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ARTICLE INFO ABSTRACT

Keywords: Efficient capture and storage of radioiodine are of great importance for developing nuclear energy and tackling
Covalent organic frameworks nuclear waste, which however remain challenging due to the scarcity of powerful materials. In this work, we
Celhﬂofe rationally design and fabricate a hybrid material by encapsulating covalent organic frameworks (COFs) into
:;r;geeu rake ultralight cellulose aerogels for efficient iodine (I) capture. Two kinds of functionalized cellulose precursors that
A dsorptil;n can be covalently cross-linked are synthesized. Solvothermally synthesized COF particles with a uniform

diameter of ~ 500 nm are then introduced into the precursors followed by freeze drying to produce hybrid
aerogels. With the presence of rich and ordered micropores afforded by COFs, these highly porous aerogels
exhibit excellent organic solvent absorption performances and high uptake capacities toward solvent-dissolved
and vaporized I,. More importantly, in view of the processable and robust structure, we realize the shaping of
hybrid aerogels into aerogel columns to effectively capture Iy vapor and I solute in continuous operations.
Therefore, this work not only provides a new way to shape COF materials but also could inspire the design of

viable platforms for high-performance I capture.

1. Introduction

With the growth of global demands for energy, nuclear power has
become an indispensable energy source due to low carbon footprint and
high energy density. [1,2] However, the running of nuclear reactors
produces gaseous radioactive substances which are highly detrimental
to environment and humans.[3] In particular, radioiodine 1291 s
considered as the most hazardous nuclear waste because of its long half-
life (~1.57 x 107 years) and persistent damages to ecosystems.[4]
Moreover, radioactive Iy is highly mobile and easy to be dissolved in
water, thus threatening the health of human beings and other living
organisms.[5,6] Thus, efficiently tackling radioiodine dominates the
development of nuclear energy, which however remains a challenging
task due to the lack of powerful materials.

Covalent organic frameworks (COFs) are a class of emerging porous
crystalline polymers composed of periodic skeletons and permanent
porosity.[7-11] The reticular chemistry endows COFs with significant
advantages, including low density, high surface area, physicochemical
stability and pore functionality, which make COFs promising candidates
to develop high-performance adsorbents. In the past five years, bur-
geoning COFs have been extensively studied as Iz sorbents and exhibit
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superior performances over traditional materials such as activated car-
bon[12], zeolites[13], porous organic polymers (POPs)[14] and metal-
—organic frameworks (MOFs)[15]. As a matter of fact, imine-linked
COFs inherently feature high nitrogen contents and electron-rich
n-conjugated systems, thus affording prominent binding sites for
adsorption.[16] Jiang and co-workers previously revealed that verti-
cally aligned channels of two-dimensional COFs benefit for the sufficient
capture of I, molecules.[17] These studies actively guide the screening
of COF materials for high-capacity Iy uptake. However, the hyper-
crosslinking and non-dissolvable nature of frameworks results in a
typical powder form of COFs, making them difficult to process and
recycle.[18,19] Recently, COF-based aerogels with desirable process-
ibility emerge as an alternative to address the above limitations.[20,21]
As a kind of highly porous and ultralight materials, aerogels have been
widely applied in the field of adsorption.[22] Thus, together with the
long-range ordered structures and abundant adsorption sites, COF-based
aerogels hold huge potentials in the removal of radioiodine.
Nano-structured celluloses including cellulose nanofibril (CNF) and
cellulose nanocrystal (CNC) are able to produce light porous materials,
especially aerogels, due to their high aspect ratio, high mechanical
strength, renewability and biodegradability.[23,24] Particularly,
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hydroxyl-enriched celluloses are capable of stabilizing organic additives
through strong H-bonding interactions, which promises a stable intro-
duction of COFs.[25] Also importantly, nanocelluloses have been found
to stabilize colloidal solutions,[26] further ensuring the feasibility of
encapsulating COFs in cellulose aerogels. Several efforts have been made
to combine COFs with nanocelluloses. For example, the mixed-
dimensional assembly of COF nanosheets and cellulose nanofibers
could generate a narrowed sieving size for advanced separations.[27]
Moreover, COF-nanocellulose composites prepared by introducing
functionalized celluloses into the crystallization process exhibit an
improved specific surface area and thermal stability.[28] In spite of
these achievements, the design and synthesis of COF/cellulose hybrid
aerogels remain unexplored.

