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iodine from gas streams†
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The removal of radioiodine from the exhaust gas streams produced in spent fuel reprocessing plants is of

paramount importance for the nuclear fuel cycle's security. Here, millimeter-sized poly(vinylidene fluoride)

(PVDF) composites containing zirconium-based metal–organic frameworks, MOF-808, were synthesized

by a facile phase inversion method to adsorb the volatile iodine. MOF-808@PVDF composites have

inherited the crystallinity and pore accessibility of MOF-808, as well as its outstanding iodine capture

performance. The MOF-808@PVDF composite beads containing 70 wt% MOFs, exhibited ultrahigh

iodine adsorption capacity, 1.42 g g�1 at 80 �C, much higher than other millimeter-sized adsorbents

reported in the literature. Raman mapping suggests that the negative iodine ions were formed at the

early stage of iodine adsorption, while the close-packed iodine molecules were subsequently trapped in

the frames. Using dynamic adsorption, the influences of iodine concentration, operating temperature

and humidity were analyzed to evaluate its application potential in industrial conditions. The iodine

adsorption capacity could reach 1.36 g g�1 at 80 �C, 100 �C and 120 �C in flow gas. And the elevated

temperature (120 �C) is beneficial to accelerating the mass transfer of iodine vapor, as well as slightly

inhibiting the competitive adsorption of water molecules under humidity. Besides, only one-third of the

loaded iodine was released in nitrogen purging after saturated adsorption. The remaining majority was

trapped firmly by the beads due to their strong interactions with the frameworks. This work highlights

the millimeter-sized MOF-808@polymer composite beads with ultrahigh iodine adsorption capacity,

providing experimental references for their application in radioiodine removal from hot and moist streams.
1 Introduction

There are large numbers of ssion radioactive iodines in the
exhaust gas of nuclear spent fuel reprocessing plants, including
I-131 with a short half-life and I-129 with an extremely long half-
life period of 1.57 � 107 years.1–3 In particular, in the spent fuel
discharged from the liquid metal cooled neutron nuclear
reactor, the mass fraction of I-129 among its isotopes could be
as high as 74%.4 Due to its strong volatility and biocompati-
bility, iodine could accumulate in the thyroid through the
respiratory system and esophagus, causing serious hazard to
the human body. Accordingly, capturing this highly toxic
radioactive iodine is of great signicance for maintaining
nuclear energy's ecological security development.

The most-reported method used for radioactive iodine
removal is an adsorption technique based on the usage of silver-
titute of Atomic Energy, Beijing 102413,

ing, Tianjin Key Laboratory of Membrane

of Chemical Engineering and Technology,

-mail: zhang_wen@tju.edu.cn

tion (ESI) available. See DOI:

f Chemistry 2020
exchanged zeolites, Ag-impregnated silica and alumina, which
usually suffer from expensive cost and slow kinetic rates.1,5,6

Recently, a new kind of crystalline materials, metal–organic
frameworks (MOFs), have become the platform for gas capture
and separation.7,8 Compared with the traditional activated
carbon and zeolite adsorbents, MOFs has the signicant
advantages of high surface areas, tunable porosity, exible
architecture and multi-chemical functionality. In fact, several
MOFs have been regarded as potential candidates for iodine
capture because of their quick adsorption rate, high adsorption
capacity, and reliable recyclability.9 Among various MOFs,
zirconium-based MOFs (Zr-MOFs), have been extensively
studied on the separation and storage of gases, due to its
outstanding structural stability and particularly robustness
when interacting with guest molecules.10–12 In our previous
study, the development and potential application of Zr-MOFs
are driven by their capture performance of iodine, and the Zr-
based MOF-808 has excellent adsorption capacity and struc-
tural stability, displaying its great prospect for the sustainable
capture of iodine.13

