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SUMMARY

The rapid development of nuclear energy posed a great threat to the environment and human health.
Herein, two hydroxyl-functionalized hyper-crosslinked polymers (PIHCP-1 and PIHCP-2) containing
different electron active sites have been synthesized via Friedel-Crafts alkylation reaction of the polyi-
mides. The resulting polymers showed a micro/mesoporous morphology and good thermal and chemical
stability. Rely on the high porosity and multi-active sites, the PIHCPs show an ultrahigh iodine uptake ca-
pacity reached 6.73 g g�1 and the iodine removal efficiency from aqueous solution also reaches 99.7%.
Kinetic analysis demonstrates that the iodine adsorption on PIHCPs was happened on the heterogeneous
surfaces in the form ofmultilayer chemisorption. Electrostatic potential (ESP) calculation proves the great
contribution of hydroxyl groups on the iodine capture performance. In addition, the iodine capture effi-
ciency of both adsorbents can be maintained over 91% after four cyclic experiments which ensures their
good recyclability for further practical applications.

INTRODUCTION

The rapid development of industrialization has leaded to significant emissions of greenhouse gases which cause a huge threat to our

environment. Under this circumstance, nuclear power is widely used in global due to its outstanding advantages, such as high efficiency,

low CO2 emission and low-cost.1,2 However, nuclear leakage and medical waste generate serious radioactive iodine pollutants (131I and
129I) which can severely damage the environment and human metabolic process.3,4 In particular, the half-life of 129I can reach up to

1.57✕107 years with high toxic, which not only exist as volatile particles in the air but will also enter the groundwater via rainfall, in

further affect human health and even cause cancer.5 Therefore, dealing with radioactive iodine in water and air is still in a nascent stage.

In this regard, researchers are trying to exploit alternative materials for dealing with the radioiodine pollution in water as well as in vapor

phase.6,7

Recently, functional porous absorbents such as silver-based zeolites8–10 and metal-organic frameworks (MOFs)11–13 have been designed

for I2 capture, but their low capture capacity, irreversible procedure and high cost have restricted their development and application. There-

fore, multiple porous organic polymers (POPs) have been developed and utilized in adsorption, catalysis, and other fields to solve environ-

mental problems.14–18 In particular, incorporation of the heterotopic atom has showed a great contribution on enhancing the activity of the

porous materials.19 For example, Mondal et al. explored a Cu-embedded carbazole-derived porous organic polymer (Cu@Cz-POP) nanohy-

brid for CO2 electrocarboxylation and demonstrating the importance of heterotopic atom on the electrocatalytic activity.20 Beyond that,

POPs are also extensively utilized on iodine adsorption.21–24 Very recently, Yan and co-authors constructed a nitrogen-rich semi-cycloaliphatic

polyaminal networks (sPANs) via a one-pot method, and the iodine capture capacity was calculated to be 2656 mg g-1.25 Li et al. synthesized

a Carbazole-based porous organic polymer for iodine capture, the obtained polymer showed a high uptake capacity for iodine vapor as

2.86 g g-1.26 Recently, two bitetrazole-based porous organic polymers have been designed and prepared by Geng’s group through nucle-

ophilic substitution reactions, the strong interaction of cyclophosphonitrile unit with iodine contributed an excellent iodine capture perfor-

mance (5.66 g g�1).27 Han’s group developed ionic covalent organic frameworks (iCOFs) which with ionic active sites to afford high iodine

capture capacity up to 10.21 g g-1.28 All of the results above indicate that the iodine capture capacity of absorbent closely related to their

porous morphology as well as the preferential recognition sites on the structure.29,30
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As a branch of POPsmaterials, hypercrosslinked polymers (HCPs) exhibit their unique advantages, such as the simple preparation process

and mild reaction conditions without any expensive catalyst. In addition, HCPs are predominantly porous and possess high surface specific

surface areas, which also play a particularly important role in adsorption process.31–35

Polyimide is a kind of commercial material which can be directly synthesized by condensation of anhydrides and amines. Therefore, it con-

tains abundant of electron-rich groups such as carbonyl groups, imides and benzene rings on the backbone and shows a promising prospect

as precursor for iodine capture materials. Additionally, Ghosh et al. synthesized two hydroxy-functionalized (-OH) hypercrosslinked polymers

(HCPs) and demonstrated that the hydroxyl groups in the polymers can formH-bondingwith iodine and triiodide ions which further enhanced

the iodine removal efficiency from water.36 Neeladri Das et al. reported a facile triptycene based hydroxyl Azo-nanoporous polymer and the

presence of phenolic-OH in the polymer enable it effective for iodine capture (1.88 g g�1).37 From these perspectives, two polyimide-based

HCPs are developed by classical Friedel-Crafts alkylation reaction to introduce polar phenolic hydroxyl groups into the porous polymer net-

works, further increase the affinity between the HCPs and iodine molecules to enhance the iodine capture performance of the absorbents.

