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HIGHLIGHTS
A new design philosophy for
iodine uptake material is
presented
SCU-COF-2 exhibits record-high
dynamic iodine uptake amount
(0.98 g g1)
SCU-COF-2 exhibits record-high
static methyl iodide uptake
amount (1.45 g g1)
Moisture has a negligible
influence on iodine uptake of
SCU-COF-2

A 2D dual-pore covalent organic framework (SCU-COF-2) is constructed to
efficiently capture iodine gas and methyl iodide simultaneously through the
incorporation of 2,20 -bipyridine group introducing exceptionally strong host-guest
interactions. This gives rise to new records of static methyl iodide uptake capacity
and dynamic iodine uptake capacity, both far beyond those of state-of-art silverzeolites, MOF materials, and active carbon, showing powerful application
potentials.
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SUMMARY

The bigger picture

The capture of radioiodine species during nuclear fuel reprocessing
and nuclear accidents is crucial for nuclear safety, environmental protection, and public health. Previously reported emerging materials
for iodine uptake cannot outperform commercial zeolites and active
carbon under the practical dynamic scenario. Herein, we present a
new design philosophy aiming at significantly enhanced specific hostguest interactions and obtain a nitrogen-rich covalent organic framework material by introducing a bipyridine group into the building block
for the simultaneous capture of both iodine gas through enhanced
electron-pair effect and organic iodide via the methylation reaction.
These efforts give rise to not only an ultrahigh uptake capacity of
6.0 g g1 for iodine gas and a record-high value of 1.45 g g1 for
methyl iodide under static sorption conditions but also, more importantly, a record-high iodine loading capability under dynamic conditions demonstrated from the breakthrough experiments.

The efficient capture of gaseous
radioiodine species during the
used nuclear fuel reprocessing
and nuclear accident event has
attracted much attention but
remains challenging owing to the
low concentration of iodine
combined with harsh operational
conditions including elevated
temperatures, high humidity, and
strong acidity. Previously
reported emerging materials for
iodine uptake cannot outperform
commercial zeolites and active
carbon under the practical
dynamic scenario. We overcome
the challenges by introducing a
bipyridine group into the COF
structure and maximization of its
density to significantly enhance
the interactions between the COF
host and iodine species, affording
the first COF showing capabilities
of simultaneous capture of iodine
and organic iodide under dynamic
conditions and representing clear
advances over commercial
materials. This design philosophy
can be extended to the
remediation of pollutants and
extraction of strategic resources in
low concentrations.

INTRODUCTION
Iodine isotopes make up approximately 0.69 mass % in the fission products of uranium-235 in the nuclear fuel cycle, representing a large inventory in the nuclear
waste.1 A large amount of radioiodine is released from reprocessing facilities
when used nuclear fuel (UNF) is dissolved in concentrated nitric acid. The dominant
chemical species in the dissolver off-gas (DOG) stream are highly volatile diatomic
elemental iodine (I2, 90%~100%) along with a small fraction of organic iodides
(e.g., methyl iodide and ethyl iodide, 0%~10%).2,3 The primary concerned iodine
isotope is 129I due to its extremely long half-life (1.6 3 107 years), toxicity, and
high mobility in most geological environment.1 131I also draws a tremendous
amount of public attention especially in an event of a nuclear accident owing to its
much higher specific activity with a short half-life of 8.02 days. It represents the major
contribution to the short-term radiotoxicity to human beings, given radioiodine can
accumulate in the thyroid gland affecting the metabolism process.4 After getting
discharged from a fast breeder reactor, the amount of 129I is 239 g with the radioactivity of 3.9 3 102 Ci. For 131I, the value is 11.3 g but with extremely high radioactivity of 1.4 3 106 Ci (according to 1 metric ton of UNF). After 1 year, the amount of
131
I is negligible (2.54 3 1015 g with 3.15 3 108 Ci) while the content of 129I is
almost unchanged (242 g with 3.94 3 102 Ci).5 Therefore, the development of functional materials to efficiently control the emission of radioiodine vapors is of great
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significance but remains to be a challenge,6,7 originating from the complicated scenario in fuel reprocessing off-gases, where iodine is present in low concentrations
along with large excess of moisture and oxidizing acidic gas at elevated
temperatures.1
Currently, wet scrubbing is an arduous industrial approach for removing low concentration of radioiodine in the combined vessel off-gas.5 Solid-phase adsorption possesses a series of advantages over traditional liquid scrubbing in the capture of
gaseous contaminants from an engineering perspective, including simplified
design, avoidance of highly corrosive solution, and low cost in maintenance. Active
carbon is widely used in adsorbing iodine from the benign gaseous stream, but is not
an ideal option in fuel reprocessing plants because of its poor retention capacity and
low ignition point at high temperatures.8 The most widely studied solid materials are
silver-exchanged or silver-impregnated zeolites by taking advantage of the strong
affinity between silver and iodine.9–11 The inorganic adsorbent is robust, non-flammable, and facile to synthesize. However, their adsorption capacity is relatively low
in light of limited surface area resulting in a small portion of silver atoms that can
react with iodine.12 In addition, concerns on the environmental issues and high costs
originating from the utilization of the noble metal limit their wide application.
Recently, the rapid development of micro-nanomaterial chemistry sheds light on
searching for new types of iodine capture materials. A variety of metal-organic
frameworks (MOFs), including ZIF-8 and HKUST-1,13–16 have been investigated,
where their generally low acid stability severely limits their practical applications
for UNF reprocessing. Porous organic polymers (POPs),17 such as conjugated microporous polymers (CMPs)18,19 and porous aromatic frameworks (PAFs),20 show
enhanced physicochemical stability while their loading capacity is still low primarily
because of twining and unordered porous structures. Covalent organic
frameworks (COFs) are a class of emerging crystalline porous polymers with inherent
nano-sized pores.21–24 Even though several COFs have been reported to exhibit
notably high adsorption capacity toward elemental iodine in static adsorption experiments,25–28 none of them have been demonstrated to be effective in removing
radioiodine with a lower concentration and partial pressure in a dynamic breakthrough test. In fact, the capabilities of these materials under practical conditions
are questionable, especially in light that iodine molecules mostly fill into the pore
of COFs through weak physical interactions giving rise to the low binding affinity
between iodine and the framework. This would further lead to a limited distribution
coefficient when iodine is in low concentrations as well as poor selectivity when coexisting gaseous molecules are present in large excess. Besides, no previous COFs
have been reported to remove organic iodide, calling for another challenge of simultaneous removal of all iodine-based chemical species under practical conditions.
In this work, we designed and synthesized a robust nitrogen-rich COF (SCU-COF-2)
aiming at selective removal of both elemental iodine and methyl iodide under the
practical condition. First of all, the densely functionalized bipyridine building blocks
are expected to interact with the elemental iodine molecule through the electronpair effect with enhanced binding affinity and to act as the substrate of the
methylation reaction for the immobilization of methyl iodide.17,29 Second, the fully
conjugated and highly hydrophobic framework structure of SCU-COF-2 endows it
with decent irradiation, moisture, and thermal stability required for the extreme
operating condition in UNF reprocessing.1,4 Excellent iodine capture capabilities
were demonstrated by breakthrough experiments under high humidity and elevated
temperature. Finally, the density functional theory (DFT) calculation was applied to
reveal the capture sites and adsorption mechanism.
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Figure 1. The synthesis scheme and structure of SCU-COF-2
(A) Synthesis of SCU-COF-2.
(B) Top view of SCU-COF-2 captured iodine vapor and methyl iodide.
(C) Side view of functional building block before adsorption of iodine and methyl iodide.