Like the other MOFs, in terms of conventional solvothermal
processes, MOF-808 is oen isolated as polycrystalline powders
in a small scale. The MOFs with the form of tiny powder, are not
RSC Adv., 2020, 10, 44679–44687 | 44679
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suitable for industrial applications, due to operating problems,
such as dirtiness, mass loss, and difficulties in simply storage
and transport. Particularly, adsorbents packed in columns
should be in the form of granules or pellets to keep the low-
pressure drop of the uids and sufficient mass transfer of the
adsorbates. To address these issues of powder MOFs in prac-
tical application, including iodine capture, several composite
materials containing MOFs have been developed, such as
pellets, beads,14 membranes,15 and other forms.16 Kyriakos C.
Stylianou et al. reported the facile fabrication of millimeter-
sized porous HKUST-1 and ZIF-8@polymer composite beads
for iodine removal with a gas-sparged column.17 Lin Zhu et al.
studied the controllable synthesis of Cu-BTC@poly(ether
sulfone) beads for iodine adsorption.18 Jin-Chong Tan et al.
prepared polyurethane-based ZIF-8 membranes to uptake and
retain iodine from solutions.15 However, as far as we know,
there is little work about the shaping of Zr-MOFs, including
MOF-808, into particles with millimeter size, or improving their
properties offers advantages for adsorption application.

Herein, for the rst time, we report the simple, economic,
and expandable manufacture of MOF-808@poly(vinylidene
uoride) (PVDF) composite beads. As we know, PVDF has
a strong mechanical and chemical stability in various rigorous
environments, and it is easy to obtain a polymer solid with
a phase transfer technology.19 Different loading amounts of
MOF-808 were introduced into the beads, and the morphology,
composition and structure of theseMOF-808@PVDF beads were
studied systematically. The iodine adsorption capacity was
determined in dry and moist iodine vapor based on the static
adsorption experiments, and the species distribution of iodine
adsorbed on the surface was analyzed by Raman mapping.
Furthermore, the inuence of iodine concentration, tempera-
ture and humidity were analyzed to evaluate the dynamics
adsorption behavior of MOF-808@PVDF beads. The phys-
isorbed iodine and chemisorbed iodine was quantied by
nitrogen purging. This work highlights the millimeter-sized
MOF-808@polymer composite beads with ultrahigh iodine
adsorption capacity, and provide experimental references for its
potential application in radioiodine removal from hot and
moist streams.
2 Experimental section
2.1 Materials

Poly(vinylidene uoride) (PVDF, average MW � 12 000) was
purchased from Changchun Third Party Pharmaceutical Co.,
Ltd. Zirconium oxychloride octahydrate (ZrOCl2$8H2O, >99%),
1,3,5-benzenetricarboxylic acid (BTC, 98%) and N,N-dime-
thylformamide (DMF, $99%) was purchased from Aladdin
Company. All chemicals, solvents, and polymers were used
without any further purication.
2.2 Synthesis of MOF-808@PVDF beads

The MOF-808 was synthesized as reported by the previous
literature.20 Briey, 4.85 g ZrOCl2$8H2O and 1.05 g BTC were
dissolved in DMF/formic acid mixture (225 mL/225 mL). Then,
44680 | RSC Adv., 2020, 10, 44679–44687
the resulted solution was kept at 150 �C for 24 hours. Aer
cooling and ltering, the solid was solvent-exchanged with
different solvents, DMF (3 � 100 mL), deionized water (3 � 100
mL), and acetone (3 � 100 mL), successively. Aer ltering, the
resulted powder was dried under vacuum for 2 days at 160 �C.
Then, the obtained powder was MOF-808.

