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nano-cages and one-dimensional channels for
excellent selective and effective adsorption of
methyl blue dye†

Qipeng Li, ab Jinjie Qian, *c Lin Du*a and Qihua Zhao *a

An example of a zinc-tetracarboxylate framework material (FJI-11) was solvothermally synthesized and

structurally characterized. FJI-11 presented 3D cage-stacking frameworks with octahedral cages,

cuboctahedral cages and two kinds of 1D channel along the c-axis. In addition, FJI-11 exhibited the

excellent selective and effective adsorption of methyl blue (MB) dye by guest molecule exchange, and its

adsorption process was in accordance with the second-order kinetic model and the Freundlich model.
Introduction

Organic dye wastewater comes from the cosmetic, textile, paper
and pharmaceutical industries, and has become one of the
most serious environmental pollutants due to being highly toxic
and difficult to degrade; its release into the aquatic ecosystem
can destroy the ecological environment.1,2 As one of the stable
organic dye molecules, methyl blue (MB) is toxic and might
cause the unwanted effects of nausea, abdominal pain, dizzi-
ness, headache, sweating and confusion.3 Currently, many
methods have been employed for the treatment of MB waste-
water, such as the degradation method, coagulation method,
oxidation method, ltration method, adsorption method,
radiation method and biological method, but each method has
different advantages and disadvantages.1a,4 The adsorption
method with the advantages of simplicity, convenience, high
efficiency and obvious adsorption effect, has been considered as
a very effective and proven technology for the removal of MB
dye.5 Many adsorption materials including activated carbon,
zeolites, molecular sieves and metal organic frameworks
(MOFs) have been reported, while the search for and develop-
ment of adsorption materials for the selective and effective
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adsorption of MB dye is of great signicance and also
a challenge.6

MOFs oen have multifarious intriguing topologies and
fascinating structures, which have the potential application as
functional materials in the elds of uorescence, magnetic, gas
storage, catalysis, organic dye adsorption and so forth.7,8

Compared with the zeolite, molecular sieve and activated
carbon, MOFs have the advantages of adjustable frame struc-
ture, high porosity, large specic surface area and simple
synthesis process.9 To date, some MOFs have been used for the
removal or degradation of MB dye, while the MOFs with the
excellently selective and effective adsorption capacity have been
rarely investigated.10,11 However, the design and construction of
more MOFs with the excellently selective and effective adsorp-
tion of MB dye are desperately required.

Hence, we prepared an example of zinc-tetracarboxylate
framework, formulated as [Zn2(bptc)(H2O)2]$5DMA (FJI-11,
H4bptc ¼ biphenyl-3,30,5,50-tetracarboxylic acid), which dis-
played the 3D cage-stacking frameworks with octahedral cages,
cuboctahedral cages and two kinds of 1D channels along the c-
axis. In addition, FJI-11 exhibited the excellently selective and
effective adsorption of MB dye and its adsorption process was in
accordance with the second-order kinetic model and Freund-
lich model.
Results and discussion
Synthesis and structure description

Cubic shaped crystals of FJI-11 are obtained by the solvothermal
reaction of Zn(NO3)2$6H2O and H4bptc in the mixed-solvent of
DMA and 1,4-dioxane (1 : 1, v/v) with the addition of 0.2 mL
nitric acid (65 wt%) at 85 �C for 5 days. The phase purity of the
as-synthesized product of FJI-11 was conrmed by the powder
X-ray diffraction analysis (XRD). The nal molecular formula of
RSC Adv., 2020, 10, 3539–3543 | 3539
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FJI-11 was calculated from the SQUEEZE results combined with
the thermogravimetric analysis (TGA) data and elemental
analysis (EA) data.

Single crystal X-ray diffraction analysis indicates that FJI-11
is crystallized in the trigonal space group R�3m with the lattice
parameters a ¼ b ¼ 18.7428(8) Å, c ¼ 24.915(2) Å, a ¼ b ¼ 90�

and g ¼ 120�, and its asymmetry unit consists of one half of
independent Zn(II) ion, a quarter of bptc4� ligand and one half
of terminally coordinated water molecule (Fig. S1†). The central
Zn(II) ions are ve-coordinated by four carboxylate O atoms
from four different bptc4� ligands and one half O atom from the
coordinated water. The bptc4� ligand displays a (k1-k1)-(k1-k1)-
(k1-k1)-(k1-k1)-m8 coordination mode and two Zn(II) ions are
linked by four bridging carboxylate generate the Zn2(COO)4
paddle wheel SBUs (Fig. S2†). FJI-11 is analogue of MOF-505,
MOF-505 series and NOTT-100 series, which consists of two
different types of alternative packed open cages.12 Every twelve
bptc4� ligands connects six Zn2(COO)4 paddle wheel SBUs, to
generate a octahedral cage with the diameter of about 9 Å
(Fig. 1a), then eight octahedral assembled into a cuboctahedral
cage with the elliptical cavity is about 14 � 8 Å2 (Fig. 1b). Two
different types of cages are connected to each other by sharing
Fig. 1 (a) The octahedral cage composed of Zn2(CO2)4 paddle wheel
SBUs and bptc4� ligands. (b) The cuboctahedral cage constructed by
eight octahedral cages. (c) The 3D cage-stacking framework in FJI-11.