RESULTS
Design and synthesis of SCU-COF-2
In the previous design philosophy of iodine uptake materials, the iodine molecules
mostly fill into the open space to reach a high sorption capacity under static
conditions. However, this leads to relatively weak host-guest interaction and further
limited distribution coefficient when iodine is in low concentrations as well as poor
selectivity when coexisting gaseous molecules are present in large excess. In
order to enhance the host-guest interaction between COF skeleton and iodine,
2,20 -bipyridyl-5,50 -dialdehyde (2,20 -BPy-DCA) was selected as the functional ligand
(Figure 1A). Given the iodine molecule is electron-deficient, it can form stable
charge-transfer (CT) complexes with the p electron-rich aromatic framework.15,17
Additionally, multiple nitrogen atoms may interact with iodine via the electronpair effect.30 By combining these two merits into a single COF material containing
plenty of aromatic phenyls and bipyridines, an ultra-strong interaction and record
sorption capacity for iodine under dynamic condition are expected. At the same
time, the nitrogen atoms in pyridine can efficiently react with organic iodides
through the methylation reaction,31 leading to the first COF material with organic iodide capture capability (Figures 1B and 1C).
Characterizations of SCU-COF-2
To evaluate the crystalline structure of SCU-COF-2, a theoretical simulation was conducted. Therefore, three stacking models for the theoretically possible structure
were constructed (AA-eclipsed stacking, AB-staggered stacking, and ABC-staggered stacking) and corresponding simulated powder X-ray diffraction (PXRD)
patterns were obtained (Figures S1 and S20–S22). The experimental PXRD pattern
exhibiting an intense low angel peak at 2q = 2.16 and other five prominent peaks
at 3.75 , 4.34 , 6.53 , 8.71 , and 19.68 , which are corresponding with theoretical
positions, is in excellent agreement with the AA-eclipsed stacking model in a P6
space group. After Pawley refinement, the unit cell parameters are a = 47.35 Å,
b = 47.35 Å, c = 4.45 Å, and a = 90 , b = 90 , and g =120 with satisfied factors
Rp = 2.67% and Rwp = 1.67% (Figure 2A). The five featured peaks in the low angle
region (<10 ) are assigned to (100), (110), (200), (300), and (400) planes, respectively
(Table S1). In addition, the broad peak at 19.68 is attributed to the (001) plane,
which is generally recognized as an evidence of highly ordered p-p stacking and
notable layered planarity for 2D COFs.32
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Figure 2. The structural simulations and characterizations of SCU-COF-2
(A) PXRD pattern of SCU-COF-2 (black dots, experimental pattern; red curve, simulated AAeclipsed stacking model after Pawley refined; blue curve, simulated AA-eclipsed stacking model;
pink, differences between experimental and simulation; green, Bragg positions of simulated PXRD
pattern of SCU-COF-2).
(B) Top view and side view of SCU-COF-2.
(C) HRTEM images of SCU-COF-2 (the inset in the upper right corner is a magnified image of lattice
structure). Scale bar, 100 nm.
(D) HRTEM images featuring the network mesostructure (inset, the corresponding fast Fourier
transformation at upper left corner and the magnified corresponding region marked by the red line
at the upper right corner). Scale bar, 100 nm.