The MOF-808@PVDF beads were prepared via the phase
inversion method.17 MOF-808 powder was stirred in 5 mL DMF
for 1 day at 25 �C. 0.75 g PVDF powder was added gradually to the
mixture while stirring. Then, MOF-808 was dispersed into the
PVDF matrix by stirring the mixture for 12 h at 60 �C. The beads
were created by adding the mixture dropwise the coagulation
solution (25 mL water/5 mL ethanol), using a syringe pump. The
adding rate is 70 drops per minute. Then, the beads were kept in
the solution for an additional 30 min. Aer ltration and putting
in the air for 1 day, the beads were dried at 140 �C in vacuum for
12 hours. The samples with different MOFs: (MOFs + PVDF)
weight ratios of 30%, 50% and 70%, were labeled as 808-
PVDF0.3, 808-PVDF0.5 and 808-PVDF0.7, respectively.
2.3 Characterization

The N2 adsorption–desorption isotherms of beads were recor-
ded using a surface analyzer at 77 K (Quantachrome Nova
3200e). The MOF-808@PVDF beads were heated at 130 �C for 6
hours under vacuum before measurement. Thermogravimetric
analysis (TGA) was conducted for the MOF-808@PVDF beads at
a heating rate of 10 �C min�1 under nitrogen ow (Mettler
Toledo 1/1600). The scanning electron microscopy (SEM)
images of beads were obtained with a FEI Nova 430 scanning
microscope with Energy Dispersive Spectroscopy (EDS). Powder
X-ray diffraction (PXRD) patterns of the beads were taken on
a Bruker/D8-Focus Cu Ka diffractometer with the scan rate of
7.5� min�1. Raman mapping was used to analyze the iodine
species on the surface of beads (HORIBA LabRAM HR, 532 nm
excitation wavelength).
2.4 Iodine adsorption

Iodine adsorption was carried out in sealed bottles with 20 mg
beads in glass vial and 200 mg solid iodine, which were kept at
80 �C in the oven. Aer opening the bottle at the set time, the
vial containing adsorbents was taken out from the bottle and
put in the oven at 80 �C for 2 min to remove the free iodine
vapor. Then we covered the vial and weighted it at the room
temperature. The beads were weighed only once, without
returning into the bottle for subsequent adsorption. The iodine
adsorption capacity of the beads, Q (g g�1), was obtained using
the following eqn (1),

Q ¼ w2 � w1

w1

(1)

where w1 and w2 are the weight of beads before and aer iodine
adsorption. To keep a constant relative humidity (18% RH at 80
�C) in the bottle, 10 mL saturated CaCl2 solution was put in
advance.21

In the dynamic adsorption, a nickel screen was suspended in
a glass adsorption column (inner diameter 5 mm) and loaded
This journal is © The Royal Society of Chemistry 2020
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with about 20 mg beads. The rate of gas ow through the beads
is 400 mL min�1. The temperature for dynamic adsorption was
controlled using an oven. The concentration of iodine in
nitrogen ow was generated by the mixture of iodine solid and
glass beads in a temperature-tunable U-type tube.22,23 Speci-
cally, 1 g I2 crystals was mixed with 2 g glass beads in the U-type
tube. By controlling the temperature of U-type tube and the ow
rate through the U-type tube, we could get steady ows with
different iodine concentrations. Iodine vapor in the off-gas was
absorbed by 0.1 mol L�1 NaOH solution and analyzed by a UV-
visible spectrophotometer. The humidity was adjusted via
a water-bath. The rate of gas ow through the water is 100
mL min�1. The RH is 22% when the temperature of water-bath
is 35 �C, and the RH is 52% when the temperature of water is
65 �C. The real-time measurement of the humidity in the mixer
was implemented by a humidity sensor. Aer taking out from
the adsorption column at the set time, the beads with nickel
screens were weighed and then returned to the column imme-
diately for subsequent adsorption. The iodine adsorption
capacity at different times was calculated according to eqn (1).
Aer adsorption saturation, the physisorbed iodine was evacu-
ated by nitrogen with the same ow rate without iodine and
water vapor at the same temperature.24,25 We regenerated the
spent beads by ethanol. We stirred the spent beads in 10 mL
ethanol for 6 hours, and repeated three times, then dried the
beads at 80 �C for 12 hours.
3 Results and discussion
3.1 Characterization of MOF-808 beads

MOF-808, in which BTC linkers is coordinate with Zr clusters
(Fig. 1(a)), were prepared via a hydrothermal method. The TEM
and SEM image of MOF-808 (Fig. 1(b) and (c)) exhibit its regular
Fig. 1 (a) Structural representation of MOF-808; (b) TEM and (c) SEM ima
PXRD patterns of MOF-808 and 808-PVDFx; (f) outside surface and (g)

