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In this work, a multifunctional microporous metal—organic framework (MOF), [Cd(ABTC)(H,O),(DMA)]-
4DMA (JLNU-4; JLNU = Jilin Normal University; H4ABTC = 3,3',5,5'-azobenzenetetracarboxylic acid),
has been synthesized based on the ligand H4ABTC under solvothermal conditions. JLNU-4 shows
excellent uptake of iodine both in solution and in the vapor phase, owing to the existence of
a microporous structure in JLNU-4. The adsorption kinetics during the process of iodine adsorption
were analyzed via a series of qualitative and quantitative analyses, such as the Langmuir and Fretindlich
adsorption isotherms. In addition, according to UV/vis spectroscopy analysis and the colour variance of
JLNU-4, the relatively small sized dye methylene blue (MB) could be efficiently adsorbed by JLNU-4,
through size-exclusion effects. Particularly, JLNU-4 can serve as a column-chromatographic filler for the
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Introduction

The release of hazardous chemicals is continually growing due
to the rapid development of modern society and technological
progress, with examples including nuclear waste, toxic heavy
metal ions, organic dye molecules, and so on, which have
brought significant threats to human and animal health.
Although the demand for efficient and non-carbon-emitting
nuclear energy is growing rapidly, an urgent issue of safety
concern relating to nuclear power production is the appropriate
approach to the disposal of waste products generated from the
nuclear fission of uranium." In particular, radioactive iodine (I,
containing '*°I and/or "*'1), as the main component of waste
streams, has attracted considerable attention because it could
cause severe tissue damage and cancer to humans through the
respiratory system via both beta and gamma radiation.” It can
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adsorption and column-chromatographic dye separation.

disperse rapidly in air and contaminate liquid as well as solid
waste-processing systems.® Additionally, the radioactive half-life
is 8 days for '*°I and as long as 1.57 x 107 years for *'I, which
can be incorporated into the human metabolic system.*
Therefore, the design of stable and highly effective materials for
the capture and storage of radiological iodine has become
a critical issue to be addressed. In general, inorganic composite
adsorbents, for instance silver-based zeolites or aerogels, have
been utilized for radioactive iodine capture.® However, their
limited available surface areas result in low uptake capacities
for iodine. Besides, the high cost and adverse environmental
impact of silver are the main disadvantages of silver-based
zeolites or aerogels, which hinder their utilization and devel-
opment. It remains a labor-intensive endeavor to synthesize
porous materials with more efficient, less costly materials that
have steady high-iodine trapping abilities for iodine capture in
the gas phase and liquid phase.

Given the growing interest in exploring novel porous mate-
rials towards the effective capture and storage of iodine, various
porous adsorbents, including inorganic materials,® conjugated
microporous polymers (CMPs),” porous aromatic frameworks
(PAFs),® nanocomposites,” covalent organic frameworks
(COFs)," and crystalline metal-organic frameworks (MOFs),"
have recently been constructed from well-functionalized
organic building blocks for iodine capture. Among these
porous materials, research into MOFs has been very fruitful,
mainly because of their high specific surface areas, adjustable
pore structures, regular pore shapes, and unique architectures
and functionalities."> Furthermore, the combination of