To verify the structure of SCU-COF-2, visualized high-resolution transmission electron
microscopy (HRTEM) was used to characterize the highly crystalline mesostructure of
SCU-COF-2. First, Figure 2C presents a characteristic interplanar spacing of 2.3 nm,
which matches well with the d-spacing (2.367 nm) of (110) facet as predicted from the
modeled AA-eclipsed stacking simulation (Table S1). More importantly, as shown in Figure 2D, it displays an obvious network of the mesostructure, suggesting the highly ordered features of SCU-COF-2 flakes through fast Fourier transformation (FFT, inserted
images in the upper left corner of Figure 2D, see corresponding analysis in Figure S2).
The detailed transmission electron microscope (TEM) characterization demonstrates the
pristine SCU-COF-2 with high crystallinity. Additionally, the scanning electron microscopy (SEM) images exhibit the layered microstructure of the material (Figure S3). The
Fourier transform infrared spectroscopy (FTIR) spectra confirm that the characteristic
vibration absorption peak at 1,640 cm1 is ascribed to the C=N double bonds (Figure 5D).33,34 The permanent porosity of SCU-COF-2 was investigated by nitrogen sorption analysis at 77 K. As shown in Figure S4, the calculated Brunauer-Emmett-Teller
(BET) surface area of SCU-COF-2 is 413.4 m2 g1, demonstrating the porous nature
of SCU-COF-2.35,36 Thermo gravimetric analysis (TGA) shows that SCU-COF-2 is stable
up to 400 C, indicating that the material can be used under scenarios at high temperatures (Figure S6).
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Figure 3. The results of static adsorption experiments
(A) Static adsorption performance of iodine by SCU-COF-2 at 75  C (saturated vapor pressure of
iodine is 0.016 bar according to NIST empirical formula). The error bars are the standard deviations
from four independent measurements.
(B) Static time-dependent uptake amount of CH 3 I by SCU-COF-2 at 75  C (saturated vapor pressure
of CH 3 I is 2.6 bar according to NIST empirical formula).
(C) Iodine and CH 3 I retention of the iodine-captured SCU-COF-2 upon exposure to air at 25  C and
ambient pressure for 7 days.
(D) The b-irradiation resistance of SCU-COF-2 evaluated by uptake toward I 2 and CH 3 I.