This journal is © The Royal Society of Chemistry 2020
octahedral morphology with a size of 1–3 mm. The 808-PVDFx
beads were fabricated with a phase inversion strategy, in which
the MOF-808 powder was encapsulated into PVDF beads by
injecting their mixture into a water/ethanol coagulation bath
(Fig. 1(d)). The resulted 808-PVDFx beads have a uniform
diameter of 2 mm, which is suitable for lling of xed bed with
negligible pressure drop.26 The PXRD patterns of the 808-PVDFx
beads conrm the retention of crystallinity of MOF-808 powder
embedded within the PVDF beads. As shown in Fig. 1(e), the
diffraction patterns of the 808-PVDFx beads are similar to that
of original MOF-808 powder, and the intensity of corresponding
peaks increases with raising the loading amounts of MOF-808
powder.

We used SEM to study the morphology of the outside surface
and the cross-section of the 808-PVDFx beads. As we can see, the
outside surface of 808-PVDF0.7 is relatively dense with rough-
ness (Fig. 1(f) and S1†), and abundant micron-sized nger-like
channels are presented in the inner texture of 808-PVDF0.7,
fully distributed with distinct MOF-808 microcrystals (Fig. 1(g)
and S2†). The embedded MOF-808 particles have a diameter of
about 200 nm, which is in accordance with the original MOF-
808 powder. To locate the content and distribution of MOF-
808, EDS elemental mapping by SEM was conducted and the
results are shown in Fig. 2. It is found that the Zr, O and F
elements were distributed homogeneously, suggesting
a uniform dispensation of MOFs in all the three 808-PVDFx
samples. The contents of MOF-808 in 808-PVDFx beads, calcu-
lated with the atomic ratio of Zr and F elements (Table S1†), are
36 wt%, 55 wt% and 71 wt% for 808-PVDF30, 808-PVDF50 and
808-PVDF70, respectively. These weight percentages are
consistent with their initial feed ratios, indicating that all the
MOF-808 has been incorporated into composite beads during
the phase transfer process.
ges of MOF-808; (d) scheme of the fabrication of MOF-808 beads; (e)
cross-section SEM images of 808-PVDF0.7.

RSC Adv., 2020, 10, 44679–44687 | 44681

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08741f


Fig. 2 SEM images of 808-PVDFx and their EDS elemental mapping
images. Red: Zr, blue: O; yellow: F.
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The TGA analysis (Fig. 3(a)) of the MOF-808 powder and 808-
PVDFx composite beads exhibits a sharp mass loss up to about
100 �C that is related to the adsorbed small molecules, such as
water. In the stage between 100 �C and 320 �C, all the samples
undergo slow decomposition of MOF-808, releasing coordi-
nated water, DMF solvent molecules and formic acid ligands.27

The weight losses at this stage are about 20%, 14%, 9% and 6%
for MOF-808, 808-PVDF0.7, 808-PVDF0.5 and 808-PVDF0.3,
respectively. Because there is almost no weight loss for pure
PVDF polymers before 400 �C,28 we could calculate that the
contents of MOF-808 in 808-PVDFx are about 70%, 45% and
30% for 808-PVDF0.7, 808-PVDF0.5 and 808-PVDF0.3,
Fig. 3 (a) TGA profiles, (b) FTIR spectra and (c) N2 adsorption–desorptio
beads.

44682 | RSC Adv., 2020, 10, 44679–44687
respectively. For MOF-808, the weight loss aer 320 �C is caused
by its further decomposition. For 808-PVDF0.3, the sharp
weight loss at 430 �C corresponds to the heat-degradation of
PVDF.28 For 808-PVDF0.5 and 808-PVDF0.7, with lower contents
of PVDF, the heat-degradation of PVDF is relatively smooth. In
addition, the operating temperature of 808-PVDF0.7 for iodine
capture should nomore than 160 �C to avoid the decomposition
of MOF-808.