This journal is © The Royal Society of Chemistry 2018
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appropriate organic ligands with varied geometries and func-
tional metal ions or clusters could result in the rational design
of MOFs with high porosities, tunable pore structures and
desirable surface binding sites for the capture of iodine.
Currently, Nenoff, Walton and their co-workers have demon-
strated that HKUST-1,"* ZIF-8,>*** and MIL-53(Al)*® can adsorb
iodine with varying capacities, reversibilities and stabilities.
Nevertheless, there are limits to MOF materials with high iodine
uptake capacities. The influences on the iodine adsorption
capacity involve not only the pore size, but also effective sorp-
tion sites, binding interactions of iodine within the cavity of
MOFs, and the effects of iodine-iodine interactions, which may
form polyiodide anions.'” Owing to the large molecular mass of
adsorbed iodine, the pores of MOFs would be highly disordered
after iodine adsorption, and iodine tends to have a high acti-
vation barrier for diffusion in host structures.*® As a result, it is
vital to analyze the adsorption kinetics of iodine during the
adsorption process. Nowadays, it is still a great challenge to
synthesize MOFs with high iodine uptake capacity, and where
possible to make clear the nature of the host-iodine and iodine-
iodine interaction(s) within MOF pores at a molecular level.
The porous structures of MOFs also inspire us to continu-
ously explore their application in other fields as an excellent
platform for host-guest chemistry, for example, the adsorption
and separation of dye molecules. It has been extensively
recognized that organic dyes have been widely used in many
industrial fields, such as paper-making, printing, plastics,
textiles, pharmaceuticals, and so on." But their toxicity and
even carcinogenicity have posed a huge threat to the aqueous
environment and human health, which cannot be ignored.* In
the meantime, most dyes are difficult to degrade because of
their stability to light and oxidants. In this regard, low-cost and
eco-friendly technology for the adsorption and separation of
dyes is urgently required, which is more competitive than some
other methods. Recently, MOFs have been applied in adsorbing
or separating dye molecules, which usually consist of two types
of process. (i) Dye removal depending on the size-exclusion
effect, in other words, the kind of dyes to be absorbed relies
on the pore size of the MOF.”* Sun et al. have synthesized two
Cd-tib-carboxylate (tib = 1,3,5-tris(1-imidazolyl)benzene) MOFs
under solvothermal conditions, which could selectively adsorb
methyl orange molecules.”” Lan and co-workers have reported
a series of mesoporous MOFs with tailored pore sizes, which
can incorporate a dye with a smaller size than that of a MOF
pore, followed by column-chromatographic separation for large
dye molecules.? (ii) Charged MOFs adsorb dyes with opposite
charges based on ionic exchange and electrostatic interac-
tions.* Shi et al. have prepared negatively charged uranyl-MOFs
for selectively removing positively charged organic dyes over
negatively charged and neutral ones.” In a previous work, we
also reported a microporous anionic MOF, [Zn(ABTC), 5(NO3)]
[(CH3),NH,]-DMA-3H,0 (H,ABTC = 3,3,5,5'-azobenzenete-
tracarboxylic acid; DMA = N,N-dimethylacetamide), which
could efficiently adsorb cationic dyes and serve as a column-
chromatographic filler for the separation of dye molecules.”®
As a continuation of our work, we obtain a 3D microporous
MOF, [Cd(ABTC)(H,0),(DMA)]-4DMA (JLNU-4), synthesized via
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the solvothermal reaction of Cd(NOj3),-4H,0 and H,ABTC. It is
shown that neutral iodine can be trapped in the vapor and
solution phase by JLNU-4. In addition, we have carried out
a series of qualitative and quantitative analyses during the
process of I, adsorption. Meanwhile, JLNU-4 can selectively
adsorb the dye molecule methylene blue (MB) via size-exclusion
effects, due to the microporous structure, which makes it an
excellent candidate for column-chromatographic dye adsorp-
tion and separation.

Experimental
Materials and measurements

Chemicals were obtained from commercial sources and were
used without further purification. Fourier transform infrared
(FT-IR) spectra were recorded over the range 4000-400 cm™ " on
a Perkin-Elmer FT-IR-Frontier infrared spectrometer using KBr
pellets. Elemental microanalyses (C, H, and N) were performed
on a EuroEA-3000 elemental analyzer. Thermogravimetric
analysis (TGA) was performed on a Q5000IR analyser (TA
Instruments) with an automated vertical overhead thermoba-
lance heated from 40 to 1000 °C at a ramp rate of 5 °C min ™"
under a nitrogen atmosphere. Powder X-ray diffraction (PXRD)
was performed on a Rigaku model RINT Ultima III diffractom-
eter over the range of 5-60° at 293 K by depositing powder on
a glass substrate. The solution UV/vis adsorption spectra were
recorded using Shimadzu UV-3600 apparatus. X-ray photoelec-
tron spectra (XPS) were recorded on an ESCALAB250Xi electron
spectrometer (Thermo Fisher Scientific Inc., Waltham, MA,
USA). Nitrogen sorption isotherms were measured at 77 K with
an ASIQ (iQ-2) volumetric adsorption analyzer. Before gas
adsorption measurements, the sample was immersed in
methanol for 24 h, and the extract was decanted. Fresh meth-
anol was subsequently added, and the crystals were left for an
additional 24 h to remove nonvolatile solvates. The sample was
collected via decanting and treated with dichloromethane
similarly to remove methanol solvates. After the removal of
dichloromethane via decanting, the sample was activated
through drying under a dynamic vacuum at room temperature
overnight. Before measurements, the sample was dried again by
using the ‘outgas’ function of the surface area analyzer for 12 h
at room temperature. The Brunauer-Emmett-Teller (BET)
method was utilized to calculate the specific surface areas and
pore volumes. Non-local density functional theory (NLDFT) was
applied for estimations of pore size and pore size distribution.
Energy dispersive spectroscopy (EDS) images were obtained on
a JEOL model JSM-6700 operating at an accelerating voltage of
5.0 kv. The samples were prepared for EDS via drop-casting
a tetrahydrofuran suspension onto a mica substrate and then
coating with gold.