Static sorption efficiency for I2 or CH3I vapor
Based on the above merits of SCU-COF-2 in stability, porosity, and nitrogen-rich functionalization, we initially investigated its sorption performance toward I2 or CH3I vapor
in a static system. The iodine vapor capture tests were performed at 348 K under
ambient pressure to evaluate the adsorption capacity (the saturated vapor pressure of
iodine is 0.016 bar according to National Institute of Standards and Technology
(NIST) empirical formula). Remarkably, the uptake capacity for iodine by SCU-COF-2 reaches as high as 5.1 g g1 at 24 h, and the maximum uptake amount is 6.0 g g1 at 96 h
(Figure 3A). The saturated sorption capacity for iodine is higher than the majority of reported materials, including conjugated microporous polymers (CMPs),37,38 porous aromatic frameworks (PAFs),20 MOFs,39,40 and zeolitic imidazolate framework(ZIFs),12 and is
only below that of TBIM,41 HBIM,41 and TPB-DMTP COF (Table S2).25 In comparison with
another reported dual-pore sized SIOC-COF-7 with a higher BET surface area (618 m2
g1),26 the loading capacity of SCU-COF-2 is higher than that of SIOC-COF-7 (4.81 g
g1), which is beneficial from the introduction of dense pyridine nitrogen atoms
providing a stronger affinity for iodine molecules.
On the other hand, we evaluated the uptake efficiency for CH3I vapor by a COF material
for the first time. As shown in Figure 3B, the saturated adsorption capacity of CH3I at 348 K
achieves 1.45 g g1 at 96 h (the saturated vapor pressure of CH3I is 2.6 bar according to
NIST empirical formula), which is much higher than a recent reported adsorbent multimicroporous organic polymers MHP-P5Q toward CH3I (80.3 wt % CH3I).42 Note that
SCU-COF-2 can capture 0.6 g g1 CH3I vapor within 10 h, indicating a moderate uptake
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kinetics. Furthermore, to verify the adsorption occurring within the 1D channel rather than
on the surface, the retention experiments were performed by exposing I2- or CH3I-loaded
SCU-COF-2 to air at room temperature and ambient pressure. The loaded COF material
almost keeps its weight for at least 7 days (Figure 3C), suggesting the uptake does not
originate from the surface condensation but the strong interaction between SCU-COF2 and two species of iodine.25 More impressively, the highly conjugated structure of
SCU-COF-2 protects the material from high doses (100 and 200 kGy) of b-irradiation provided by an electron accelerator (1.5 MeV, dose rate of 2,250 kGy h1). The PXRD patterns of the irradiated samples confirm that SCU-COF-2 fully retains its crystallinity after
irradiation (Figure S7). In addition, the nearly unchanged uptake toward I2 or CH3I (Figure 3D) further corroborates the excellent irradiation tolerance of SCU-COF-2.
Simultaneous breakthrough studies for I2 or CH3I vapor
To probe the practical application potential, we further investigated the adsorption
behavior of SCU-COF-2 in the breakthrough experiments under the simulated nuclear fuel reprocessing conditions.43,44 As-synthesized samples were placed in a
quartz column while an I2 or CH3I stream was imported through the sample cell
with a carrier gas of N2 and determined by inductively coupled plasma mass spectrometry (ICP-MS) or an online mass spectrometer (MS) (Figure 4I). Remarkably,
SCU-COF-2 can effectively adsorb I2 gas stream in different breakthrough times of
40, 10, and 5 h, corresponding to 300, 348, and 423 K, respectively (Figure 4A).
The uptake amount for iodine under breakthrough condition is obtained according
to the weight increment: SCU-COF-2 adsorbed 97.9 wt % iodine at room temperature, 34.6 wt % iodine at 348 K, and 1.2 wt % iodine at 423 K before full penetration is
achieved. It is worth noting that the loading capacity at room temperature is a new
record value to our best knowledge (Figure 4J; Table S3), much higher than those of
reported hydrophobic zeolites such as HISL (53 wt %) and active carbon (70 wt %).8
Besides these, compared with another capturing column sorbent Zinc Saccharate
(ZnSacc),45 a three-dimensional coordination polymer with both hydrophilic and hydrophobic ordered channels for I2 vapors with an uptake amount of 16.6 wt % at
19 C after 5 days,8 SCU-COF-2 has a clear advance in the kinetics and uptake capacity. These results suggest that SCU-COF-2 is one of the most promising candidates
as a packing column sorbent material for I2 uptake reported to date.
Since the water vapor often coexists with iodine gas stream under industrial conditions, we performed column breakthrough tests under humid conditions (RH = 50%)
at 300, 348, and 423 K, respectively. The uptake amounts are 94.6 wt % at 300 K, 25
wt % at 348 K, and 0.5 wt % at 423 K (Figure 4B). The almost identical uptake behaviors for iodine under dry and humid environments hint for the decent moisture stability and more importantly, the high uptake selectivity toward I2 possessed by
SCU-COF-2 owing to its hydrophobic skeleton. Note this feature cannot be achieved
by hydrophilic inorganic materials and several water-sensitive MOFs, where the uptake capacities in the presence of water are significantly reduced due to the partial
blocking of water molecules in the pores.31
For the capture of CH3I at 300 and 348 K, similar breakthrough tests were carried out to
measure the adsorption properties (Figures 4C–4F, the black curve for carrier gas N2,
the red curve for CH3I, and the blue curve for H2O). Based on the breakthrough adsorption curve, the saturated CH3I uptake amount by SCU-COF-2 under dry condition is
56.4 wt % at room temperature and 17.0 wt % at 348 K. The value of 56.4 wt % is
much higher than that of most reported materials including Ag0@MOR, a leading sorbent in the United States under the same condition but is lower than those of hexamethylenetetramine (HMTA) and triethylenediamine (TED) functionalized MIL-101
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Figure 4. The results of dynamic adsorption experiments (breakthrough experiments)
(A) The breakthrough curves of I 2 for SCU-COF-2 at 423 K (blue dots), 348 K (wine dots), and room temperature (green dots).
(B) Bar graphs of the dynamically captured amounts of I 2 from the dry gas stream and humid gas stream (RH = 50%) at 423 and 348 K and room
temperature for SCU-COF-2.
(C–F) The breakthrough curves of CH 3 I for SCU-COF-2 at room temperature under (C) dry condition and (D) humid condition (RH = 50%) and at 348 K
under (E) dry condition and (F) humid condition (RH = 50%). The flow rate of CH 3 I was 1.774 mg min 1 determined through trial and error. The effluent
from the column was monitored using an online mass spectrometry.
(G) Bar graphs of the dynamically captured amounts of CH 3 I by SCU-COF-2 at room temperature and 348 K under dry or humid conditions.
(H) The recyclability of SCU-COF-2 toward I 2 in a dynamic system.
(I) The schematic diagram of breakthrough experiments in the columns packed with SCU-COF-2 powder.
(J) The comparison of saturated dynamic iodine vapor uptakes in breakthrough experiments for different reported materials (note: the iodine vapor
uptakes for MIL-101-Cr-TED and MIL-101-Cr-HMTA are under the condition of 150 ppm of I 2 ).