As expected, both polymers exhibit a remarkable capture capacity for volatile iodine as well as iodide ions from aqueous solution. In addi-

tion, the resulting polymers represent a good thermal and chemical stability, including recycling ability which endow them with a great po-

tential for application in actual environmental treatment. To the best of our knowledge, PIHCP-1 shows the best iodine capture performance

among the published HCP-based sorbents.

RESULTS AND DISCUSSION

Structure analysis

Two facile hydroxyl-functionalized HCPs were prepared as described in Schemes 1 and 2 and Fourier Transform infrared spectroscopy (FTIR)

spectra was used to confirm the binding characteristic of the obtained polymers. Appearance of C-H stretching vibration ofmethylene groups

at 2930 cm�1 in PIHCP-1 and PIHCP-2 proves the successful crosslinking of the polyimide precursors by Friedel-Crafts alkylation reaction.38 As

is well known, the band at 724 cm�1 is due to C-H out-of-plane bending vibration on benzene rings, hence, the significantly decrease of this

vibration after the Friedel-Crafts alkylation reaction demonstrates successful crosslinking of the polyimides.39,40 The C-N-C stretching of the

imide group observed at approximately 1380 cm�1 and the asymmetrical and symmetrical stretching of C=O at 1781 cm�1 and 1733 cm�1

arises from the polyimide skeleton.41 The observations above indicate the successful preparation of the target polymers.

Scheme 1. Synthesis route of the polyimide precursors (PI-1 and PI-2).

Scheme 2. Synthetic route for PIHCP-1 and PIHCP-2.
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To further identify the chemical structure of PIHCPs, solid-state 13C cross-polarization magic-angle spinning NMR (CP-MAS) were taken

(Figure 1). As expected, the characteristic chemical shift of carbons on benzene rings in the polymer is observed between 118 and

154 ppm. Meanwhile, the signal near 170 ppm can be attributed to carbonyl groups on the polyimide backbone39 and the chemical shift

observe at 109.8 ppm are arise from the carbon on C-F units.42,43 In addition, the wide peak at 19–64 ppm belongs to the carbon atom of

methylene on the crosslinker which further verify the crosslinking between the polymer chain to form the totally insoluble HCPs solid. In order

to better applied in practice, stability of the PIHCPs in acidic, alkaline and organic reagents have also been evaluated. As shown in Table S1,

the PIHCPs are totally insoluble and no swelling in common organic solvents indicating its good chemical stability. Besides, FTIR analysis was

utilized to further clarify their stability after various solvents treatment (Figure S2). Apparently, the chemical structure of PIHCP-1 and PIHCP-2

has no obvious variation after immersing in various organic solvents, HCl and NaOH aqueous solutions (1M) and also have no degradation in

acidic and alkaline conditions, which further proves their perfect chemical stability.

Morphology and thermal stability

To investigate the porosity of PIHCPs, nitrogen adsorption isotherms were performed at 77 K. As it shown in Figures 2A and 2C, both of

PIHCP-1 and PIHCP-2 occurs a strong nitrogen adsorption at low relative pressure (P/P0<0.03) indicating the permanent of microporosities.

In addition, when the P/P0 range from 0.8 to 1.0, the N2 nitrogen adsorption increased rapidly which can be ascribed to the exitance of mes-

opores and macropores.44,45 On the basis of IUPAC classification, we conclude that no matter PIHCP-1 or PIHCP-2 displays a mixed type-I/IV

gas sorption isotherm.46

TheBET surface area and total pore volume (P/P0= 0.99) were calculated to be 367.23m2 g�1 and 0.62m3 g�1 for PIHCP-1 and357.26m2 g�1

and 0.214m3 g�1 for PIHCP-2, respectively. The average adsorption pore widths for the PIHCP-1 and PIHCP-2 were determined to be 5.562 nm

and1.076nm, respectively.Moreover, thepore size distribution calculatedbynonlocal density functional theory (NLDFT) shows that thepores in

PIHCP-1 and PIHCP-2 are mainly centered at approximately 1.62 nm and 1.08 nm, respectively (Figures 2B and 2D). Detail data for the nitrogen

adsorption and desorption of PIHCPs are summarized in Table 1. Furthermore, scanning electron microscopy (SEM) images also show that the