Synthesis of [CA(ABTC)(H,0),(DMA)]-4DMA (JLNU-4)

A mixture of H,ABTC (0.01 g, 0.03 mmol), Cd(NO;),-4H,0
(0.20 g, 0.65 mmol), DMA (4 mL) and CH;OH (4 mL) was sealed
in a Teflon-lined stainless steel container and heated in an
autoclave at 100 °C for 96 h. After the autoclave was cooled to
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room temperature, yellow crystals were obtained and isolated
via washing with DMA and drying at room temperature; yield:
65% based on HUABTC. Elemental microanalysis for
C36H51N;0,5Cd,: calculated (%): C, 41.31; H, 4.91; N, 9.37;
found (%): C, 41.25; H, 4.98; N, 9.46. IR (cm ', ESI Fig. S1at):
3082 (m), 2933 (m), 1642 (s), 1507 (s), 1443 (m), 1401 (s), 1366
(s), 1260 (s), 1187 (m), 1019 (m), 971 (W), 787 (s), 724 (W), 590 (W),
477 (w).

X-ray crystallography

Single crystal X-ray diffraction data in this work were recorded
on a Bruker APEXII CCD diffractometer with graphite-
monochromated Mo K, radiation (1 = 0.71069 A) at 293 K.
Absorption corrections were applied using a multi-scan tech-
nique. All structures were solved via the direct method of
SHELXS-97 (ref. 27a) and refined via full-matrix least-squares
techniques using the SHELXL-97 program?”” within WINGX.>”
Non-hydrogen atoms were refined with anisotropic temperature
parameters. The SQUEEZE program implemented in PLATON
was used to remove electron densities from the compounds.
Thus, all electron densities from free solvent molecules have
been “squeezed” out. The CCDC number is 1588369. Detailed
crystallographic data and structure refinement parameters are
summarized in Table S1 (ESIt).

Results and discussion

The yellow block crystals of JLNU-4 have been obtained via the
solvothermal reaction of Cd(NO;),-4H,0 and H,ABTC in DMA.
The formula of JLNU-4 is [Cd(ABTC)(H,O),(DMA)]-4DMA,
taking single-crystal X-ray diffraction studies, TGA (Fig. S2,
ESIt) and elemental analysis into consideration. Single-crystal
X-ray diffraction studies reveal that JLNU-4 crystallizes in the
monoclinic space group P2,/c (Table S1, ESIt). The crystallo-
graphically independent unit contains two Cd** ions, a type of
ligand fragment, two coordinated H,O molecules and one
coordinated DMA molecule (Fig. 1a). The Cd1 atom is seven-
coordinate through seven oxygen atoms from four H,ABTC
ligands. The Cd2 atom is six-coordinate through three oxygen
atoms from three H,ABTC ligands, one oxygen atom from
a coordinated DMA molecule and two oxygen atoms from two
coordinated H,O molecules. The two kinds of Cd atom are
linked by three carboxylate groups to form a binuclear [Cd,(-
CO0)4(H,0),(DMA)] cluster (Fig. S3, ESIf). The Cd-O bond
lengths are all within the normal ranges (Table S2, ESIf). The
adjacent [Cd,(COO)4(H,0),(DMA)] clusters are connected to
each other by the ligand, giving rise to an infinite 3D framework
with microporous characteristics (Fig. 1b and S4, ESIt). The
approximate sizes of the channels are 10.4 x 8.7 A* and 7.8 x
7.5 A% along the b axis. From topological analysis, each [Cd,(-
C0OO0),4(H,0),(DMA)] cluster is considered as a 4-connected node
and, in turn, each H,ABTC ligand unit also acts as a 4-connected
node (Fig. S5, ESIt), leading to a (4,4)-connected 3D network
with pts topology (Schlifli symbol: (4>-8%); Fig. 1c-e).?® Although
the ligand and topological structure are the same as in Zhu's
work,* the structural details, such as the space group, the
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Fig. 1 (a) The coordination environments of Cd atoms in JLNU-4.
Symmetry code: #1: —x+ 1,y + 0.5, —z+ 05; #2: —x+ 1, -y + 1, —z;
#3:x, —y + 0.5,z — 0.5. (b) Infinite 3D framework with channels viewed
along the b axis. (c) Ball-and-stick and (d) polyhedral views of the (4,4)-
connected topology network in JLNU-4. (e) The (4,4)-connected
augmented net in the form of natural tiling. All hydrogen atoms are
omitted for clarity.