(Figure S8; Table S4).31 However, limited iodine uptake was reported for these two materials, which is critical given iodine is the predominant species in the practical scenario.
In addition, SCU-COF-2 can adsorb 50.4 and 14.2 wt % of CH3I from the humid gas
streams (RH = 50%) with a slight uptake reduction under these two different temperatures, again exhibiting a hydrophobic effect in this system (Figure 4G; Table S5).
Given these stronger interactions, iodine incorporated into SCU-COF-2 cannot be
facilely desorbed with a typical procedure by rinsing with methanol, ethanol, or isopropanol.25,26 Instead, the iodine-loaded samples can be treated at elevated temperature to achieve a relatively high recyclable uptake of iodine (78% for dynamic
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system and 70% for a static system), which remains stable for the second or third cycle (Figures 4H and S9).
Investigation of adsorption mechanism for I2 and CH3I
To further understand the mechanism of iodine adsorption, a variety of experimental
characterizations, including SEM, energy-dispersive X-ray spectroscopy (EDS) mapping, FTIR, Raman spectroscopy, solid-state 13C nuclear magnetic resonance (NMR),
X-ray photoelectron spectroscopy (XPS) analysis and PXRD, and molecule modeling,
were conducted. The SEM images display nearly unchanged morphologies of pristine and desorbed SCU-COF-2 (Figures 5A and 5B). Furthermore, EDS mapping indicates the homogeneous distribution of the iodine element in SCU-COF-2 samples
after adsorption (Figure 5C; see also Figure S5). In addition, the new vibrational peak
at ~938 cm1 in FTIR spectra after adsorption of CH3I underscores the structural formation of the new C–N bonds in the framework (Figure 5D).42 Moreover the characteristic peak at ~1,640 cm1 assigned to C=N stretching vibration decreases after
loading I2 and CH3I, while fully recovers after desorption, again suggesting the interactions between active N atoms and I2/I. The structure of two iodine species in
SCU-COF-2 was confirmed by Raman spectroscopy (Figure S10). The appearance
of a new peak at ~107 cm1 that is assigned to I3- ion further indicates the charge
transfer between the guest iodine molecules and nitrogen-rich framework. Additionally, the featured peak at ~164 cm1 is attributed to I5 ion loaded into the pores,
suggesting the existence of another polyiodide species of [I3$I2].46,47 The complicated forms of iodine in the adsorbed material also hint for the disordered nature
of the iodine-loaded material. Furthermore, the profile of carbon signal distinctly becomes broader in the solid-state 13C NMR spectra of SCU-COF-2 especially after the
capture of I2 (Figure 5E). The changes of the 13C NMR may originate from high affinity between the p-electron conjugated aromatic frameworks and electron-deficient
iodine molecules.20 Moreover, the 13C NMR spectrum of CH3I-loaded SCU-COF-2
exhibits a new signal at ~60 ppm, which is regarded as the carbon atom on the newly
forming methylpyridinium salt.42 These results suggest that the reactive pyridine nitrogen atoms in the framework play a critical role in efficiently strengthening the interactions between the host material and iodine or organic iodide.
XPS spectra provide host-guest binding information. As shown in Figure S11, the full
XPS spectra after the capture of iodine or CH3I, a new peak emerges at the binding
energy of 618.7 and 618.3 eV that can be attributed to I 3d, indicating that two forms
of iodine are adsorbed on the sample. Furthermore, we also observed two peaks at
630.67 and 619.14 eV from the two iodine-loaded samples typically assigned to I
3d3/2 and I 3d5/2, respectively (Figure S12).48,49 In addition, a peak fraction of the
N 1s core level after CH3I loading shifts 3.2 eV (402.2 eV for CH3I@SCU-COF-2),
as compared with the as-synthesized sample, caused by the formation of pyridinium.
On the other hand, a similar new peak fraction at 401.3 eV upon loading I2 hints for
the existence of charge-transfer complexes between iodine and aromatic framework
(Figure 5F).
We proposed that process of trapping CH3I is based on a methylation reaction,
which can transform the original neutral skeleton of SCU-COF-2 into a new cationic
skeleton by forming a large amount of cationic pyridinium centers with iodides as the
counter-ions, as the molecular model displays in Figure 5G. To verify this presumption, an anion-exchange study with CH3I-loaded SCU-COF-2 using anionic organic
dye methyl orange (MO) was performed and evaluated by UV-vis measurements.
As shown in Figures 5H and 5I, the as-synthesized SCU-COF-2 only adsorbs a small
amount of MO within 30 min. After CH3I adsorption, the CH3I-loaded SCU-COF-2
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Figure 5. Adsorption mechanism for the capture of I2 and CH3I by SCU-COF-2
(A and B) The SEM images of pristine SCU-COF-2, scale bar, 1 mm (A) and desorbed SCU-COF-2, scale bar, 200 nm (B).
(C) EDS mapping of SCU-COF-2 loaded I 2 (upper, scale bar, 1 mm) and loaded CH 3 I (below, scale bar, 2.5 mm).
(D) FTIR spectra of pristine SCU-COF-2 (black), I 2 @SCU-COF-2 (red), CH 3 I@SCU-COF-2 (blue), and samples after desorption (pink).
(E) Solid-state 13 C NMR spectra of pristine SCU-COF-2 (red), I 2 @SCU-COF-2 (green), and CH 3 I@SCU-COF-2 (blue).
(F) Expanded XPS spectra of N 1s of I 2 @SCU-COF-2, CH 3 I@SCU-COF-2, and original sample.
(G) Transition state of the group 2,2 0 -bipyridine group in methylation by using a molecule model.
(H and I) UV-vis absorption spectra and apparent color changes of MO ions with various contact times at 300 K by the original SCU-COF-2 (H) and CH 3 Iloaded sample (I). The initial concentration of MO = 0.15 mM.

can adsorb ~90% MO within 5 min and ~95% MO after 30 min, which can also be
probed by the apparent color change after the anion-exchange process. The fast
adsorption kinetics for the removal of anionic dye after loading CH3I confirms the
charge conversion of the framework and the mechanism of CH3I uptake.
To further understand the adsorption process, we investigated the change of crystallinity after iodine loading and desorption. As shown in Figure S13, the crystallinity of
SCU-COF-2 decreases as the sorption of iodine proceeds, becoming completely
amorphous at the saturation point. This may originate from the increasing occupancy of pores and the formation of charge-transfer complexes in the network.12,30
Even after desorption treatment at elevated temperature, the iodine loaded in the
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Figure 6. Density functional theory (DFT) calculations
(A and B) Adsorption of (A) I2 and (B) CH 3 I on SCU-COF-2. The magnifications display the detailed
adsorption configurations in the side view.
(C) The chemisorption of the dissociated CH3 I on the COF (highlighted by the pink circle).
(D) The energy profile for the CH 3 I dissociation from the physiosorbed molecule (CH 3 I*) to the
adsorbed methyl (CH 3 *) and I  anion. E ads and relative energies (take the energy of the initial state
as reference) are noted in the black and orange text, respectively. The energy unit is eV. White, H;
blue, N; gray, C; purple, I.