In this work, we encapsulate nano-sized COF particles into func-
tionalized celluloses followed by freeze drying to fabricate hybrid aer-
ogels for highly efficient I capture and recycling. This strategy allows
uniform dispersion, tunable loadings and robust encapsulation of crys-
talline COF particles, leading to significant practical application poten-
tials. The obtained hybrid aerogels display a high absorption capacity
toward organic solvents and excellent uptake performances toward
solvent-dissolved and vaporized I,. In addition, we demonstrate the
feasibility of dynamic I, capture by shaping hybrid aerogel into aerogel
columns.

2. Experimental section
2.1. Materials

All chemicals and reagents were used as received. Microcrystalline
cellulose (length: 25 pm), sodium carboxymethyl cellulose (CMC, 100
%), acidic cation exchange resin (99.7 %), sodium periodate (98 %),
adipic acid dihydrazide (98 %), N-hydroxysuccinimide (97 %) and p-
phenylenediamine (Pa, 97 %) were purchased from Aladdin. N'-ethyl-N-
(3-dimethylaminopropyl)-carbodiimide (98 %) was purchased from TCI.
1,3,5-Triformylbenzene (Tb, 98 %) was provided by Jilin Chinese
Academy of Sciences-Yanshen Technology. Iodine (*271, 99.8 %), sul-
furic acid (98 %), dimethyl sulfoxide (99 %), 1,4-dioxane (99 %), acetic
acid (99.5 %), tetrahydrofuran (99 %), n-hexane (99 %), ethanol (99 %)
and ethylene glycol (99 %) were obtained from Sinopharm Chemical
Reagent. Deionized water (conductivity: 2-10 pS cm ™) was used in all
experiments.

2.2. Solvothermal synthesis of COF-LZU1

Tb (48 mg, 0.3 mmol) and Pa (48 mg, 0.45 mmol) were ultrasonically
dissolved in 4 mL of 1,4-dioxane in a glass tube. Then, 0.6 mL of 3 mol L’
! acetic acid aqueous solution was added and the tube was flash frozen in
a liquid nitrogen bath (77 K). After degassing by three freeze-
—pump-thaw cycles, the tube was flame sealed and heated at 120 °C for
3 days. The product was generated as yellow precipitates which were
collected by filtration and further washed with 1,4-dioxane and tetra-
hydrofuran for several times. The final product was vacuum dried at
80 °C for 12 h.

2.3. Preparation of hybrid aerogels and pure cellulose aerogels

COF-cellulose hybrid aerogels were prepared by a sol-gel process.
COF-LZU1 particles with assigned mass proportions were firstly sus-
pended into a 1 wt% aldehyde-modified CNCs (CNCs-CHO) aqueous
suspension by probe sonication for 30 min. Then, the resulting suspen-
sion was mixed with an equal volume of 1 wt% hydrazide-modified CMC
(CMC-NHNH3) aqueous suspension and continuously sonicated for 30
min. The obtained suspension was transferred into a freezer (—20 °C)
and left undisturbed for 12 h. Next, aerogels were produced by freeze-
drying the above ice-gel. The hybrid aerogels with 9, 20, 33 and 50 wt
% COF-LZU1 loadings were prepared by adding the corresponding mass
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proportions of COF-LZU1 particles. Pure cellulose aerogels were pre-
pared by directly mixing an equal volume of 1 wt% CNCs-CHO aqueous
suspension and 1 wt% CMC-NHNH, aqueous suspension with the other
conditions unchanged.

