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a b s t r a c t

Development of adsorbent materials for highly efficient iodine capture is high demand from the

perspective of ecological environment and human health. Herein, the two kinds of thiophene-based

covalent organic frameworks (COFs) with different morphologies were synthesized by solvothermal

reaction using thieno[3,2-b]thiophene-2,5-dicarbaldehyde (TT) as the aldehyde monomer and tri(4-

aminophenyl)benzene (PB) or tris(4-aminophenyl)amine (PA) as the amino monomer (denoted as PB-TT

COF and PA-TT COF) and the as-prepared two heteroatoms-rich COFs possessed many excellent properties,

including high thermal stability and abundant binding sites. Among them, PB-TT COF exhibited ultra-high

iodine uptake up to 5.97 g/g in vapor, surpassing most of adsorbents previously reported, which was as-

cribed to its high specific surface (1305.3 m2/g). Interestingly, PA-TT COF with low specific surface (48.6

m2/g) showed good adsorption ability for iodine in cyclohexane solution with uptake value of 750mg/g,

which was 2.38 times higher than that obtained with PB-TT COF due to its unique sheet-like morphology.

Besides, the two COFs possessed good reusability, high selectivity and iodine retention ability. Based on

experimental results, the adsorption mechanisms of both COFs were studied, revealing that iodine was

captured by the physical-chemical adsorption. Furthermore, the both COFs showed excellent adsorption

ability in real radioactive seawater treated safely, demonstrating their great potential in real environment.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

From the perspective of energy supply and environmental pro-

tection, nuclear energy plays the extremely vital role in many

countries and regions [1]. However, environmental issues related

to nuclear energy are attracting more and more public attention.

As one of the volatile products in nuclear waste, radioiodine eas-

ily diffuses into the air to make it difficult to handle in the actual

environment [2,3]. In addition, radioactive pollution caused by io-

dine (I2) would last for over ten million years because of extremely

long half-life of iodine [4]. It is well-known that radioactive iodine

released from Fukushima and Chernobyl nuclear power incidents

directly influence human metabolism by bioaccumulation in the

food chain, thereby increase the incidence of diseases such as thy-

roid cancer [5,6]. Therefore, the effective treatment of radioactive

iodine is essential to the long-term development and application

of nuclear energy.

∗ Corresponding author.
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At present, porous adsorbent materials, including porous carbon

[7,8], porous organic polymers (POPs) [9,10], metal-organic frame-

works (MOFs) [11,12] have been developed to adsorb iodine be-

cause of their high surface area, porosity and uniform pore prop-

erties [13]. However, porous carbons usually show poor efficiency

for iodine adsorption due to lack of sufficient active sites. Amor-

phous POPs do not provide highly ordered internal structures and

full accessibility to active sites in the frameworks [14]. MOFs often

cannot tolerate high temperature and high humidity, which ham-

per its adsorption ability in practical application [15]. As a result,

the design and development of novel porous adsorbent materials

with abundant binding sites and excellent physical/chemical sta-

bility are of great significance for iodine capture.

Covalent organic frameworks (COFs), as a class of porous

crystalline material with periodic structure connected by or-

ganic building units via covalent bonds, have attracted great

attention due to its unique properties such as high surface

area, high porosity, excellent thermal stability, ordered channel

structure, low density as well as structural diversity [16,17].

https://doi.org/10.1016/j.cclet.2022.02.007
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The fascinating features of COFs show great application in gas

adsorption, sensing, energy conversation and catalysis [18–23].

Especially, COFs are also regarded as excellent adsorbents for

iodine capture. For instance, Jiang et al. reported TPB-DMTP COF

(TPB= triphenylbenzene; DMTP=dimethoxyterephthaldehyde) and

TTA-TTB COF (TTA=4,4′,4′′-(1,3,5-triazine-2,4,6-triyl)trianiline;
TTB=4,4′,4′′-(1,3,5-triazine-2,4,6-triyl)tribenzaldehyde)), which

can effectively capture iodine due to their large surface areas

[24]. However, most studies of COFs-based iodine capture are still

limited to exploitation of large surface areas and high porosity of

porous adsorbents [25,26]. Besides, previous studies showed that

the incorporation of affinity sites (such as enriched π-electron,

nitrogen or sulfur-rich heteroatom groups) into the polymeric

skeletons would contribute to capture iodine [27]. Despite some

progress for iodine capture has been achieved, it is rarely reported

that COFs with unique morphology and affinity sites obtained by

precise design were used to capture iodine.