COF cannot be completely desorbed, leading to the unrecovered crystallinity after
saturated adsorption due to the presence of strong host-guest interaction.50 However, to address this issue, batch unsaturated adsorption experiments were carried
out for further comparison. The featured peaks in PXRD patterns nearly disappear
after adsorption for 3 h (Figure S14, black curve). Then the samples were desorbed
at 170 C for 10 h to fully remove iodine, of which the crystallinity recovers after
desorption with slightly decreased intensity (Figure S14, pink curve). More impressively, the crystallinity completely recovers through a further repolymerization on
the basis of the synthesized condition (Figure S14, green curve).
Density functional theory (DFT) calculations
DFT calculations were used to provide deep insights into the adsorption mechanism
of I2 and CH3I. As shown in Figure 6A, the triangular hollow relatively exhibits a stronger affinity to the adsorbates than the hexagonal hollow due to the smaller radius
and the acute intersection angle, as indicated by the adsorption energies (Eads, sorption site 1 and 2). Both I2 and CH3I molecules prefer to occupy the sites near the
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nitrogen atoms of pyridine rings in the hexagonal hollow and the intersection angle
sites in the triangular hollow (sorption sites 3 and 4). In the most stable adsorption
structures of I2 (sorption site 2 in Figure 6A), the minimum I2-N distance (~2.66 Å)
is much shorter than the minimum I2-H distance (~3.0 Å), although the van der Waals
radii of N (1.6 Å) is larger than that of H (1.2 Å).51 In the case of CH3I, the adsorbate
molecules are mainly located on the methyl groups directing to the N atoms in SCUCOF-2, again confirming the crucial role of the N atoms. Besides, in the triangular
hollow, the second most stable adsorption site for I2/CH3I is also near the nitrogen
atoms of pyridine rings with comparable Eads to that in the hexagonal hollow (Figure S15). Therefore, the introduction of N into the benzene rings (yielding pyridine
rings) provides considerable amounts of adsorption sites not only in the hexagonal
hollow but also in the triangular hollow. Furthermore, we found that the dissociative
adsorption of CH3I (chemisorption) is thermodynamically favorable at the pyridine
nitrogen site, which involves the formation of C–N bonds and I anions (Figure 6C)
from the physiosorbed molecules (Figure 6B). A heat of ~0.05 eV is released during
this process, and the energy barrier was estimated to be 1.20 eV (Figure 6D),
implying that the proceeding of this nucleophilic substitution reaction does not
require high temperatures, consistent with the experimental observation.52,53

DISCUSSION
The foregoing results demonstrate one of the most promising solid sorbent materials
(SCU-COF-2) that can simultaneously capture all vapor species of radioiodine. This
COF material is built by maximizing the density of pyridine nitrogen atoms that are
demonstrated to be critical in enhancing the interactions between the COF host and radioiodine vapor molecules. At least two new records are achieved by SCU-COF-2 among
all reported iodine sorbent materials: CH3I uptake capacity under the static condition
(1.45 g g1) and I2 uptake capacity under the dynamic condition (0.98 g g1). More importantly, these capabilities are not significantly affected by the presence of water vapor originating from the hydrophobic nature of channels in SCU-COF-2, making it extremely
attractive for practical applications for remediating the emergency leakage of radioactive
iodine or organic iodine from used fuel reprocessing or nuclear accidents. These results
further highlight the bright future of COF materials and the new material design philosophy in the area of environmental remediation and resource extraction in low concentrations or low gas partial pressure under complicated environmental conditions.