2.4. Characterization

Morphologies of the samples were imaged by a HITACHI S-4800
field-emission scanning electron microscopy (SEM) at an accelerating
voltage of 3 kV. All samples were ion-sputtered with a thin layer of gold
to enhance the conductivity before observations. Elemental analysis was
conducted using energy dispersive X-ray spectroscopy (EDX, EMAX X-
act) and X-ray photoelectron spectroscopy (XPS, 250xi, Thermo Fisher).
Fourier transform infrared (FTIR) spectra were acquired on a Thermo
Nicolet8700 spectrometer in the 4000-400 cm ™' range. Powder X-ray
diffraction (PXRD) patterns were recorded on a Rigaku Smart Lab X-ray
diffractometer using Cu Ka radiation (A = 0.15418 nm) at a scan speed of
4> min~! and a step size of 0.02 in 26. Aerogels were pressed into flat
plates under a mechanical pressure of 10 MPa for PXRD measurements.
Nitrogen sorption measurements were performed on a Micrometrics
ASAP2460 surface area and porosity analyzer at 77 K. Thermal gravi-
metric analysis (TGA) was recorded by a thermal analyzer (NETZSCH
STA449F3) in N, atmosphere with the temperature ranging from 25 to
800 °C and a heating rate of 10 °C min ™",

3. Results and discussion
3.1. Structural insights of COF-LZU1

As illustrated in Fig. la, COF-LZU1 is synthesized by the sol-
vothermal condensation of Tb and Pa, which shows macroscopically
yellow powders and microscopically spherical particles with a diameter
of ~ 500 nm (Figure S4). FTIR spectra show that the characteristic
stretching vibrations of C=0 (1695 cm V) for Tb and N—H (3204-3375
cm™Y) for Pa disappear upon the reaction (Fig. 1b). Meanwhile, a new
peak of stretching vibration at 1625 cm™! for C=N is observed, sug-
gesting the formation of imine linkages.[29] The remarkable diffraction
peak at 4.7° in the PXRD pattern agrees well with the simulated result,
suggestive of the well-crystallized framework (Fig. 1¢).[30] In addition,
the synthesized COF-LZU1 shows a high porosity and a Brunauer-
Emmett-Teller surface area of 249 m? g1 (Fig. 1d). With the forego-
ing results, we demonstrate the synthesis of highly crystalline COF-
LZU1.

3.2. Preparation and characterization of hybrid aerogels

Having confirmed the crystalline and porous feature of COF-LZU1,
hybrid aerogels were then prepared by adding COF-LZU1 particles
during the sol-gel process (Fig. 2). In this work, pure cellulose aerogels
were synthesized by freeze-drying a suspension composing of 1 wt%
CNCs-CHO and 1 wt% CMC-NHNHjy. The covalent crosslinking between
CNCs and CMC allows the generation of mechanically stable, ultralight
aerogels (Figure S5).[31] Note that, the rigid CNCs and flexible CMC
endow the resulting aerogel with structural strength and elasticity,
respectively.[32] Next, hybrid aerogels are accessible by dispersing the
nanoscale COF-LZU1 particles into the suspension used for the prepa-
ration of pure cellulose aerogels. It is worth noting that the spatial
crosslinking of two functionalized celluloses potentially ensures a robust
encapsulation of COF-LZU1, preventing its leakage from the formed
hybrid aerogel. The physical entanglement and van der Waals in-
teractions between COF-LZU1 and celluloses additionally contribute to
stabilizing the encapsulation of COF-LZU1.[27]

Fig. 3a shows the uniformly colored hybrid aerogel, implying a ho-
mogeneous distribution of COF-LZU1. Thanks to the only involvement of
light elements, the prepared hybrid aerogel with 33 wt% COF-LZU1
affords a low density of ~ 15 mg cm™>, which can be stably seated on
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Fig. 2. Schematic diagram for the preparation of hybrid aerogels.

a dandelion. PXRD patterns reveal high crystallinity of COF-LZU1 in the
hybrid aerogel (Figure S6). Moreover, the sol-gel process coupled with
freeze-drying also enables the dimensional regulation of aerogels. By
simply altering the size and shape of moulds, the three-dimensional
structure of hybrid aerogels can be effectively regulated (Figure S7).
Additionally, hybrid aerogels with the relative amounts of COF-LZU1 in
the range of 9-50 wt% can be precisely fabricated (Figure S8). Partic-
ularly, as the COF-LZU1 amount reaches 50 wt%, the hybrid aerogel still
keeps intact with no sign of collapse. The structural insights of these
aerogels were then deeply studied by SEM imaging. At a low magnifi-
cation, all the aerogels present an interlaced sheet-like morphology
delivering a highly porous configuration (Figure S9). The morphologic
result indicates a negligible impact of COF-LZU1 on the assembled
structure of aerogels. At a high magnification, however, the structure of
hybrid aerogels significantly differs from that of the neat cellulose