Inspired by the above-mentioned studies, two kinds of

thiophene-based COFs with different morphologies, rich

heteroatoms, extended π-conjugations and abundant pore

structure were synthesized by thieno[3,2-b]thiophene-2,5-

dicarbaldehyde (TT) and tri(4-aminophenyl)benzene (PB) or

tris(4-aminophenyl)amine (PA) as building blocks though Schiff-

base condensation reaction. The as-obtained PB-TT COF and PA-TT

COF could serve as an excellent adsorbent for iodine capture in

vapor and solution. In addition, their adsorption mechanisms were

studied by series of experimental investigation. The practicability

of both COFs to capture iodine from real environment sample was

also discussed in this work.

The synthetic route of the COFs was presented in Fig. 1a. The

preparation of both COFs was completed by one-pot condensation

reaction using TT as the aldehyde monomer and PB or PA as the

amino monomer, respectively. In order to further verify the suc-

cessful synthesis of COFs, the corresponding characterizations were

conducted. The FT-IR spectra of both COFs were represented in

Figs. S1a and b (Supporting information). Characteristic peak of

−C=N of PB-TT COF appeared at 1663 cm−1, along with the dis-

appearance of the −N−H (3434 and 3353 cm−1) stretching vibra-

tions of PB and the −C=O (1648 cm−1) vibration of TT. The peak of

−C=N of PA-TT COF appeared at 1656 cm−1, along with the disap-

pearance of vibration band of −C=O (1648 cm−1) and the −N−H

(3405 and 3336 cm−1) of PA, indicating the successful Schiff-base

condensation reaction. The crystallinity of both COFs was studied

by powder X-ray diffraction (PXRD) and the result was displayed

in Figs. S1c and d (Supporting information). The power diffraction

peaks of PB-TT COF were well in accordance with the literature

previously reported [28]. Compared with the crystallinity of PB-TT

COF, PA-TT COF showed relatively fewer characteristic peaks and

obviously broad peak. The poor crystallinity of PA-TT COF might be

ascribed to weakened rigidity of backbone owning to easy twist

of PA monomer [29]. The thermal stability of both COFs was ana-

lyzed by thermogravimetric analysis (TGA) (Figs. S2a and b in Sup-

porting information), and the weight loss of the PB-TT COF with

temperature as high as 450 °C was about 3%. For PA-TT COF, it

showed a slight weight loss up to 200 °C because of the loss of the

trapped solvent and H2O [30]. When temperature was increased

to 450 °C, the residue of the PA-TT COF was over 87 wt%. The

results mentioned above indicated high thermal stability of both

COFs.

The porous structure and specific Brunauer-Emmett-Teller (BET)

surface area of both COFs were measured by N2 sorption isotherms

at 77K. According to the nitrogen adsorption isotherms (Figs. 1b

and c), the BET surface areas of PB-TT COF and PA-TT COF were

1305.3 m2/g and 48.6 m2/g, respectively. Compared with PB-TT

COF, PA-TT COF showed much lower specific surface areas, which

Fig. 1. (a) Synthetic scheme of COFs. (b) N2 adsorption-desorption isotherms of PB-

TT COF (inset: the pore size distribution of PB-TT COF). (c) N2 adsorption-desorption

isotherms of PA-TT COF (inset: the pore size distribution of PA-TT COF). (d) SEM

image of PB-TT COF. (e) TEM image of PB-TT COF. (f) SEM image of PA-TT COF. (g)

TEM image of PA-TT COF.