PIHCP-1 is mainly composed of large amounts of irregular particles and stuck together to form a porous morphology, the particle sizes were

approximatelymeasured tobe ranged from100 to 200 nm (Figure 3A). In the case of PIHCP-2, it has a porousmorphology consistingof agglom-

erated irregular particles that form a similar porous network (Figure 3B). Therefore, this porousmorphologywill greatly increase the free volume

inside the polymer andensure sufficient contact between iodinemolecules and the active sites,meanwhile improve themass transfer rate of the

solution within the adsorbents to effectively improve the iodine adsorption performance of the polymers.

Thermal stability of the obtained PIHCPs was confirmed by Thermogravimetric analysis (TGA) under N2 atmosphere and observed that

both PIHCP-1 and PIHCP-2 show a greatly improved thermal stability compared with the polyimide precursor, it began to collapse near

300�C and the weight losses of PIHCP-1 is less than 44% until 800�C, which is slightly higher than that of PIHCP-2 (50%) (Figure S3). This excel-

lent thermal stability can be attributed to the crosslinking between the polyimidemain chains to form a three-dimensional network and is very

crucial for their further practical application.47

Volatile iodine capture and adsorbent recycling

PIHCPs have a great potential in iodine absorption due to their porous structure, high thermal stability. Importantly, they contain a large

amount of NH, F, C=Oetc including polar -OHgroups in their skeletons which can act as electron donor to interact with iodinemolecules.48–50

Thus, volatile iodine capture performance of PIHCPs were checked at 75�C by gravimetric analysis and the results are described in Figure 4A.

Figure 1. Solid-state 13C NMR spectra of the adsorbents

(A) PIHCP-1.

(B) PIHCP-2.
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Remarkably, both of PIHCP-1 and PIHCP-2 show a similar trend in the iodine capture process. First, the iodine uptake capacity of the polymers

showed a dramatic increase within the first 3 h and nearly reach 78% of the equilibrium adsorption capacity for PIHCP-1 and approximately

82% for PIHCP-2. The maximum adsorption capacity is calculated to be 6.73 g g�1 and 6.11 g g�1 for PIHCP-1 and PIHCP-2, respectively.

For further discuss the iodine adsorption behavior of PIHCPs, iodine capture capacity of corresponding polyimide precursors (PI-1 and

PI-2) was also evaluated as shown in Figure 4A. Obviously, the PI precursors have almost no ability for iodine capture (0.16 g g�1 and

0.12 g g�1) which further proves that the porous structure caused by cross-linking between the polymer chains have a great contribution

on their iodine adsorption performance. Results analysis show that the maximum equilibrium amount of iodine absorbed on PIHCP-1 is

6.73 g g�1, which can be equated to a volume of 1.36 m3 g�1 and is much higher than the pore volume (0.030 m3 g�1) calculated by

NLDFT. This implies that the iodine capture capacity is not only related to their porous structure and specific surface area but also correlated

to their actual content of binding sites, which can also greatly affect the adsorption performance. The higher content of electron-rich fluorine

atoms in PIHCP-1 enriches the adsorption sites and leads to a stronger interaction between the polymer and iodine compared with PIHCP-2,

hence, endows PIHCP-1 a higher iodine capture capacity.51–54

A comparison between the prepared PIHCPs and published POP absorbents used for iodine capture is summarized in Figure 4B. The

result indicates that the iodine capture performance of PIHCPs is comparable to most of the published POP absorbents. This excellent iodine

Figure 2. Porous characterization of PIHCPs

(A) and (C) Nitrogen adsorption-desorption isotherms of PIHCP-1 and PIHCP-2.

(B) and (D) Pore size distribution curve of PIHCP-1and PIHCP-2 (NLDFT).