3540 | RSC Adv., 2020, 10, 3539–3543
the triangular and quadrangular windows and arranging in an
alternating fashion,12 forming a 3D cage-stacking framework
with two kinds of 1D channels (the diameter of about 7.5 Å)
along the c-axis (Fig. 1c and Fig. S3†).
Luminescence property

The solid state luminescence properties of FJI-11 and the free
H4bptc ligand were explored at room temperature. The free
H4bptc ligand exhibited an emission with the peaking at
372 nm (lex ¼ 321 nm), while FJI-11 displayed a maximum
emission at 439 nm (lex ¼ 341 nm) (Fig. 2 and S6†). The
maximum emission peak of FJI-11 exhibited the red shi
phenomenon compared with that of the free H4bptc ligand. In
addition, the luminescence mechanism of FJI-11 might be
assigned to the p–p* uorescent emissions of bptc4� ligand to
Zn(II) charge transition (LMCT).13
Sorption behaviour

The total volume of cavity in FJI-11 with the removal of the
disordered guest solvent molecules and coordinated water
molecules was calculated by the PLATON Program,14 which is
approximately 61.5% (solvent area volume 4659.4 Å3 and unit
cell volume 7579.90 Å3). In order to characterize the porosity of
FJI-11, the crystal samples of FJI-11 were activated by the
supercritical carbon dioxide (SCD) method and the N2 adsorp-
tion–desorption isotherms of activated FJI-11 sample was per-
formed at 77 K. FJI-11 exhibited the pseudo-type I nitrogen
isotherm with the saturated N2 capacity of 299.8 cm

3 g�1 at 77 K
(Fig. 3), and the corresponding to Brunauer–Emmett–Teller
(BET) and Langmuir surface areas of 1121.01 m2 g�1 and
1283.88 m2 g�1.15 Meanwhile, the DFT pore size distribution
(PSD) analysis reveals that the percentage of microspores
centered at 6–8 Å and the maximum distribution centered
approximately at 7.25 Å (Fig. 3), which accords well with the
internal structural features of nano-cages and one-dimensional
channels.
Fig. 2 Solid state emission spectra of the free H4bptc ligand and FJI-
11.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Experimental nitrogen adsorption–desorption isotherms at 77
K for FJI-11; inset shows the pore size distribution (PSD) calculated by
the DFT method.

Fig. 5 (a) Pseudo-second-order kinetic model of MB adsorption in
FJI-11. (b) Freundlich model of MB adsorption in FJI-11.
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Adsorption capability of FJI-11 towards organic dye

In order to investigate the dye adsorption behaviors in FJI-11,
the methylene blue (MB), methyl orange (MO), rhodamine B
(RB) and rhodamine 6G (R6G) with different sizes and cong-
urations were chosen for the adsorption experiments (Fig. S7†).
The prepared crystalline sample (10 mg) of FJI-11 was immersed
in the dye-containing acetonitrile solution (10 mg L�1), to
evaluate its adsorption abilities by the guest molecule exchange,
and the concentrations of the organic dyes before and aer the
adsorption experiments were menstruated by the UV/Vis spec-
trophotometer. As shown in Fig. 4, the color of the MB solution
obviously changed from blue to the colorless, but the colors of
the MO, RB and R6G solutions were no signicant change,
which were consistent with the UV-Vis spectroscopy results.
These results indicated that FJI-11 could exhibit the excellently
selective and effective adsorption of MB dye (Table S2†).16

In order to investigate the MB adsorption process in FJI-11,
the kinetic adsorption and thermodynamics adsorption exper-
iment were carried out. The kinetic adsorption experiment was
investigated by the initial MB concentration of 10 mg L�1 under
different concussion times, the experiment data was well tted
by the pseudo-second-order kinetic model17,18 (Fig. 5a). In
Fig. 4 The adsorption experiments of (a) methylene blue (MB), (b) methy
11.