could be attributed to its poor crystallinity. The pore sizes of PB-TT

COF and PA-TT COF were 3.67nm and 2.45nm, respectively, which

were obtained by calculating nonlocal density functional theory

(NLDFT) (Figs. 1b and c). In addition, the total pore volumes of

PB-TT COF were calculated to be 0.986 cm3/g at P/P0=0.996. For

PA-TT COF, its total pore volumes were 0.112 cm3/g at P/P0=0.994

(Table S1 in Supporting information). The morphological structures

of PB-TT COF and PA-TT COF were analyzed by SEM and TEM. It

was clearly seen that PB-TT COF showed spheres-like morphology

(Figs. 1d and e). Whereas, PA-TT COF exhibited sheet-like morphol-

ogy (Figs. 1f and g). The EDX analysis of the corresponding PB-TT

COF and PA-TT COF were showed in Figs. S2c and d (Supporting

information), indicating the two kinds of COFs contained rich het-

eroatoms. However, PB-TT COF had more heteroatoms than that of

PA-TT COF.

Considering the porous characteristics and heteroatoms (nitro-

gen and sulfur)-containing structures of both COFs, they are po-

tentially efficient for capturing iodine. Therefore, gravimetric mea-

surements were conducted to investigate adsorption performance

of both COFs for vapor iodine under typical fuel reprocessing con-

ditions (75 °C and 1K) [31]. The mass of glass bottles containing

the COFs were weighted at various time intervals in the process of

adsorbing iodine. With time going by, the color of both COFs ex-

posed to I2 vapor gradually darkened owing to continuous captur-

ing iodine of the COFs (Fig. 2a). The result in Fig. 2a indicated the
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Fig. 2. (a) Gravimetric iodine adsorption of the two COFs as a function of time at 75 °C and 1bar (inset: the photographs of the COFs before and after I2 vapor adsorption).

(b) Iodine retention of iodine-captured COFs upon exposure to air at 25 °C and 1bar. (c) Reusability of both COFs for iodine adsorption. (d) The adsorption selectivity of both

COFs for I2, H2O, EtOH and CHA. (e) Adsorption isotherm for iodine in cyclohexane of the two COFs. (f) Adsorption kinetic curve for iodine in cyclohexane of the two COFs.

iodine uptake capacity of COFs increased sharply during the first

10h and then slowly increased until saturated. The equilibrium ad-

sorption capacities were measured to be 5.97 g/g and 5.1 g/g for

PB-TT COF and PA-TT COF, respectively. The adsorption ability of

PB-TT COF was higher than that of PA-TT COF, which were in good

agreement with the TGA analysis, clearly indicating that I2@PB-TT

COF and I2@PA-TT COF had the weight loss of 72.5% and 67.8%, re-

spectively. As far as we know, the I2 uptake capacity of PB-TT COF

(5.97 g/g) exceeded most of the reported adsorbents, such as sil-

ver doped adsorbents, carbon materials, MOF, POPs and other COFs

(Table S2 in Supporting information). The high iodine capture abil-

ity of PB-TT COF may be ascribed to the synergistic effect of high

specific surface areas and affinity binding sites (N and S) in skele-

ton.

In addition, COFs adsorbed iodine could maintained their

weight upon exposure to air under ambient conditions (25 °C and

1bar), which showed that iodine penetrated into the pores and

did not escape from the frameworks of COFs (Fig. 2b). The phe-

nomena indicated that COFs not only adsorb effectively, but also

steadily store iodine in their pores. Reusability of adsorbents is ex-

tremely important factor in practical applications. COFs adsorbed

iodine could be regenerated by heating at 120 °C under vacuum.

Then, regenerated materials were used for next adsorption experi-

ment under the same condition. The two COFs can still maintain

good adsorption ability after 5 cycles (Fig. 2c). Selective experi-

ments were carried out with iodine, water, ethanol and cyclohex-

ane (CHA) at 75 °C and ambient pressure, which indicated that the

adsorption capacities of both COFs toward iodine was higher than

water, ethanol, and cyclohexane (Fig. 2d). Especially, the two COFs

hardly adsorb water, which was extremely important for practical

applications due to containing abundant moisture in nuclear fuel

reprocessing.