EXPERIMENTAL PROCEDURES
Resource availability
Lead contact
Shuao Wang (shuaowang@suda.edu.cn).
Materials availability
This study did not generate new unique reagents.
Data and code availability
This article includes all datasets generated or analyzed in this study.
Chemicals and reagents
Commercially available 4,40 ,400 ,4%-(ethene-1,1,2,2-tetrayl)-tetraaniline (ETTA) and 2,20 bipyridyl-5,5’-dialdehyde (2,20 -BPy-DCA) were provided by Beijing HWRK Chem Co.,
LTD, and Jilin Chinese Academy of Sciences-Yanshen Technology Co., Ltd, respectively. 1,2-dichlorobenzene (o-DCB), n-Butanol, methanol, acetone, and ethanol were
bought from Chinasun Specialty Products Co., LTD. All of the chemicals are of analytical
grade and used as received.
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Physical characterizations
PXRD patterns were collected from 2 to 30 at a 5 min1 scanning speed with a
Bruker D8 Advance diffractometer with Cu Ka radiation (l = 1.54056 Å) and a Lynxeye one-dimensional detector. The Fourier transform infrared spectroscopy
(FTIR) spectra in the range of 4,000–400 cm1 region were acquired on a Thermo
Nicolet iS50 spectrometer. The Raman spectra were obtained by a LabRAM HR Evolution Raman spectrometer with a 532 nm laser. The microtopography of SCU-COF2 was obtained on an electron microscope (FEI, Titan ST 80-300). EDS mapping of
elements was collected by an FEI Tecnai G2 field-emission TEM with an accelerating
voltage of 120 kV. SEM images were obtained by a field-emission scanning electron
microscope (FE-SEM, Merlin Compact, Zeiss) at a 10.0 kV acceleration voltage and
all samples were coated with gold to improve the electronic conductivity. The solidstate 13C NMR spectra were recorded on a Bruker Avance III WB-400 instrument with
a Larmor frequency of 100.65 MHz. Thermogravimetric analyses (TGA) were
measured with a NETZSCHSTA 449F3 instrument in a continuous nitrogen flow atmosphere from 25 C to 900 C. Nitrogen adsorption-desorption analysis of SCUCOF-2 was performed under the liquid nitrogen bath at 77 K to calculate the specific
surface areas by a Belsorp surface area. Before the nitrogen adsorption-desorption
measurement, the freshly synthesized SCU-COF-2 was purified with MeOH by Soxhlet extraction for 24 h and dried under vacuum at room temperature for 10 h, the
dried sample was protected in N2 atmosphere to avoid moisture in the air. The concentration of MO in solution was measured by a UV-vis spectrometer (Varian Cary
6000i).
Synthesis of SCU-COF-2
Typically, 4,40 ,400 ,4%-(ethene-1,1,2,2-tetrayl)-tetraaniline (ETTA) (30 mg, 0.0764 mmol)
and 2,2’-bipyridyl-5,50 -dialdehyde (2,20 -BPy-DCA) (32.6 mg, 0.154 mmol) were charged
to a vial and a mixed solution of 1,2-dichlorobenzene (o-DCB), n-Butanol, and aceticacid catalyst (9 : 1 : 1, v/v/v) were added. Then the vial was sealed and degassed by
freeze-pump-thaw for three cycles. The sealed vial was heated in an oven under
120 C for 3 days. The precipitate was obtained after filtration and washed with MeOH
(5 mL 3 3 times) and acetone (5 mL 3 3 times) to remove the residual oligomers and unreacted reagents. The orange solid of SCU-COF-2 was obtained after drying under a
vacuum at 60 C for 8 h.
The procedure for static iodine vapor sorption
Since stable isotopes of iodine would display identical chemical behaviors to the
radioisotopes and, therefore, they can act as perfect surrogates for much safer
and easier experimental works, we use non-radioactive iodine in the following experiments. Typically, the activated SCU-COF-2 sample (20 mg) was placed in a
small vial (2 mL) with a perforated aluminum foil. Then the vial packed SCUCOF-2 was placed in a large wide-mouth bottle (100 mL) containing iodine. The
large bottle was sealed and kept in a heated oven at 75 C. After a certain contact
time, the large bottle was taken out and cooled to room temperature. The weight
of the small vial containing the COF sample was then measured after removing
the aluminum foil and put back into the same large gas-filled bottle of iodine
to reach the equilibrium. This procedure was terminated once the weight of the
SCU-COF-2 did not change, so that the maximum static capture capacity was
experimentally measured by the weight increment of the COF sample. The regeneration study was conducted by treating the loaded sample in an oven at 170 C
until the weight of the sample no longer changes. Then, the regenerated sample
was used for the next adsorption cycle following the previous procedure
mentioned above.

12

Chem 7, 1–16, March 11, 2021

Article

Please cite this article in press as: He et al., A nitrogen-rich covalent organic framework for simultaneous dynamic capture of iodine and methyl
iodide, Chem (2020), https://doi.org/10.1016/j.chempr.2020.11.024