coordination environment of the Cd atoms, the pore size, and
the synthetic method are all distinguishing.

The PXRD patterns of both simulated and as-synthesized
JLNU-4 match well in key positions, thus indicating that it
possesses good phase purity (Fig. S6, ESIT). The PXRD pattern of
activated JLNU-4 is almost identical with that of the as-
synthesized one, as illustrated in Fig. S6 in the ESI,{ implying
that the basic 3D framework is retained. The calculated free
volume in fully desolvated JLNU-4 is 56.3% from PLATON.*’ N,
sorption studies demonstrate the existence of permanent
porosity in JLNU-4. The Brunauer-Emmett-Teller (BET) surface
area of JLNU-4 is estimated to be 64 m* g~ (Fig. S7a, ESI{). The
pore size distribution plot has been drawn by employing the
NLDFT method, as shown in Fig. S7b (ESIt), representing that
micropores exist in JLNU-4.

Considering the microporous properties of JLNU-4, its
capacity towards molecular iodine capture both in solvent and
vapor phases was explored. When fresh samples of JLNU-4 (20
mg) were immersed in a hexane (3 mL) solution of iodine (4 mg
mL~1),*"* the colour of the solution gradually faded from dark
purple to light purple with the extension of time (Fig. 2a, top). At
the same time, the colour of the crystals changed from yellow to
brown to black over 24 h (Fig. 2b). To further qualitatively
investigate the process of iodine capture in JLNU-4, UV/vis
spectra were monitored at room temperature. The intensities
of the UV/vis adsorption spectra decreased with prolonged time
(Fig. 2c¢).

Subsequently, quantitative analysis was carried out to gain
a deeper insight into the adsorption kinetics of iodine. At an
early stage, the adsorption capacity increased quickly with the
prolongation of contact time and tended to increase gradually
after 10 h, illustrating that the adsorption kinetics were related
to contact time (Fig. S8 and S9, ESIt). The removal efficiency was
raised to as much as 92.9%. The adsorption kinetics were
analysed through the frequently used pseudo-first-order and
pseudo-second-order kinetic models.** The equation of the

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) Photographs of JLNU-4 during the iodine adsorption
process in hexane solution (top) and the iodine release process in
ethanol solution (bottom). (b) Photographs showing the visual color
change of JLNU-4 during iodine adsorption and release. (c) UV/vis
spectra upon immersion of JLNU-4 (20 mg) in a hexane solution of
iodine (0.4 mg mL™Y).

linear form for the pseudo-first-order kinetic model was eqn (1)
as follows, where Q; and Q. represent the mass percent of iodine
adsorbed at time ¢ and equilibrium (%), and k; is the rate
constant of the adsorption process (h™"). Eqn (2) was the linear
form of the pseudo-second-order kinetic model, in which Q; and
Q. were the mass percentages of iodine adsorbed at time ¢ and
equilibrium (%), and k, was the pseudo-second-order rate
constant of the adsorption process (h™"). According to the
simulation analysis, we found that the adsorption data fitted
well to the pseudo-second-order kinetic model with a good
linear correlation coefficient (R*) value of 0.9837 (Table S3,
ESIT). This also proved that the pseudo-second-order kinetic
model governed the process of iodine adsorption.

ln(Qe - Qt) =In Qe - klt (1)
t 1 t
0~ o’' o @)