counterpart. To be specific, nodule-structured surfaces are visibly
observed for the hybrid aerogel with a low COF-LZU1 addition of 9 wt%,
in sharp contrast to the smooth surface shown by the neat aerogel
(Fig. 3b and Figure S10a). The nodule-structured surfaces become more
significant with the increase of COF-LZU1 amounts. As the COF-LZU1
loading reaches 33 and 50 wt%, the high-magnification surfaces
exhibit a rough topography largely scattered with nanoparticles (Fig. 3c,
d and Figure S10b, ¢). These nanoparticles are in fact the introduced
COF-LZU1 by considering their identical size and shape. More impor-
tantly, COF-LZU1 additives are tightly wrapped by celluloses, which
effectively eliminates the loss of COF-LZU1 during practical use. In
addition to the observations from above structural variations, the
gradually increased loading of COF-LZU1 in hybrid aerogels is also
demonstrated by the EDX mapping images. The result shows that the
tagged sign of N, which exclusively originates from COF-LZU1, is
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increasingly intensified as the loading increases from 9 to 50 wt% tests. As shown in Fig. 3g, upon stipulating the residual mass of the neat
(Fig. 3e, f and Figure S11). Next, we quantificationally studied the cellulose aerogel at 450 °C as the baseline, the residual mass of hybrid
actual loading of COF-LZU1 in the prepared hybrid aerogels by TGA aerogels basically matches with the experimentally designated loading
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value (Table S1). The result manifestly illustrates the consistency be-
tween the theoretic and actual mass proportion of COF-LZU1.[33]

3.3. I uptake of hybrid aerogels in liquids

To elucidate a highly porous structure of hybrid aerogels, we first
carried out the absorption tests towards various pure organic solvents.
As shown in Fig. 4a, a range of common organic solvents was applied for
the absorption tests. The result shows that the hybrid aerogel with 33 wt
% COF-LZU1 possesses a prominent absorption capacity of approxi-
mately 36-60 times over its original weight. This excellent absorption
performance indicates the rich and accessible pores of our hybrid aer-
ogels, making them highly promising for I uptake. Subsequently, we
investigated the I, uptake performances of the pure cellulose and hybrid
aerogels with different COF-LZU1 loadings in n-hexane solutions. The
appearance change of the I, solutions (200 mg L'') was monitored with
the soaking of aerogels. Clearly, the color of solutions involving the
hybrid aerogels with 33 wt% and 50 wt% COF-LZU1 gradually fades as
the duration extends, and basically colorless solutions are observed after
78 h (Figure S§12). To accurately determine the removal efficiency, we
tested the concentration of I solutions as a function of soaking durations
by UV-vis spectra. As shown in Fig. 4b, an efficient I removal efficiency
about 90 % can be achieved for the hybrid aerogels with 33 wt% and 50
wt% COF-LZU1. In contrast, the aerogels with no and low COF-LZU1
loadings yield an unsatisfactory removal efficiency, indicating the
major contribution of COF-LZU1 toward I, uptake. After tests, the hybrid
aerogel with 33 wt% COF-LZU1 keeps intact, whereas the structure of
the hybrid aerogel with 50 wt% COF-LZU1 collapses. Thus, the hybrid
aerogel with 33 wt% COF-LZU1 was selected for the following studies in
liquids.