Encouraged by their outstanding performance of adsorbing io-

dine vapor, the I2 adsorption ability of both COFs in cyclohex-

ane solution was assessed quantitatively using UV–visible spectra

by monitoring absorption intensity (Fig. S3 in Supporting infor-

mation). The purple solution faded gradually over time by adding

the COFs to solution (Fig. S4 in Supporting information), which in-

dicted iodine of cyclohexane solution captured by the COFs. I2 ad-

sorbing capacity of COFs is a key index to evaluate performance

of adsorbents. As presented in Fig. 2e, the ability of adsorbing io-

dine of PA-TT COF was 2.38 times higher than that of the PB-TT

COF. The maximum adsorption ability of both COFs were 750mg/g

and 315mg/g, respectively, surpassing a lot of adsorption materi-

als previously reported (Table S3 in Supporting information). Equi-

librium adsorption isotherms of both COFs were both well-fitted

with the Langmuir model (Fig. S5 in Supporting information). As

shown in Fig. 2f, according to adsorption kinetic curve for iodine

in cyclohexane (250mg/L) of both COFs, adsorption equilibrium of

PA-TT COF and PB-TT COF was reached at 12h and 72h, respec-

tively. The adsorption kinetic process of both COFs was fitted with

the pseudo-second-order kinetic model (Fig. S6 in Supporting in-

formation), which indicated that chemisorption-type processes oc-

curred and there was a strong interaction between the adsorbent

and iodine molecules [32]. The adsorption performance in solu-

tion of PA-TT COF was superior to PB-TT COF no matter adsorp-

tion capacity or adsorption rates, which may be mainly ascribed to

unique sheet-like morphology and more N atoms in the skeleton.

The sheet-like PA-TT COF may serve as a shelter, where iodine can

be stored in the narrow slit between the papery sheets. For PB-TT

COF, though it showed higher specific surface areas, it was more

difficult to store iodine due to its solid structures and agglomer-

ated spheres, which contribute to lower iodine capturing capacity

in cyclohexane, which were clearly demonstrated by previous stud-

ies [33,34].

The iodine capture mechanism of both COFs was studied by a

combination of FT-IR, XPS and Raman analysis. Firstly, I2@PB-TT

COF and I2@PA-TT COF were analyzed through FT-IR spectroscopy.

Compared with FT-IR spectra of pristine COFs, the stretching vibra-

tion peak of the –C=N of I2@PB-TT COF and I2@PA-TT COF showed

significant shift from 1663 cm−1 to 1650 cm−1 for PB-TT COF and

from 1656 cm−1 to 1627 cm−1 for PA-TT COF, respectively (Figs.

3a and b). These FT-IR changes showed that had charge-transfer

interaction between iodine and N atom of the imine linkage of

COFs, indicating existence of chemisorption process. Moreover, the

species of iodine captured in COFs were investigated by the XPS

spectra (Fig. S7 in Supporting information). As seen from Figs. 3c

and d, it was observed that the two obvious peaks were located

at 618.0 and 629.5 eV for I2@PB-TT COF, and 619.35 and 629.75 eV

for I2@PA-TT COF, which were attributed to I 3d5/2 and I 3d3/2 or-

bitals of I2 molecules, respectively. Besides, another two peaks at

620.3, 631.7 eV for I2@PB-TT COF and 621.3, 630.85 eV for I2@PA-TT

3
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Fig. 3. (a) FT-IR spectra of PB-TT COF and I2@PB-TT COF. (b) FT-IR spectra of PA-TT COF and I2@PA-TT COF. (c) XPS spectra of iodine for I2@PB-TT COF. (d) XPS spectra of

iodine for I2@PA-TT COF. (e) Raman spectra of PB-TT COF and I2@PB-TT COF. (f) Raman spectra of PA-TT COF and I2@PA-TT COF. (g) Iodine uptake mechanism of COFs.