This journal is © The Royal Society of Chemistry 2020
addition, the thermodynamics adsorption experiment was
investigated under different initial MB concentration at 25 �C,
the experiment data was well tted by the Freundlich model17,18

(Fig. 5b).
These results suggest that the proposed adsorption mecha-

nism of MB in FJI-11 was a chemical process, which occurred
into the nano-cages and one-dimensional channels by the
hydrogen bonding interaction and guest molecule exchange in
FJI-11.18 Due to the cavity size effect (the maximum pore size
distribution centered about at 7.25 Å in FJI-11, but the molec-
ular sizes of RB and R6G were more than 7.25 Å) and the
hydrogen bonding interaction (the N atom from the MB and the
coordinated water molecules from FJI-11), FJI-11 only exhibited
the excellently selective and effective adsorption of MB dye.17,18

Experimental
Materials and physical measurements

Reactions were carried out in 20 mL glass vials under autoge-
nous pressure. All the reactants are of reagent-grade quality and
used as purchased commercially without further purication.
The power X-ray diffraction patterns (XRD) were collected by
a Rigaku D using Cu Ka radiation (l ¼ 0.154 nm). Elemental
analyses for C, H, N were carried out on a German Elementary
Vario EL III instrument. Thermogravimetric analyses (TGA)
were recorded on a NETZSCH STA 449C unit at a heating rate of
10 �C min�1 under owing nitrogen atmosphere. Fluorescence
spectra of the solid samples were performed on an Edinburgh
Analytical instrument FLS920. Single gas adsorption measure-
ments were performed in the Accelerated Surface Area and
Porosimetry 2020 (ASAP2020). UV-Vis absorption spectra were
recorded on a Purkinje General Instrument T6 new century.
l orange (MO), (c) rhodamine B (RB) and (d) rhodamine 6G (R6G) in FJI-

RSC Adv., 2020, 10, 3539–3543 | 3541
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Table 1 The crystal data and structure refinement for FJI-11

Compounds FJI-11
CCDC 1909611
Formula C46H55N10O15Zn2

Mr 1118.76
Space group R�3m
a (Å) 18.7428(8)
b (Å) 18.7428(8)
c (Å) 24.915(2)
a (deg.) 90
b (deg.) 90
g (deg.) 120
V (Å3) 7579.9(10)
Z 9
Dc (g cm�3) 2.206
M (mm�1) 1.481
F(000) 3429.0
GOF 1.062
R1

a 0.0352
wR2

a 0.0878

a R¼P
(||Fo|� |Fc||)/

P
|Fo|, wR¼ {

P
w[(Fo

2� Fc
2)2]/

P
w[(Fo

2)2]}1/2; [Fo >
4 (Fo)].
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Synthesis of [Zn2(bptc)(H2O)2]$5DMA (FJI-11)

A mixture of Zn(NO3)3$6H2O (0.40 mmol, 120 mg) and H4bptc
(0.1 mmol, 33 mg), in N,N-dimethylacetamide (DMA) (3.0 mL)
and 1,4-dioxane (3.0 mL) with an additional HNO3 (0.2 mL,
65 wt%) was sealed in a 20 mL glass vial, which was heated at
85 �C for 5 days, and cooled down to room temperature. Aer
washing with fresh DMA, the crystals were obtained in ca. 58%
yield based on the Zn(NO3)3$6H2O. Elemental analysis was
calculated for FJI-11: C, 49.38%; H, 4.96%; N, 12.52%. Found: C,
49.12%; H, 4.93%; N, 12.55%.

Single-crystal X-ray crystallography

The structures data of FJI-11 was collected on a Rigaku Mercury
CCD diffract meter equipped with a graphite-monochromated Mo
Ka radiation (l ¼ 0.71073 Å) at room temperature and the struc-
ture was resolved by the direct method and rened by full-matrix
least-squares tting on F2 by Olex2 program.19 We employed the
PLATON/SQUEEZE to calculate the contribution to the diffraction
from the solvent region and thereby produced a set of solvent-free
diffraction intensities.20 The nal formula of FJI-11 was calculated
from the SQUEEZE results combined with elemental analysis data
and TGA data. More details on the crystallographic studies as well
as atomic displacement parameters are given in ESI† as CIF les.
Crystallographic data for the structures reported in this paper have
been deposited. The following crystal structure has been depos-
ited at the Cambridge Crystallographic Data Centre and allocated
the deposition number CCDC: 1909611 for FJI-11. Crystallo-
graphic data and structure renement parameters for FJI-11 are
summarized in Table 1 and the selected bond lengths and angles
of FJI-11 are listed in Table S1.†

Conclusions

In summary, an example of zinc-tetracarboxylate framework
material (FJI-11) has been successfully synthesized and
3542 | RSC Adv., 2020, 10, 3539–3543
structurally characterized. The 3D cage-stacking framework of
FJI-11 was constructed by the octahedral cages, cuboctahedral
cages and two kinds of 1D channel along the c-axis. FJI-11
exhibited the excellently selective and effective adsorption of
MB dye by the guest molecule exchange, and its adsorption
process was in accordance with second-order kinetic model and
Freundlich model. Our results are helpful for the preparation of
more porous MOFs with the excellently selective and effective
adsorption of the organic dyes in the future.
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