Table 1. Textural properties of PIHCP-1 and PIHCP-2

Samples 1SBET [m
2 g�1] 2Vtotal [m

3 g�1] 3Vmicro [m3 g�1] Smicro [m
2 g�1] DBJH [nm]

PIHCP-1 367.2 0.620 0.030 64.1 5.562

PIHCP-2 357.3 0.214 0.104 250.6 1.076

1Surface area calculated from N2 adsorption isotherms using the BET equation.
2Total pore volume at P/P0 = 0.99.
3Micropore volume determined by DFT.
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uptake capacity can be ascribed to the combined effects of the abundant electron donor sites on polyimide backbones and the porosity struc-

ture within the polymer.46,47

In view of the significant impact of iodine releasing ability and recyclability on the practical application of adsorbents, the releasing and

recycling experiments were carried out as described in the experimental part. As shown in Figures 5A and S5, twomaximumadsorption peaks

are observed at 291 and 360 nm, which can be attributed to formation of polyiodide anion.54 Moreover, the UV absorption intensity also grad-

uate increased with the releasing time prolongs and it showed a linear release of iodine from PIHCP-1 and PIHCP-2 during the first 30 min

implying the host-guest interaction releasing mechanism (Figure S5).55,56 Finally, up to 97.8% of the captured iodine can be released from

the absorbents for further cyclic utilization. As shown in Figure 5B, PIHCP-1 and PIHCP-2 canmaintain 93.6% and 91.3% of their iodine capture

capacity, respectively after four cycles indicating the perfect stability and recyclability for further utilization in practical nuclear waste disposal.

Additionally, the chemical structure and porous morphology of recycled PIHCPs absorbents were further examined by FTIR spectra, nitrogen

adsorption and SEM images. As described in Figures 5C and S6A, the recycled PIHCPs showed similar vibration peaks with the fresh samples,

indicating its chemical stability during the application process. However, the specific BET surface area of the recovered PIHCPs after 4 cycles

was found to be 53 m2 g�1 for PIHCP-1 and 18 m2 g�1 for PIHCP-2. The significant decrease in specific surface area was considered to be

caused by the collapse of pores during repeated heating and cooling processes during the recycle experiments and residual iodine within

the polymers.57 Furthermore, SEM images of the spent PIHCP-1(Figure 5D) and PIHCP-2 (Figure S6B) also presented porous morphology

after 4 cycles and the nitrogen adsorption shows similar textural properties (Figure S7). The above results confirm that the developed

PIHCPs absorbent possess the excellent cyclability and structural stability.

Iodine adsorption

Depending on the perfect volatile iodine capture performance and insoluble property of PIHCPs in water and common solvents, the iodide

ions removal efficiency of PIHCPs from solution were also evaluated for further treatment of radioactive iodine pollution in water environment.

As presented in Figure 6A, both of PIHCP-1 and PIHCP-2 show a rapid iodine adsorption from cyclohexane solution within the incipient 3 h

and reached adsorption equilibrium after 14 h. Meanwhile, color of the solution also shows a significant decolorization as the adsorption time

Figure 3. Morphology of PIHCPs

(A) and (B) SEM images of PIHCP-1 and PIHCP-2 (scale bar: 1 mm).

Figure 4. Volatile iodine capture performance of PIHCPs

(A) Volatile iodine capture curve for PIHCPs and corresponding polyimide precursors (inset: color changes of PIHCP-1 after exposed in iodine vapor for 14 h). Data

are represented as means G SDs, n = 3.

(B) Comparation of the iodine capture performance between PIHCPs with other POP absorbents.
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prolongs (Figures 6A (inset) and S8). The maximum iodine removal efficiency was calculated by external standard method (Figure S9) to be

84.2% for PIHCP-1 and 77.9% for PIHCP-2, respectively and corresponding iodine adsorption amounts and UV/vis spectra are presented in

Figures S10 and S11.

While in the case of aqueous solution, the PIHCPs represent a faster iodine adsorption and higher removal efficiency which can achieve

91%within 2 h and reach saturation after 4 h for PIHCP-1 (Figure 6B) also accompanied by an obviously color changes from yellow to colorless

(Figures 6B (Inset) and S12). The maximum iodine removal efficiency for PIHCP-1 and PIHCP-2 in aqueous solution reached 99.7% and 92.5%,

respectively. To deeply explore the reason of faster adsorption of iodine in aqueous media compared to organic media, the water contact

angle of PIHCP-1 was evaluated and shown in Figure S3. Apparently, due to the presence of a large number of hydroxyl groups in the polymer

structure, it exhibits an excellent hydrophilic property (water contact angle: 75.37�) which can promote the polymer better contact with the

aqueous medium and further afford a better adsorption performance in aqueous solution.