30 mg of hybrid aerogel with 33 wt% COF-LZU1 was used to study
the uptake kinetics of I,. The obvious change in color of I n-hexane
solution evidently confirms the viability of hybrid COF-LZU1/cellulose
aerogels for high-performance I, capture and finally reaches an equi-
librium adsorption capacity of 66.7 mg g~ ! (Fig. 4c and Figure S13).
The uptake result was then fitted by pseudo-first-order and pseudo-
second-order models. The corresponding linear fitted curves are
shown in Figure S14 and the kinetic parameters are listed in Table S2.
The correlation coefficient (R%) of the pseudo-first-order model and
pseudo-second-order model is 0.601 and 0.999, respectively. Results of
these indicate a pseudo-second-order uptake kinetics process in the form
of chemisorption. To gain in-depth understandings on the uptake
behavior of hybrid aerogels toward I, the adsorption isotherm was also
explored. It should be noted that I could not be completely adsorbed in
the solutions with extremely high concentrations (Figure S15). The
equilibrium uptake capacity as a function of equilibrium concentration
is depicted in Fig. 4d. Obviously, the equilibrium adsorption capacity
exhibits a positive correlation with the initial concentration of I, solu-
tions. The dependency can be mainly attributed to the raise of molecular
driving force with the increased initial concentration, which facilitates
the penetration of Iy into the channels of hybrid aerogels.[34] We
adopted the Langmuir model and Freundlich model to fit the experi-
mental data (Figure S16 and Table S3). Compared to Langmuir model,
Freundlich model is more suitable to describe the uptake process here
due to its proper correlation coefficient (R? > 0.97), indicating a
multilayered and heterogeneous I, uptake by hybrid aerogels. It is also
noted that with an initial I, concentration of 1400 mg L! the hybrid
aerogel affords an equilibrium uptake and removal efficiency of 399 mg
g1 and 92.7 %, respectively, superior to most of the reported absorbents
(Table S4).

3.4. I vapor uptake
Efficiently capturing I, vapor represents a practical protocol to

alleviate the nuclear radiation leaks.[35] To investigate the volatile I,
uptake capacity of hybrid aerogels, gravimetric method was used for
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analysis. Hybrid aerogels were exposed to I, vapor under ambient
pressure. As temperature has a great influence on the process of guest
molecules absorbed in porous materials,[36] we conducted I, uptake
tests using the hybrid aerogel with 33 wt% COF-LZU1 at various tem-
peratures (Fig. 5a). At a low temperature of 15 °C, the hybrid aerogel
displays a slow uptake of I, vapor, which requires over 250 h to equil-
ibrate. Slightly increasing the temperature to 30 °C accelerates the up-
take process, and the equilibrium is achieved within 100 h. Particularly,
the I, uptake test at 75 °C, which is close to the temperature of actual
nuclear-fuel reprocessing, produces a significant uptake capacity of 4.1
g g ! after only 6 h. In fact, the temperature-dominated uptake behavior
is partially associated with the variable volatilization rates of I bulks, in
which I, volatilizes rapidly under high temperatures. The capture of I,
vapor by hybrid aerogels is mostly attributed to the introduction of COF-
LZU1, as demonstrated by the disparate uptake capacity of the pure
cellulose aerogel and COF-LZU1 powders (Figure S17). The I, uptake
capacity of hybrid aerogels with different COF-LZU1 loadings was then
measured at 15 °C, with results shown in Fig. 5b. It is clear that
increasing the loading of COF-LZU1 from 9 to 50 wt% leads to a declined
equilibrium uptake capacity. We correlate this result with the blocked
accessible pores due to the accumulation of COF-LZU1 particles. In this
work, the maximum I, adsorption capacity given by the hybrid aerogel is
6.8 g g~ !, superior to COF-LZU1 powders and most of the reported
studies (Fig. 5¢ and Table S5).

Next, the I, storage ability was assessed using the hybrid aerogel with
33 wt% COF-LZU1 under ambient conditions. After exposing to an open
environment for 12 days, we can only detect a slight weight loss of < 10
%, showing the relatively stable storage of I, in our aerogels (Fig. 5d). In
addition to the capture and storage of Iy, the release of the captured I,
from hybrid aerogels is also crucial for practical application.[37]
Adsorbed I, could be released by soaking these samples in ethanol at
room temperature or heating treatment at 125 °C (Fig. 5e). Upon
soaking in ethanol, a fast and prominent release of the captured I, is
observed within a short duration of 15 min (Figure S18). Moreover, a
soaking time of 120 min generates a high release ratio of up to 79 %. In
the case of heating at 125 °C, a relatively slow release behavior is noted
and the release percentage reaches 77 % after an extended duration of
400 min. Therefore, ethanol soaking is recognized to be a viable way to
recycle I5 captured in hybrid aerogels.

