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ationic metal–organic framework
for the efficient removal of dichromate and the
selective adsorption of dyes from water†

Mingming Guo, Huadong Guo, * Siyu Liu, Yingying Sun and Xianmin Guo*

A unique microporous cationic metal–organic framework, namely [Cd(tipo)(HCOO)(H2O)]$NO3$DMF (1),

has been synthesized and structurally characterized [tipo ¼ tris(4-(1H-imidazol-1-yl)phosphine oxide)].

This compound exhibits rapid and selective separation of methyl orange. Meanwhile, it has also been

developed as a potential adsorbent material for the efficient removal of Cr2O7
2� from aqueous solutions

with a high uptake of up to 228 mg g�1.
Introduction

Nowadays, with the growth in population and the development
of the manufacturing industry, water pollution has become one
of the most serious global environmental issues. Organic dyes
andmetal ions are the major pollutants in water, which not only
contaminate aquatic and soil ecosystems, but also harm human
health because of their toxicity and carcinogenicity.1 Among
various techniques for the removal of water pollutants,
adsorption is the most attractive method owing to its simplicity
and efficiency.2 Consequently, numerous adsorption materials
have been extensively investigated, including carbon nano-
tubes,3 clay,4 zeolites,5 sol–gel adsorbents6 and polymer resins.7

However, these adsorbents oen face some problems like low
adsorption capacities, slow adsorption kinetics, complex prep-
aration processes, and chemical or thermal instabilities. The
-imidazol-1-yl)phosphine oxide).
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development of high-performance adsorbents for water pollut-
ants is still a challenge (Scheme 1).

As a new class of porous solid material, metal–organic
frameworks (MOFs) have attracted considerable research
attention.8 Compared to existing inorganic/organic micropo-
rous materials, the pore size and surface areas of MOFs can be
nely tuned through the rational selection of metal ions and the
design of organic ligands, which can effectively enrich guest
species.9 Recently, progressive efforts have been dedicated to
the construction of microporous MOFs with ionic frameworks.
By counter-ion exchange, the suitably charged guest motifs,
including ions, organic dyes or small coordinative molecules,
can not only be encapsulated into the pores of the nets, but also
interact with the charged frameworks through electrostatic
forces.10 Thus, the adsorption affinity between the guest motifs
and the host frameworks denitely improves, which is crucial
for the kinetics of adsorption–desorption. Such MOF materials
are expected to be reasonable candidates to eliminate charge-
able dyes and metal pollutants from wastewater.

In this work, we synthesized a tripodal neutral ligand, tris(4-
(1H-imidazol-1-yl)phosphine oxide) (tipo) as the building unit,
in view of its long size and rigid conformation that facilitates
control in the design and assembly of metal-containing aggre-
gates with open frameworks. The resulting microporous
cationic MOF [Cd(tipo)(HCOO)(H2O)]$NO3$DMF (1) shows effi-
cient removal of dichromate and selective adsorption of methyl
orange from water.
Experimental section
Materials and instrumentation

The ligand tipo was synthesized according to the literature
method.11 All other starting materials were of analytical grade
and used as received without further purication. Elemental
analyses (C, H, N) were performed with a Perkin-Elmer 240C
elemental analyzer. TGA was performed on a Perkin-Elmer TG-7
RSC Adv., 2017, 7, 51021–51026 | 51021
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analyzer heated from 30 to 1000 �C under nitrogen (Fig. S1 in
ESI†). Powder X-ray diffraction (PXRD) data were recorded on
a Bruker D2 Phaser (Fig. S2 in ESI†). UV-vis adsorption spectra
were collected on a Shimadzu UV-3101PC spectrophotometer to
monitor the exchange progress.

Synthetic procedures

Synthesis of tris(4-(1H-imidazol-1-yl)phosphine oxide) (tipo).
A mixture of Cu2O (0.07 g, 0.5 mmol), tris(4-bromo)phosphine
oxide (5.14 g, 10 mmol), imidazole (4.08 g, 60 mmol) and
K2CO3 (8.29 g, 60 mmol) in anhydrous DMF (30 mL) was stirred
at 150 �C for 48 h in a 100 mL two-necked round-bottom ask
under N2. The reaction mixture was ltered, and then the
ltrate was added to 300 mL of H2O. The deposit was ltered
and washed with water and dried in a vacuum to afford the
product in 54% yield. Anal. calcd. for C27H21N6OP (%): C, 68.06;
H, 4.44; N, 17.64. Found: C, 67.94; H, 4.34; N, 17.54.
Fig. 1 (a) The coordination environment of Cd(II) atoms in 1. Hydrogen a
Cd(II) atoms and formates. (c) The 3D framework presented 1D channels (
with different dimensions.

51022 | RSC Adv., 2017, 7, 51021–51026
Synthesis of [Cd(tipo)(HCOO)(H2O)]$NO3$DMF (1). A
mixture of Cd(NO3)2$4H2O (0.308 g, 0.1 mmol), tipo (0.0476 g,
0.1 mmol), DMF (8 mL) and HNO3 (1 mL, 0.2 M) was placed in
a Teon reactor (20 mL) and heated at 80 �C for 2 days and then
allowed to cool to room temperature. The colorless crystals were
washed with ethanol and air-dried. Yields: 62% (based on tipo).
Anal. Calcd for C31H31N8O8PCd: C, 47.31; H, 3.97; N, 14.24.
Found: C, 47.22; H, 3.82; N, 14.35.