It worth noting that regardless of volatile iodine capture or iodine ions adsorption in solution, PIHCP-1 exhibits a better adsorption per-

formance compared with PIHCP-2, this phenomenon maybe caused by the higher content of fluorine atoms in the PIHCP-1 mainchain which

will act as strong electron donating site to facilitate the interaction between the iodide ions and absorbent, in further endow PIHCP-1 a higher

iodine accumulation capacity. A comparison of iodine uptake capacity and removal efficiency between PIHCPs and various porous materials

have been summarized in Table S2. The PICHP-1 synthesized in this study showed an excellent volatile iodine uptake capacity which was 1.5–2

folders higher than that of the CMPs and COPs, and the iodine removal efficiency from aqueous and cyclohexane solutions was also higher

than other porous organic polymers. Generally, the simple synthesis methods, readily available raw materials and excellent adsorption per-

formance endow it great potentials in practical application.

Iodine adsorption mechanism

To specify the iodine capture process on the polymer absorbents and explain the adsorption mechanism, FTIR and X-ray Photoelectron

Spectroscopy (XPS) spectra were examined and analyzed systematically. The FTIR spectra for PIHCPs and iodine-loaded PIHCPs

Figure 5. Iodine release, recyclability and structure characterization of spent adsorbents

(A) UV spectra of ethanol solution after PIHCP-1@I2 immersed for different time (inset: color of the ethanol solution after 24 h).

(B) Recyclability of PIHCP-1 and PIHCP-2 for iodine capture. Data are represented as means G SDs, n = 3.

(C) FTIR spectra of the fresh and recycled PIHCP-1.

(D) SEM image of recycled PIHCP-1 (scale bar: 2 mm).
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are shown in Figures 7 and S14. Taking PIHCP-1 as an example, the bands observed at 1729 cm�1, 1382 cm�1, 1254 cm�1 and

1666 cm�1 belong to stretching vibrations of C=O, C-N, C-F and skeleton vibrations of aromatic rings, respectively. The above-

mentioned bands shift to 1717 cm�1, 1374 cm�1, 1249 cm�1 and 1652 cm�1 after absorption of iodine (Figure 7A) and PIHCP-2 also

presents a similar band shift (Figure 7B). Similarly, the O-H vibration deriving from hydroxyl groups also shifted from 3445 cm�1 to

3400 cm�1 for PIHCP-1 and rom 3422 cm�1 to 3386 cm�1 for PIHCP-2, respectively after the iodine capture (Figure S14). This result

proves the interaction between the absorbent and iodine molecules are mainly existed on the aromatic rings, carbonyl groups, imide

sites, C-F units and hydroxyl groups in the polymer networks, which belong to electron-rich sites and can provide lone electron pairs

that interact with iodine to form polyiodide anions. Afterward, this behavior leads to the above band-shift of the corresponding

groups.54,58

X-Ray photoelectron spectroscopy (XPS) was employed to further analysis the surface elemental composition of PIHCP-1 and PIHCP-2.

The corresponding diffraction peaks of C 1s, N 1s, I 3d and F 1s can be clearly observed in the survey scan XPS of PIHCPs (Figures S15A

and S15B), indicating the successful adsorption of iodine within the polymer adsorbents. O 1s spectra of iodine loaded PIHCPs was further

analyzed to confirm the binding sites within the adsorbents. As shown in Figures S15C and S15D, the peak at binding energy of 532.2 eV is

attributed to the O-I and also suggest the formation of charge-transfer complex (O-I) when O-H functionalities interact with iodine.59 Be-

sides, high-resolution I 3d XPS of PIHCPs@I2 were also examined to estimate the iodine adsorption process (Figures 7C and 7D). The char-

acteristic I 3d absorption peaks indicates the existence of iodine within the polymers and the peaks at 618.7 and 630.3 eV, 620.6 eV and

631.7 eV arise from I3
� and I5

� anions also demonstrate that primary process of iodine absorption on PIHCPs is dominated by chemical

adsorption.55,58

Raman spectra of PIHCPs and PIHCPs@I2 are shown in Figure 8. Take PIHCP-1 as an example, the new absorptions at 105

and 141 cm�1 belong to the symmetrical and asymmetrical stretching vibration of I3
� and the peak at 165 cm�1 is arise from

stretching vibration of I5
� which indicate that the absorbed I2 in the HCP absorbent are presented in the form of I3

� and I5
�. In

other words, the absorbed I2 has been converted to polyiodide ions on account of the electron transfer from PIHCPs to iodine

molecules.10,58

Combined with the results of FT-IR analysis, XPS, Raman, and iodine-released UV/vis spectrum, we can conclude that the iodine is ab-

sorbed on PIHCPs in the form of polyiodide. In other words, the hydroxyl groups and electron-rich heteroatoms in the polymer mainchain

belong to Lewis bases which will easily interact with the Lewis acidic iodine molecular. This interaction is realized via charge transfer from

electron-rich sites to antibonding molecular orbital (s*) of I2 and form the charge complex, in further absorb more iodine molecular to

form polyiodide complex, PIHCP+I3
� and PIHCP +I5

�, as shown in Scheme 3.