A diversity of characterizations was applied to probe the mechanism
of I, uptake by our hybrid aerogels. Physical appearances and SEM ob-
servations reveal the structural integrity of aerogels after Iy uptake
(Figure S19, §20). In the FTIR spectra, the characteristic peak of C=N
at 1625 cm™! undergoes a red shift after I, uptake (Figure S21),
implying the interaction between I, and C—=N bonds. XPS measurements
were used to profoundly investigate the chemical state of iodine in
hybrid aerogels. As shown in Fig. 5f, the characteristic peaks near 619
and 630 eV in the survey spectrum of the hybrid aerogel after I, uptake
can be assigned to I 3ds/ and I 3ds3/5, respectively.[38] In the high-
resolution spectrum of I 3d, the two peaks at 617.9 and 629.4 eV are
attributed to pentaiodide (I5), while the signals at 619.9 and 631.3 eV
are assigned to triiodide (I3) (Fig. 5g). Based on the above results, we
speculate that the captured iodine exists as iodine molecules and poly-
iodine anions, which involves the process of physisorption and chemi-
sorption.[39]

3.5. Dynamic I, uptake

Dynamic I uptake in a continuous operation holds a huge potential
for real-world applications.[40] To confirm the practicality, we shaped
the hybrid aerogels into aerogel columns in light of their excellent
processability and mechanical stability. For the dynamic removal of I5 in
liquids, I, dissolved in n-hexane (100 mg L'!) was penetrated through a
column composed of 50 mg hybrid aerogel at a flow rate of 0.5 mL min ™
(Fig. 6a). After passing through the column, the initial purple solution
becomes basically colorless, and the UV-vis spectra determine a removal
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Fig. 5. Evaluation and mechanism of hybrid aerogels for I, uptake and recycling. (a) Gravimetric uptake of I, vapor by the hybrid aerogel as a function of time under
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after I, uptake.

efficiency of 90 % for the first 10 mL solution (Fig. 6b and Figure $22).
The removal efficiency still keeps above 80 % after filtrating 30 mL
solution. For the dynamic removal of I, vapor, I» vapor was carried by
flowing N3 to pass through an aerogel column with a constant flow rate
of 40 mL min ! (Fig. 6¢ and Figure S23a). After continuously operating
for 9 h, the I; concentration in ethanol is determined to be a low value of
7.8 ug mL~! (Fig. 6d and Figure S23b). Therefore, these dynamic tests
suggest that our aerogels are highly promising for the continuous
removal of radioiodine.

4. Conclusion

In summary, we have developed structurally stable and ultralight
COF/cellulose hybrid aerogels through introducing COF-LZU1 particles
into the sol-gel process of functionalized CNCs and CMC. In the syn-
thesized hybrid aerogels, cellulose and COF-LZU1 act as the structural
skeleton and effective adsorbent, respectively. Hybrid aerogels with the
COF-LZU1 loadings in the range of 9-50 wt% are prepared and
demonstrate a desired physical stability without structural collapse. The
highly porous configuration of hybrid aerogels makes them extremely
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Fig. 6. (a) Schematic diagram showing the continuous capture of I, dissolved in n-hexane. (b) I, removal efficiency of the aerogel column as a function of filtration
volume. (c) Schematic diagram showing the continuous capture of I, vapor. (d) I, concentration in ethanol as a function of operational time.

promising for the absorption of organic solvents. Thanks to the crys-
talline and microporous COF-LZU1, the prepared hybrid aerogels exhibit
an exceptional I, capture ability, with an uptake capacity of 399 mg g~}
and 6.8 g g~ ! for dissolved and volatilized I,, respectively. Moreover, I,
captured in the aerogel can be easily recycled by soaking in ethanol. We
additionally demonstrate the feasibility of removing I, solute and vapor
in a continuous operation using well-shaped aerogel columns. There-
fore, this work paves the way of processing COFs into designated
structures and offers insights in designing high-performance adsorbents
toward I, capture.
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