The FTIR of MOF-808, PVDF and the composite beads are
shown in Fig. 3(b). The peaks at 613 cm�1 and 762 cm�1 could
be attributed to the vibration of the alpha phase in PVDF, while
the peaks at 1275 cm�1 are assigned for the beta phase in
PVDF.29 The peaks at 1377 cm�1 and 1440 cm�1 are due to the
aromatic rings in the BTC linkers in MOF-808, while the strong
vibration peak of Zr–O could be found at the peak of 650 cm�1,
suggesting the coordinate bond between Zr nodes and the
carboxyl ligands of BTC.30 Both the characteristic peaks of PVDF
(gray shadow) andMOF-808 (red shadow) could be found clearly
in the 808-PVDFx beads, and the characteristic peaks of MOF-
808 increased with the increasing loading amounts of MOFs
into the PVDF matrix. These results indicate that no chemical
change of MOF-808 aer its incorporation into PVDF beads. The
structure and composition were preserved well in the composite
beads.

From the N2 adsorption–desorption isotherms (Fig. 3(a)), the
BET surface areas of MOF-808 powder, 808-PVDF0.3, 808-
PVDF0.5 and 808-PVDF0.7 are 179 m2 g�1, 343 m2 g�1 and 668
m2 g�1, respectively. The specic surface areas of the MOF-
808@PVDF beads also increased with the loading amounts of
MOF-808 powder into the PVDF matrix. As a result, the iodine
adsorption capacities would increase accordingly. The pore size
distributions of the MOF-808@PVDF beads are also illustrated
in Fig. 3(c), and the 808-PVDF0.7 bead show a similar pore size
distribution to MOF-808.31 However, there are also obvious pore
size distributions between 3 nm and 6 nm for 808-PVDF0.3 and
808-PVDF0.5, which could be assigned to the porous structure
of PVDF skeletons.32

We used time-dependent tests to evaluate the adsorption
performance of the MOF-808 powder and beads toward iodine
n isotherms with pore size distributions of MOF-808 and 808-PVDFx

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Adsorption curves for MOF-808 and 808-PVDFx beads at 80 �C in saturated iodine vapor with (a) 0% RH and (b) 18% RH at different time.
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vapor. As shown in Fig. S3† and 4(a), the pure PVDF beads
almost have little adsorption capacity toward iodine, indicating
that the capture of iodine from the 808-PVDFx beads is due to
the MOF-808 microcrystals. 808-PVDF0.7 displayed a higher
uptake of 1.42 g g�1 at equilibrium (24 h), about 70.6% of the
iodine adsorption capacity for MOF-808 powder (2.01 g g�1),
suggesting that the iodine adsorption capacity of MOF-808
powder was preserved totally aer embedding in the PVDF
beads. 808-PVDF0.7 also shows higher than 808-PVDF0.5 and
808-PVDF0.3, due to its higher loading amount of MOF-808. It
should be noted that aer activation, MOF-808 powder could
hold a slightly higher iodine adsorption capacity (2.18 g g�1,
Fig. S4†). However, for simplifying the preparation processes of
MOF-808@PVDF, we adopted the original MOF-808 in this
research. We summarized the beads/pellets with millimeter
sizes for iodine adsorption in Table 1. It is worth noting that
808-PVDF0.7 shows the highest iodine adsorption capacity
among the MOFs beads and other pellets, including commer-
cial zeolite Ag/13Xcomm.33 We also test the adsorption perfor-
mance under an 18% RH at 80 �C. As shown in Fig. 4(b), the
three 808-PVDFx beads have a lower weight gain, exhibiting the
similar patterns as their powder counterparts, due to the
Table 1 Summary of iodine adsorption with millimeter-sized beads/pell

Beads/pellets Size (mm)
Specic surface
area (m2 g�1)

Tempera
(�C)