To get more insight into the iodine absorption mechanism, electrostatic potential (ESP) calculation was performed to analyze the surface

charge environment of PIHCP-1 and PIHCP-2. As it shown in Figure 9, the maximum ESP values are observed at the H atom in the hydroxyl

groups for PIHCP-1 and PIHCP-2. Besides, PIHCP-1 showed a maximum ESP value as 46.7 kcal mol�1 which 13.3 kcal mol�1 lower than that of

PIHCP-2, and this lower ESP value contribute to weaken the n-p conjugation between the imide(carbonyl) groups and aromatic rings, in

further enable the lone-pair electron on imide and carbonyl groups easier to bind with iodinemolecules and resulted in a higher I2 absorption

capacity.56,60 It is also in accordance with the experimental results.

In addition, the ESP value of oxygen atom on -OH groups present an extremely negative value in the whole unit indicate that the hydroxyl

groups show a great contribution to form hydrogen bonds with the iodine/triiodide molecules during iodine adsorption process and further

improve its iodine absorption capacity.31

Figure 6. Iodine removal performance of PIHCPs in solution

(A) Iodine removal efficiency of PIHCPs from cyclohexane solution (40 mg/L) at different time intervals. (Inset: Color change of the cyclohexane solution after

absorbed on PIHCP-1for 10 h). Data are represented as means G SDs, n = 3.

(B) Iodine removal efficiency of PIHCPs from aqueous solution (40 mg/L) at different time intervals (Inset: Color change of the aqueous solution after absorbed on

PIHCP-1 for 4h). Data are represented as means G SDs, n = 3.
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Kinetic adsorption

Kinetic curves of iodine adsorption on PIHCPs are described to further investigate the mechanism and the models were calculated using

Equations S1 and S2. As shown in Figure 10, the pseudo-second-order kinetic model for PIHCPs gives a higher correlation coefficient (R2)

than the pseudo-first-order model regardless of volatile iodine capture (Figures 10A and S16A) or removal of iodine from solution

(Figures 10B, 10C, S16B, and S16C). In addition, taking volatile iodine capture as an example, the qe values calculated by the pseudo-sec-

ond-order kinetic model (6940 mg g�1) are closer to the experimental result (6730 mg g�1) than that by pseudo-first-order (6390 mg g�1)

(Tables S3 and S4), indicating the data above can be better fitted by the pseudo-second-order model and the iodine absorption on

PIHCP-1 and PIHCP-2 are belong to the chemisorption-type processes.60

Adsorption isotherms

As is well known that Langmuir isothermmodel presumes that the adsorbent surface is uniform and that themolecules are adsorbed onto the

solid surface as a monolayer. In contrast, the Freundlich isothermmodel assumes that the adsorption behavior occurs on the heterogeneous

surface and involves multilayer adsorption.61,62 Hence, two common isothermmodels (Langmuir and Freundlich) were applied to analyze the

adsorption type of iodine on the polymer absorbents and the experimental data were fitted by nonlinear models using Equations S3 and S4.

Results suggest that no matter iodine adsorption from cyclohexane solution or aqueous solution by PIHCPs, the correlation coefficients of

Freundlich model are higher than those of the Langmuir model (Figures 11 and S17; Table S5) which proves the iodine adsorption behavior

Figure 7. Characterization of the iodine-loaded PIHCPs

(A) and (B) FT-IR spectra of PIHCP-1@I2 and PIHCP-2@I2.

(C) and (D) I 3d peak splitting XPS spectra of PIHCP-1@I2 and PIHCP-2@I2.
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is happen on the heterogeneous surfaces of PIHCPs as multilayer adsorption and the adsorption capacity of PIHCPs is very competitive in

published HCP absorbents.47 This excellent iodine adsorption performance of PIHCPs is considered to be arise from the combined effect

of porous structure, high specific surface area and multiple active sites (hydroxyl groups, N and F atoms and aromatic rings) on the polyimide

backbones.

Conclusions

In summary, two facile hydroxyl-functionalized HCPs with multi-active sites were synthesized and utilized in iodine adsorption. The resulting

PIHCPs show a good thermal and chemical stability because of crosslinking between polymer chains to form a porous network. Relying on the

functional hydroxyl groups andmultiple electron donor sites in polyimide skeleton, the obtained absorbents show an excellent iodine capture

Figure 8. Raman spectra of iodine-loaded PIHCPs

(A) PIHCP-1@I2.