Besides, the adsorption isotherms, Langmuir or Freiindlich,
could determine the saturated iodine adsorption capacity of
JLNU-4. The Langmuir and Freilindlich adsorption isotherm
models are given in eqn (3) and (4), respectively. In the equa-
tions, ky (mg ') and Qy, (mg g ') are the Langmuir isotherm
constants, kr (mg~ ') and n are the Freiindlich isotherm
constants, C. is the concentration at equilibrium (mg mL™"),
and Q. is the amount of iodine adsorbed at equilibrium (mg
g~ "). There were two different adsorption stages in the plot of
equilibrium concentration versus quantity of adsorbed iodine at
equilibrium (Fig. S10 and S11, ESI{). In the first instance, the
plots were nearly linear at low concentrations, that is to say the
equilibrium uptake increased linearly with the increase in
iodine solution concentration. After that, the adsorption
reached the maximum value and the adsorption process
became independent of the concentration. The Langmuir
adsorption isotherm could better judge the saturated iodine
adsorption capacity with a good linear correlation coefficient
(R?) value of 0.98043 from the simulation analysis (Table S4,
ESIt). The saturated iodine adsorption capacity of JLNU-4 in the
solvent phase could reach 680 mg g™ *, as depicted in Fig. S10t
in the ESLf Moreover, the release of the trapped iodine

This journal is © The Royal Society of Chemistry 2018
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molecules into JLNU-4 occured very soon via the immersion of
the iodine-loaded samples in ethanol. The color of the solvent
changed from colorless to dark brown when the iodine-loaded
samples were immersed in ethanol (Fig. 2a, bottom), suggest-
ing that iodine molecules were released from JLNU-4. The color
of the crystals almost recovered its original yellow after the
initial ten minutes of the release process (Fig. 2b). There were
no major changes to either the external appearance or the XRPD
patterns after immersing JLNU-4 in hexane solution, even after
the process of iodine adsorption and release (Fig. S12, ESIf).
This confirmed the reversibility of iodine adsorption and
release, and the high stability of the host, JLNU-4.

_ kaLCc
0.~ ZhC ®
1
Qe = kFCe" [4)

It is widely acknowledged that iodine is volatile, thus iodine
adsorption in the vapor phase is critically important. JLNU-4 (30
mg) was exposed to nonradioactive iodine vapor in a sealed
vessel at 350 K and under ambient pressure; these are typical
fuel reprocessing conditions.**** During the adsorption
process, gravimetric measurements were performed at time
intervals (Table S5, ESIt). The maximum iodine uptake of JLNU-
4 reached saturation after 10 h (Fig. S13, ESI{). The saturated
iodine adsorption value was 64 wt% (636.7 mg g~ '). There was
significant weight loss from 90 to 300 °C in the TGA of iodine-
loaded JLNU-4, which might be caused by the decomposition
of iodine (Fig. S2, ESIT). The XPS spectra of JLNU-4 after iodine
adsorption in hexane solution and iodine vapor adsorption
verified the existence of iodine, which meant that the adsorp-
tion took the form of physical adsorption (Fig. S14, ESI}).

From an environmental point of view, removing dyes from
effluents before discharging them into natural water bodies is
extremely vital. Organic dyes, with a variety of colors and sizes,
are a big group of organic molecules, which are frequently used
in numerous manufacturing industries and subsequently cause
various environmental problems.** Motivated by the existing
pores in JLNU-4, we selected several organic dyes with different
molecular sizes for dye sorption on the basis of the size-
exclusion effect. There was no need for any further activation
process compared with other reported MOFs for dye sorption.*
To measure whether JLNU-4 had the ability for dye molecule
adsorption, we prepared fresh JLNU-4 to capture dyes in DMA.
Crystals of JLNU-4 (100 mg) were soaked in DMA solutions of
a series of dyes (10 mL, 1.0 mmol). A color change in JLNU-4 was
clearly observed in methylene blue (MB) by the naked eye after
soaking for about one hour (Fig. 3). As illustrated in the inset of
Fig. 3, the uniform distribution of MB throughout JLNU-4
indicated that the organic dye molecules deeply penetrated into
the pores instead of only being adsorbed on the external surface
of JLNU-4.” This may be caused by w-7* interactions between
aromatic moieties of the frameworks and dyes.*> We have also
measured the N, gas-sorption for MB loaded JLNU-4 (Fig. S15,
ESIf). The adsorption capacity of MB loaded JLNU-4