HKUST-@PVDF17 1–3 1100 75
HKUST-1@PES17 1–3 1250 75
HKUST-1@PEI17 1–3 990 75
Cu-BTC@PES18 3.5 237 75
SnS50@PNA36 3 23 25
NAS-11a-Ag0 (ref. 37) 1–5 146 150
MgO pellet38 3 83.1 25
ZIF-8 pellet39 F3 � 10 1837 77
Ag/13Xcomm zeolite33 0.84 369 25
808-PVDF0.7 2 668 80

This journal is © The Royal Society of Chemistry 2020
hydrophilic Zr nodes in the MOFs.13 Because of the huge
difference in molecular weights of iodine and water molecules,
the weight ratio of adsorbed water is very small.34,35 Besides,
there may be a cooperative adsorption effect between H2O and
iodine molecules. The weight gain attributed to a combined
sorption of I2 and H2O and/or increased concentration of
adsorbed HI species,34 which increase the difficulty to distin-
guish the iodine and water species. As a result, we did not
distinguish the proportion of adsorbed iodine and adsorbed
water.

Raman mapping of area integral intensities was detected to
explore the species of the adsorbed iodine on the external
surfaces of the beads. Two typical bands, which are centered at
110 cm�1 and 170 cm�1, ascribed to I3

� species and packed
iodine solid, respectively,13,40 were recorded and integrated. The
Raman mapping images of 808-PVDF0.7 with low loading
amount (5% wt) of iodine, 808-PVDF0.7–5% I, are shown as
Fig. 5(a) and (b) for the bands centered at 110 cm�1 and
170 cm�1, respectively. At the beginning of iodine capture, the
adsorbed iodine is interacted with the inside surface of the
MOF-808 frameworks to form I3

� species, while the integral
intensities of packed iodine solid are very low (Fig. 5(b)).
ets

ture Adsorbent weight
(percent)

Equilibrium
(time)

Adsorption capacity
(mg g�1)

60% 6 h 225
70% 6 h 376
60% 6 h 348
71.9% 75 h 639
50% 6.9 day 1148
42% Ag 20 h 555
100% — 137
100% — 1250
35% Ag — 280
70% 24 h 1420

RSC Adv., 2020, 10, 44679–44687 | 44683
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Fig. 5 Raman mapping of area integral intensities in the range of (a) 70–130 nm and (b) 130–190 nm for 808-PVDF0.7–5% I. (c) The typical
Raman spectra for 808-PVDF0.7–5% I and 808-PVDF0.7–50% I. Ramanmapping of area integral intensities in the range of (d) 70–130 nm and (e)
130–190 nm for 808-PVDF0.7–50% I, and (f) the ratio mapping for (d)/(e).
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However, for the sample of 808-PVDF0.7 with high iodine
loading amount (50% wt), 808-PVDF0.7–50% I, the integral
intensities of the band centered at 170 cm�1 are very strong
(Fig. 5(e)), while integral intensities of the band centered at
110 cm�1 (Fig. 5(d)) is similar to those of 808-PVDF0.7–5% I in
Fig. 5(a). The intensity ratios of Fig. 5(d) and (e), shown in
Fig. 5(f), are almost uniform and less than 1, demonstrating the
main interaction between iodine and beads in 808-PVDF0.7–
50% I could be assigned to the packed iodine solid in the
porous channel of MOF-808 frameworks.

The dynamic adsorption tests were conducted to evaluate the
iodine capture performance of MOF-808@PVDF bead under dry
and moist gas streams. The schematic diagram of the tests was
shown in Fig. 6(a), in which continuous nitrogen passed
through the adsorption column with different iodine concen-
trations, temperatures and humidities. Nitrogen purging tests
were followed by stopping the iodine and water vapor from the
nitrogen stream. Accordingly, the physisorbed iodine was des-
orbed from the beads.