(B) PIHCP-2@I2.

Scheme 3. Schematic illustration of the iodine uptake mechanism of PIHCPs.
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performance. The maximum volatile iodine capture capacity reached 6.73 g g�1 which is the highest one among published HCP absorbents

and the iodine removal efficiency from aqueous solution reaches up to 99.7% within 3 h. ESP calculation indicates that the hydroxyl groups

play an important role in enhancing the iodine adsorption ability which can form hydrogen bonds with the iodine/triiodide molecules during

iodine adsorption process. Kinetics and adsorption isotherm results also clarify the chemisorption-type and multilayer processes on the het-

erogeneous surface. Hence, the present PIHCPs are especially attractive as iodine adsorbents for practical applications due to their high

removal capacity, good recyclability and inexpensive synthesis method.

Limitations of the study

This study prepared PIHCP-1 and PIHCP-2, providing a new strategy for the development of iodine adsorbents suitable for both aqueous and

organic solutions. However, this study also has limitations. The irradiation stability of the obtained adsorbents under irradiation has yet to be

confirmed. In addition, there will be a need to developmaterials that can be used for rapid iodine adsorption in multiple environments simul-

taneously in the future.
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Data and code availability
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Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Chemicals and materials

4-4’-(Hexafluoroisopropylidene)diphthalic anhydride (6FDA), 1,2-dichloroethane (AR, 99%) and a,a0-dibromo-p-xylene were provided

by Aladdin (Shanghai, China). 2,20-Bis(3-amino-4-hydroxyphenyl)-hexafluoropropane (AHHFP) and N-methyl-2-pyrrolidone (NMP, >99.5%)

were obtained from Innochem (Beijing, China). Pyridine (Py) was provided by Acmec (Shanghai, China). Acetic anhydride (Ac2O) was used

as received from Kermel (Tianjin, China). Aluminum chloride was provided by Macklin (Shanghai, China), and hydrochloric acid (AR) was ob-

tained from Quanrui (Liaoning, China). All solvents and chemicals were used as received without further purification.

Characterization

Fourier transformed infrared (FTIR) spectrawerecarriedoutonaJASCOFT/IR-4200 spectrometer. Thermalgravity analysis (TG)measurements

were determinedwith aQ5000IRS analyzer. The analysis was performedwith approximately 10mg dried samples in a dynamic nitrogen atmo-

sphere at a heating rate of 10�Cmin�1 from room temperature to 800�C. 1HNMR (600MHz) spectra were recorded on a Bruker AVANCE-600

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides and recombinant proteins

4-4’-(Hexafluoroisopropylidene)diphthalic anhydride Aladdin Cat#1107-00-2

1,2-dichloroethane Aladdin Cat#107-06-2

a,a0-dibromo-p-xylene Aladdin Cat#623-24-5

2,20-Bis(3-amino-4-hydroxyphenyl)-hexafluoropropane Innochem Cat#83558-87-6

N-methyl-2-pyrrolidone Innochem Cat#2687-44-7

Pyridine Acmec Cat#110-86-1

Acetic anhydride Kermel Cat#108-24-7

Aluminum chloride Macklin Cat#7446-70-0

Hydrochloric acid Quanrui Cat#7647-01-0

Other

Fourier transformed infrared JASCO FT/IR-4200

Thermal gravity analysis Waters Q5000IRS

1H Nuclear Magnetic Resonance spectroscopy Bruker AVANCE-600

X-ray photoelectron spectroscopy KRATOS XSAM800

Automated Surface Area and Pore Size Analyzer Quantachrome NOVA4200e

Scanning electron microscopy HITACHI S-4300

UV–vis absorption spectra PerkinElmer Lambda 900
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spectrometer. The natureof iodineelement loadedonHCPswas recordedon anX-rayphotoelectron spectrometer (XPS, XSAM800 spectrom-

eter).Nitrogenadsorption-desorption isothermsweredeterminedat 77Kwith aQuantachromeNova 4200eanalyzer. Brunner–Emmett–Teller

(BET) equation was used to calculate the cumulative apparent surfaces areas. Pore size distributions were derived from nitrogen adsorption-

desorption isotherms using nonlocal density functional theory (NLDFT). Scanning electron microscopy (SEM) images were recorded on a

HITACHI S-4300 electron microscope. UV–vis absorption spectra were collected on Lambda 900 spectrophotometer.

