU and APU solutions were measured
using a rheometer and found to be suitable for high-viscosity
spray applications: 0.78 Pa s for CPU and 0.74 Pa s for APU at a
shear rate of 1000 s~ (Fig. 5b).”° Such viscosities support the
formation of thick, uniform coatings during spraying while
minimizing overspray and splashing, contributing to improved
application control.*® In addition, their shear-thinning beha-
vior allowed the viscosity to increase upon surface contact,
effectively preventing dripping or sagging (Table S9).

This journal is © The Royal Society of Chemistry 2026
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The spray coating dried and formed a stable film within 1 h.
Application of the solution to a 400 cm® surface (20 cm x
20 cm) took approximately 2.5 minutes, corresponding to a
spray rate of 160 cm® min~* (Movie S1). This rate is significantly
faster and more scalable than traditional manual application
methods such as brushing.

Even on vertical surfaces, the coatings formed uniform layers
without signs of flow or sagging during the 3 h drying period, a
performance attributed to the combination of high viscosity and
shear-thinning behavior. Furthermore, the dried coatings were
easily removed by simple manual peeling (Fig. 5¢), highlighting
their excellent potential for rapid and effective wide-area surface
decontamination via spray application.

Conclusions

In this study, we successfully developed a strippable polyur-
ethane (PU) coating for efficient radioactive decontamination.
The coating dried within 3 h and could be easily peeled off,
enabling rapid and residue-free removal of contaminants.

Among the developed formulations, CPU demonstrated super-
ior performance in environments requiring high mechanical
strength, thermal stability, and strong adhesion. In the simulated
fallout (SFO) test, CPU achieved a cesium (Cs) removal efficiency of
98.4%. In the radioactive isotope (RI) test using *’Cs, CPU also
exhibited excellent performance, attributed to its enhanced poly-
mer cohesion, substrate adhesion, and high hydrophilicity.
Notably, CPU coatings achieved 94.9% removal efficiency of
Cs from stainless steel (SUS) surfaces within 3 h—signifi-
cantly outperforming the commercial DeconGel, which
required ~24 h to reach similar performance. On cement
surfaces, CPU showed a higher removal efficiency (59.1%)
compared to DeconGel (8.4%).

In addition to decontamination performance, CPU exhibited
excellent solvent-responsiveness: it remained stable in water but
dissolved rapidly in acetone, facilitating post-decontamination hand-
ling and offering potential for recycling, thereby minimizing sec-
ondary waste. Moreover, CPU could be uniformly applied using a
portable spray system, forming stable, strippable coatings even on
vertical surfaces.

Overall, the CPU strippable PU coating offers a rapid,
effective, and scalable solution for nuclear decontamination,
particularly in time-critical scenarios. Its high performance,
ease of application, and potential for waste reduction make it a
sustainable and cost-effective alternative to existing commercial
coatings for large-scale deployment. In particular, the short drying
time enables rapid initial response, which can help mitigate
cascading contamination and reduce the overall environmental
impact. Beyond radioactive decontamination, this design principle
could inspire next-generation strippable polymers for environ-
mental remediation and protective coatings.
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