The adsorption rate of iodine increased as the iodine
concentration in the nitrogen stream increased. In Fig. 6(b), At
80 �C, the adsorption process could take about 26 hours to
reach a platform when the iodine concentration was 124 mg
m�3, while this time could be shortened to 20 hours and 18
hours when the iodine concentration was 245 mg m�3 and
405 mg m�3. And all the saturated adsorption capacities of 808-
PVDF0.7 under different iodine concentrations are almost the
same, about 1.36 g g�1, very close to that under static adsorption
in Fig. 4(a) (1.42 g g�1).
44684 | RSC Adv., 2020, 10, 44679–44687
The time to reach saturated capacities tends to be shorter
at higher temperatures. From Fig. 6(c), the time to reach
a platform could be about 12 hours, 15 hours and 18 hours
when the operating temperatures were 80 �C, 100 �C and
120 �C, respectively. That is could be attributed to the
increased diffusion coefficient of iodine molecules at high
temperatures.

In terms of recyclability, the 808-PVDF0.7 bead could keep
their adsorption performance well. The recyclability of 808-
PVDF0.7 was performed aer the release of iodine in ethanol,
and their re-adsorption capacities are still as high as 1.12 g g�1,
1.05 g g�1 and 0.99 g g�1 for the rst, second and third recycles,
respectively (Fig. 6(d)).

Under humid environment, the weight gain was reduced
obviously due to the competitive adsorption of water mole-
cules relative to dry iodine vapor (Fig. 6(e) and (f)), and the
time to reach saturation becomes longer when the RH rises
from 22% to 52%. It is interesting to note that the weight gain
of 808-PVDF0.7 at 120 �C (0.97 g g�1) is slightly higher than
that at 80 �C (0.89 g g�1), which can be ascribed to the
evaporation of the physical-adsorbed water from the pores of
the 808-PVDF0.7 framework at high temperature (120
�C).22,23,37,41

During all the dynamic adsorption tests in Fig. 6, the evac-
uation of physisorbed iodine was achieved by nitrogen purging
with the same ow rate at the same temperature without iodine
and water vapor. Aer about 10 hours' evacuation, about two-
thirds of the adsorbed iodine was kept and strongly trapped
in the porous channel of frameworks.
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) Scheme of the dynamic iodine adsorption operation. Uptake curves of iodine adsorption on 808-PVDF0.7 at (b) different iodine
concentrations and (c) different temperatures. (d) Iodine adsorption on regenerated 808-PVDF0.7 beads for three recycles. Uptake curves on
808-PVDF0.7 at (e) 80 �C and (f) 120 �C under humidity (gas flow rate ¼ 400 mL min�1).
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4 Conclusions

In this work, porous MOF-808@PVDF microsphere beads have
been synthesized by a facile phase transfer technique. The
uniform size of the beads is about 2 mm, and the specic
surface area of MOF-808@PVDF beads with 70% MOFs loading
(808-PVDF0.7) is 668 m2 g�1, preserving most of the intrinsic
porosity of MOF-808. In the static adsorption under saturated
iodine vapor at 80 �C, the maximum iodine adsorption capacity
is 1.42 g g�1, which is much higher than other millimeter-sized
adsorbents for iodine capture. At the early stage of iodine
adsorption, the negative iodine ions could be formed due to the
strong charge transfer effect from frameworks to guest iodine
molecules, then the close-packed iodine molecules would be
dominant which trapped in the porous frames. The 808-
PVDF0.7 beads also exhibit an excellent affinity toward iodine in
the dynamic adsorption column. The maximum iodine
adsorption capacity is could be reached as high as 1.36 g g�1 at
80–120 �C. And the elevated temperature (120 �C) could help to
accelerate the mass transfer of iodine vapor, as well as slightly
inhibit the competitive adsorption of water molecules under
humidity. The 808-PVDF0.7 bead also exhibits good recyclability
aer iodine releasing in ethanol, and about two-thirds of
adsorbed iodine could be assigned as chemisorption, which
could not be evacuated by nitrogen purging. With ultrahigh
iodine adsorption capacity and excellent recyclable
This journal is © The Royal Society of Chemistry 2020
performance, the MOF-808@PVDF beads show great potential
for the removal of radioactive iodine from the emissions of
nuclear spent fuel reprocessing plants.
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