RSC Adv., 2018, 8, 36400-36406 | 36403
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Fig. 3 UV/vis spectra of DMA solutions of MB with freshly prepared
JLNU-4. Inset: photographs of the color change of crystals after
immersion in a solution of MB for a period of time.

significantly decreased compared to JLNU-4 (Fig. S7a, ESIT). The
obvious sorption hysteresis can be interpreted as arising from
the network swelling or restricted access of adsorbate molecules
through narrow pore openings. The BET surface area of MB
loaded JLNU-4 is estimated to be 8.1 m* g~ !, which is also lower
than that of JLNU-4 (64 m> g~ '). Therefore, MB has been
adsorbed into the pores of JLNU-4. Owing to the microporous
structure of JLNU-4, only the relatively small sized MB, in
comparison to other dye molecules, could be adsorbed into the
pores. The adsorption capabilities of JLNU-4 for MB were
quantitatively determined through UV/vis spectroscopy analysis
(Fig. 3). The concentration of MB in DMA observably decreased
with the passage of time, which showed that JLNU-4 could
completely and rapidly adsorb MB. At the same time, the PXRD
patterns affirmed that JLNU-4 could remain stable after
adsorbing MB in DMA (Fig. S16, ESIt). Moreover, EDS data
(Fig. S17, ESIT) and XPS (Fig. S18, ESIt) data testify the existence
of chlorine atoms in MB loaded JLNU-4. Therefore, MB mole-
cules were absorbed as a chloride salt.

Inspired by the dye adsorption properties of JLNU-4, we
prepared a chromatography column filled with JLNU-4 and
a mixture of MB and CR (1 : 1, 1.0 mmol, CR = congo red) in
DMA solution. The two dyes could be successfully separated
via passing them through the MOF-filled column. As shown in
Fig. 4(I), JLNU-4 filled the chromatography column made of
a glass dropper. When the dye mixture of MB and CR naturally
passed through the JLNU-4-filled column under gravity, it was
clearly observed that the color of the column became dark
green (Fig. 4(II)). Next, the pure DMA stream passed through
the column several times. As we expected, the larger and
unincorporated CR was rapidly transported through the
column along with the DMA stream while the small-sized MB
was captured inside the JLNU-4-filled column (Fig. 4(III-VII)).
UV-vis spectra of the effluent as the dye mixture of MB and CR
passed through the JLNU-4-filled chromatographic column
reveal the successful separation of MB and CR (Fig. S19, ESIT).
The continuing decrease of the characteristic absorbance of
MB reveals its successful incorporation, whereas the
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Fig. 4 Photographic records of the JLNU-4-filled column-chro-
matographic separation process for MB and CR dyes showing: (l)
a JLNU-4-filled column, (lI-VI) the separation process with the
gradual color change, and (VIl) complete separation with only MB
adsorbed.

unchanged peak of BR suggests its exclusion by the MOF
pores. Therefore, JLNU-4 could be used for dye separation via
a combination of chromatography column and the size-
exclusion effect. This also demonstrated that MOFs with
suitable pore sizes could be an outstanding selection for
column-packing materials, which might be a substitute for
traditional silica gels for size-dependent large molecule
separation.

Conclusions

In summary, a 3D microporous MOF, JLNU-4, has been
rationally designed and constructed via a solvothermal reac-
tion. Bearing the microporous structure of JLNU-4 in mind, we
carried out iodine adsorption experiments on JLNU-4. The
results have proved that JLNU-4 could capture neutral iodine
molecules in the solution phase as well as in the vapor phase.
The saturated iodine adsorption capacity of JLNU-4 was
680 mg g~ !
quantitative analyses were performed to analyze the adsorp-
tion kinetics in the process of iodine adsorption. Meanwhile,
JLNU-4 can not only be used for the selective adsorption of MB
but also can be applied as a column-chromatography filler for

in the solvent phase. A series of qualitative and

separating dye molecules. Therefore, JLNU-4 is a prominent
and effective adsorbent for iodine adsorption and dye sepa-
ration. This research has presented progressive evolution in
the construction of MOF-based multifunctional materials. The
exploration of more novel applications for multifunctional
MOF materials is currently underway and will be useful under
more realistic circumstances in the future.
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