Article

ll

The procedure for static methyl iodide sorption
Typically, the activated COF sample (20 mg) was put in a small vial (2 mL) with a perforated aluminum foil, the vial packed COF was then placed in a large wide-mouth bottle
(100 mL) containing methyl iodide (3 mL). The next procedure for methyl iodide sorption
experiments is similar to that for the iodine vapor mentioned above. Once it reached the
equilibrium, the maximum static capture capacity for methyl iodide was obtained.
Iodine and methyl iodine retention experiments
The iodine-loaded or methyl iodine-loaded SCU-COF-2 was placed in an empty
open vial and then placed in an open wide-mouth bottle. The bottle containing
the vial was kept at room temperature for a week. The small vial packing with the
COF sample was weighed every day to plot the histogram of weight changes.
Methyl orange (MO) ion-exchange experiments
A 15 mL of methyl orange (0.15 mM) solution was added to a 20 mL vial and then
45 mg CH3I-loaded SCU-COF-2 powder was added into the vial and keep stirring
in several contact time (0, 2.5, 5, 10, 30 min), and then, a certain amount of sample
was taken out, which was separated by a 0.22 mm nylon membrane filter. The filtrate
was diluted for the UV-vis measurement. For another control group, 15 mg of pristine SCU-COF-2 powder was added to 5 mL of methyl orange (0.15 mM) solution
in a 10 mL vial and then stirred for 30 min. After filtration and dilution, the filtrate
was tested by UV-vis to determine the removal percentage.
Breakthrough experiments in dry and humidity conditions
The breakthrough experiment was conducted using a lab-scale fixed-bed reactor at
300, 348, and 423 K. In a typical experiment, the SCU-COF-2 powder was activated
at 423 K for 3 h. Then 50 mg of the material was packed into a quartz column
(5.8 mm I.D. 3 150 mm) with silane-treated glass wool filling the void space (Figures
S17–S19). A helium flow (5 cm3 min1) was used to purge the adsorbent. For the breakthrough of I2, the flow of He gas was then turned off while dry N2 at a rate of 10 mL min1
passed through an I2 column and was allowed to flow into the column. The flow rate of I2
was 1.36 mg hr1, determined through trial and error. The effluent from the column was
collected by 0.3 M NaOH solution for scrubbing halogen gases including I2 and HI, if
present. The I content in the NaOH solution was detected by ICP-MS. Experiments in
the presence of humidity were performed by injecting water into the gas mixture at a
rate of 5.4 mL hr1 using a Fusion 100 syringe pump. For the breakthrough of CH3I,
the flow of He was then turned off while dry N2 at a rate of 1 mL min1 bubbled through
CH3I and was allowed to flow into the column. The flow rate of CH3I was 1.774 mg
min1, determined through trial and error. The effluent from the column was monitored
using an online MS. Experiments in the presence of humidity were performed by injecting water into the gas mixture at a rate of 0.54 mL hr1 using a Fusion 100 syringe pump.
The absolute adsorbed amount of gas i(qi) is calculated from the breakthrough curve by
the following equation:
Rt
F i 3 t0  V dead  0 0 F e D t
qi =
m
where Fi is the influent flow rate of the specific gas (cm3 min1); t0 is the adsorption
time (min); Vdead is the dead volume of the system (cm3); Fe is the effluent flow rate of
the specific gas (cm3 min1); and m is the mass of the sorbent (g). It should be
mentioned that the loading amounts obtained from the breakthrough experiments
are slightly different from those from adsorption isotherm measurements. This
discrepancy is mainly due to small errors associated with factors such as sample particle size, packing length, and packing density.

Chem 7, 1–16, March 11, 2021

13

Please cite this article in press as: He et al., A nitrogen-rich covalent organic framework for simultaneous dynamic capture of iodine and methyl
iodide, Chem (2020), https://doi.org/10.1016/j.chempr.2020.11.024

ll
Regeneration study
The adsorption-desorption experiment in a dynamic system was carried out with a
lab-scale fixed-bed reactor. SCU-COF-2 (58.3 mg) was packed into a quartz column
with glass wool filling the void space. Then it was activated at 150 C for 6 h under N2
(20 ml min1). After activation, the iodine adsorption experiment was conducted at
room temperature. The gas flow was switched from N2 to He (20 ml min1) and
passed through the column packed with solid I2 to carry the I2 vapor into the sample.
The flow rate of I2 was 2.1 mg h1. After reaching adsorption saturation, the adsorption amount was obtained from the change of the column weight before and after
adsorption. The sample was regenerated at 150 C for 10 h under N2 flow (20 ml
min1) before the next adsorption experiment. Similarly, the fully adsorbed sample
was used in the cycle experiment in a static system at 170 C for regeneration. For the
short-time regeneration, the adsorption time is 3 h and the desorption time is 10 h.
For the repolymerization, 15 mg samples after desorption and 5 mg pristine samples
were added into a vial, following adding o-DCB, n-Butanol, and acetic-acid (9:1:1, v/
v/v) as the solvent. The mixture was degassed and reacted at 120 C for 3 days.
Computational methods
DFT studies on the adsorptions of I2 and CH3I on SCU-COF-2 were performed using the
Vienna ab-initio Simulation Package (VASP).54,55 The gradient-corrected exchange/correlation functional of Perdew and Wang was employed, and a plane-wave basis with 400
eV kinetic-energy cutoff was adopted for describing electronic states using the projector
augmented wave (PAW) basis-set.56 SCF converged criterion was within 1.0 3 105 eV
and converge criterion of structure optimization was 1.0 3 105 eV. Brillouin zone sampling was performed using a 1 3 1 3 1 k-point mesh in the structural simulations. To fully
reflect the structural and spatial difference between the hexagonal hollow and triangular
hollow and reduce the computational cost simultaneously, our COF model for VASP
studies contained 3 layers and 552 atoms with a vacuum gap thickness of 30 Å to simulate the critical local structure of SCU-COF-2, as shown in Figure S16. The mechanism for
the dissociation of CH3I on SCU-COF-2 was explored using the DFT method within the
Gaussian 09 software package.57 Geometries were optimized using the M06-2x
method58 with a 6-31+G (d,p) basis set59 for H, N, and C and Lanl08(d) for I.60 Transition
states with only one imaginary frequency were located using the Berny algorithm,61 and
intrinsic reaction path (IRC) calculations were performed to verify whether the detected
saddle point corresponded to the expected reactant and product paths. Because
searching the transition states using the DFT method is quite time consuming, the activation energy of the dissociation of CH3I was estimated using an economic model, which
contains the key groups of SCU-COF-2 that are involved in this dissociation process, as
shown in Figure 6D. The description of van der Waals interactions was improved using
Grimme’s empirical dispersion (GD3) correction in all the DFT calculations.62

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.chempr.
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