Synthesis of PIHCPs

The polyimide precursors (PI-1, PI-2) containing phenolic hydroxyl groups used for this study were prepared by polycondensation of AHHFP

and 6FDA as it shown in Scheme 1 63 (Mw = 2.1✕104, Mw/Mn = 1.6 for PI-1 and Mw = 1.8 ✕104, Mw/Mn = 2.0 for PI-2). Then, two facile hy-

droxyl-functionalized HCPs (PIHCP-1 and PIHCP-2) were synthesized via a classical Friedel-Crafts alkylation reaction using a,a0-dibromo-

p-xylene as crosslinker and AlCl3 as catalyst (Scheme 2). Taking PIHCP-1 as an example, a typical process was conducted as follow: PI-1

(0.42 g, 0.50 mmol) and AlCl3 (1.3 g, 8.0 mmol) were added to a three-necked bottle with N2 atmosphere and a,a0-dibromo-p-xylene

(0.32 mg, 1.20 mmol) dissolved in dry DCE (10 mL) was injected into the reaction system. After stirring at 80�C for 24 h, the polymerization

was quenchedwith HCl-H2O (VHCl/VH2O = 2:1) (20 mL) and precipitated in deionized water to separate the polymer. After filtration, the obtain

polymer was purified by Soxhlet extraction with dichloromethane as eluents and dried at 90�C for 48 h to obtained PIHCP-1 a brown solid

(yield: 84.0%). PIHCP-2 followed the same procedure described above to obtain it as a light brown solid (yield: 70.5%).

Iodine capture, release and recycle

The volatile iodine capture capacity of PIHCPs was evaluated using gravimetric analysis.58 To simulate a real nuclear fuel postprocessing envi-

ronment, the open glass bottle (50mL) with polymer absorbent (PIHCP-1 or PIHCP-2) was placed in a sealed bottle (500mL) involving a certain

amount of solid iodine, and the capture experiment in this systemwas carried out at 75�C and ambient pressure. After adsorption for a period

of time, the system was cooled to room temperature, and the iodine-loaded PIHCPs were weighed for further calculation according to

Equation 1:

Iodine uptake capacity ðwt %Þ =
W2 � W1

W1
(Equation 1)

where W1 and W2 represent the original weight of the absorbent and its weight after iodine capture, respectively.

For iodine release, the iodine-loaded PIHCPs used in capturemeasurement above was immersed in ethanol for different time intervals and

the supernatant was monitored using UV-2600 to determine the release efficiency. Besides, one of the iodine-loaded absorbents was soaking

in ethanol overnight, washed with ethanol for several time and dried in vacuo at 120�C for 24 h to further investigate the recycling

performance.

Iodine adsorption

The PIHCPs powder (10 mg) was added into the cyclohexane or aqueous solution with a certain iodine concentration (40 mg/L) and the re-

sidual iodine amount at different time intervals were examined by UV-vis spectra to further calculate the removal efficiency.64

Kinetic adsorption

Pseudo-first-order and Pseudo-second-order were used to characterize the kinetic process of iodine adsorption on PIHCPs and calculated

using Equations S1 and S2 as follows:

pseudo-first-order:

ln
�
qe � qt

�
= ln qe � k1t (Equation S1)

pseudo-second-order:

t

qt
=

1

kq2
e

+
t

qe
(Equation S2)

where qe (mg g�1) represents the equilibrium adsorption capacity and qt (mg g�1) is the iodine capture capacity at time t (min). k1 (min�1) and

k (g mg�1 min�1) stand for the pseudo-first-order and pseudo-second-order rate constants, respectively.

Adsorption isotherms

Freundlich and Langmuir isothermmodels were used to characterize the adsorption process. The experimental data were fitted by nonlinear

Langmuir and Freundlich models using Equations S3 and S4:

Langmuir model:

qe =
abCe

1+bCe
(Equation S3)
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Freundlich model:

qe = kFðCeÞ
1
.

n
(Equation S4)

Where Ce is the concentration of I2 at equilibrium, qe represents the corresponding adsorption capacity, a is the maximum adsorption capac-

ity (mg g�1), b is a constant related to the affinity of the active binding sites (L$mg�1), kF is the binding constant, which depends on the relative

adsorption capacity of the adsorbent (mg g�1), and (1/n) is the adsorption intensity.

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments in the adsorption kinetics, isothermal and thermodynamic studies were repeated three times and averaged for model fitting.

The coefficients of determination (R2) were used to determine the fitting effect. All other experiments were repeated three times and data are

represented as means G SDs.
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