COF were observed, respectively, which indicated the existence of

polyiodine anions (such as I3
− and I5

−) in the pore. Besides, the

peak intensity and binding energy of S affinity sites produced by

thiophene have obviously changed after iodine capture (Fig. S8 in

Supporting information). Furthermore, the adsorbed iodine species

were further investigated by Raman spectroscopy and the results

were displayed in Figs. 3e and f. Unlike pure COFs that showed

no distinct peaks, I2@PB-TT COF and I2@PA-TT COF showed dis-

tinct peaks at 108, 169 cm−1 and 108, 168 cm−1, respectively. The

peaks at both 108 cm−1 and 169, 168 cm−1 can be assigned to

the symmetric stretching vibration of I3
− and stretching vibration

of polyiodide I5
−, respectively. According to the obtained results,

it could be deduced that absorbed iodine species in two COFs ex-

isted as I2 molecules and polyiodine anions. Based on above re-

sults, mechanism of iodine vapor capture could be inferred (Fig.

3g). Firstly, the iodine vapor was adsorbed into the pores via ph-

ysisorption, then formed the charge complexes with N atoms in

the skeleton of COFs, indicating that the existed chemisorption.

Obviously, the physisorption and chemisorption contributed to the

ultrahigh iodine capture. The adsorption mechanism was similar

with previous work [32].

To further assess iodine adsorption ability of both COFs in real

environment, adsorption experiments of both COFs were executed

in radioactive seawater treated safely from local Nuclear Emer-

gency Command Center. However, there was no iodine detected

in radioactive seawater obtained by UV-visible spectra. The corre-

sponding experiments with spiked with iodine in the real environ-

ment samples were conducted to further evaluate iodine adsorp-

tion ability of the two heteroatoms-rich COFs. As shown in Fig. 4a,

Fig. 4. (a) The photograph of seawater solution before iodine adsorption. (b) The

photograph of seawater solution after iodine adsorption. (c) UV-visible absorption

spectra of iodine solution before and after adsorption.

the color of seawater spiked with iodine showed yellow, both COFs

were floating on the surface of solution because of their low den-

sity. The glass bottles having solution were shaken at 250 rpm in

thermostatic orbit incubator. It was clearly seen from Figs. 4a and b

that the color of solution with PA-TT COF had obvious change from

yellow to colorless, yellow solution with PB-TT COF finally became

light yellow. The UV-visible spectra (Fig. 4c) further showed that

the absorption peaks of iodine in seawater were decreased signif-

icantly, indicting excellent iodine adsorption ability of both COFs
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and adsorption ability of PA-TT COF was higher PB-TT COF. The re-

sults were consisted with the aforementioned experimental results

of iodine adsorption in cyclohexane solution. Overall, the adsorp-

tion performance of PA-TT COF was superior to PB-TT COF in solu-

tion, no matter in cyclohexane solution or seawater solution. The

above results also indicated that both COFs had promising poten-

tial in real environment.

In summary, two heteroatoms-rich COFs with different mor-

phologies were synthesized by one-pot Schiff-base condensation

reaction of TT with PB or PA. The obtained COFs showed excellent

performances involving high thermal stability and abundant bind-

ing sites, in addition to the high specific surface and unique mor-

phology. Taking these advantages together, the two COFs exhibited

excellent iodine adsorption ability in vapor and solution. The io-

dine capture ability of PB-TT COF with high specific surface in va-

por phase was 5.97 g/g, surpassing most of adsorbents previously

reported. PA-TT COF with sheet-like morphology showed ultrahigh

iodine adsorption performance in cyclohexane solution with an up-

take of up to 750mg/g. Moreover, the adsorption mechanism was

studied by related experiments, revealing that iodine was captured

by a combined process of physisorption and chemisorption. In ad-

dition, the two COFs exhibited excellent adsorption ability in ra-

dioactive seawater treated safely, indicating that both COFs adsor-

bents are potential in real environment.
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