X-ray crystallography. Single-crystal XRD data for compound
1 were recorded on a Bruker Smart Apex II diffractometer with
graphite monochromatized Mo Ka radiation (l ¼ 0.71073 �A) at
120(2) K. Absorption corrections were applied using the multi-
scan technique. All structures were solved by direct methods
using SHELXS-97 (ref. 12) and rened with full-matrix least-
squares techniques using the SHELXL-97 (ref. 13) program
within WINGX. Non-hydrogen atoms were rened with aniso-
tropic temperature parameters. The hydrogen atoms of the
toms and NO3
� are omitted for clarity. (b) The 1D chain constructed by

marked as I and II). (d) and (e) The perspective views of the 1D channels

This journal is © The Royal Society of Chemistry 2017
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organic ligands were rened as rigid groups. For the high
vibration, the disordered C5 was rened using C atoms split
over two sites with a total occupancy of 1 and handled by
isotropic renement. The SQUEEZE option of PLATON14 was
used to eliminate the contribution of disordered guest mole-
cules to the reection intensities. The formulas of 1 were
calculated by considering the thermogravimetric analysis,
elemental analysis and single-crystal structures results,
respectively. The detailed crystallographic data and structure
renement parameters for 1 are summarized in Table S1 in the
ESI.†
Results and Discussion
Structural characterization of 1

Compound 1 crystallizes in a monoclinic space group P21/c. In
the asymmetric unit, one crystallographically unique Cd(II)
atom, one tipo ligand, one formate ion, one coordinated water
molecule and one NO3

� anion exist. The anionic formate ion is
generated through the hydrolysis of DMF molecules under
solvothermal conditions. As shown in Fig. 1a, the Cd(II) atom is
coordinated by three N atoms from three tipo ligands (Cd–N
2.2901(17)–2.3474(17) �A), and four O atoms from two formate
ions and one water molecule (Cd–O 2.3560(14)–2.6248(14) �A).
The Cd(II) to O/N distances and the bond angles are within the
normal range (Table S2 in the ESI†). The formate ion adopts
a syn,syn,anti-bidentate coordination mode and connects Cd(II)
atoms into a 1D innite linear chain (Fig. 1b). These chains are
combined by tipo ligands into a 3D framework. As shown in
Fig. 1c, along the c axis, the framework presents two kinds of 1D
rectangular channel for the packing of tripodal tipo ligands.
The window sizes of the channels are about 8.7 � 10.0 �A2

(marked as I) and 8.2 � 8.7�A2 (marked as II), respectively. The
void space accounts for approximately 40.8% of the whole
crystal volume as obtained by PLATON analysis, which is
occupied by the disordered DMF molecules and NO3

� ions.
Adsorption capability of 1 towards organic dyes

Organic dyes have been widely used in the textiles, paper,
medicine and printing industries, and water polluted by dyes
poses a signicant threat to the environment and to human
Fig. 2 UV-vis spectra of (a) MO, (b) MB, and (c) RhB with sample 1 at given
different times.

This journal is © The Royal Society of Chemistry 2017
health.15 In view of the highly charged porous structures, the
dye-capture ability of 1 was evaluated using three selected dyes
(i.e., methylene blue (MB), methyl orange (MO) and rhodamine
B (RhB)) as typical pollutant models. The adsorption experi-
ments were run as follows: 5 mg of 1 was immersed into 10 mL
of the aqueous dye solution (5.0 � 10�5 M). The clear solution
was measured by UV/vis spectroscopy aer centrifuging to
monitor the organic dye concentration at different time inter-
vals. As shown in Fig. 2a, the yellow solution of MO immediately
faded to colorless within 20 minutes. Such a signicant
decrease in color intensity was consistent with the UV/vis
spectroscopic results. However, for MB and RhB, no obvious
solution color or absorbance intensity change was observed
even aer 1 hour (Fig. 2b and c). The results above show the
potential selective separation ability of 1 towards MO, which
were also conrmed by the competitive adsorption experiments
of MO in the presence of other dyes. 5 mg of 1 was immersed in
10 mL of the aqueous dye solutions of MO/MB and MO/RhB,
which were prepared by mixing the two dyes in equal
volumes, with a concentration of 5.0 � 10�5 M for each dye. As
shown in Fig. 3, the colors rapidly changed from green for MO/
MB to blue for MB and from orange for MO/RhB to pink for
RhB, respectively. Both UV/vis spectra showed that the absorp-
tion peaks of MO at around 460 nm dropped obviously within 2
minutes; while the absorbance intensity of the other dyes
decreased only slightly. The selective adsorption of MO from the
MO/MB or the MO/RhB mixtures is ascribed to the electrostatic
interactions of the anionic MO molecules and the cationic
framework of 1.16
Adsorption capability of 1 towards Cr2O7
2�

Hexavalent chromium Cr(VI), classied as a Group ‘A’ human
carcinogen by the U.S. Environment Protection Agency (EPA),
has been extensively used in various industries, such as leather
tanning, paint making and steel manufacturing.17 Inspired by
the selective adsorption of anionic methyl orange, the perfor-
mance of 1 in the removal of Cr2O7

2� from aqueous solutions
was studied. The adsorption experiments were run as follows:
10 mg of 1 was immersed in 15 mL of K2Cr2O7 aqueous solu-
tions (50 mg L�1). The clear solution was measured aer
centrifuging using UV/vis spectroscopy at 350 nm to monitor
time intervals. Inset: photographic images of the dye solutions taken at

RSC Adv., 2017, 7, 51021–51026 | 51023
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Fig. 3 UV/vis spectra of the dye absorption to evaluate the selective adsorption capability of 1 toward MO frommixed dyes: (a) MO and MB and
(b) MO and RhB. Inset: photographic images of the mixed dye solutions before and after selective adsorption experiments at given time intervals.

Fig. 4 UV-vis spectra of Cr2O7
2� with sample 1 at given time intervals.

Inset: photographic images of Cr2O7
2� solutions taken at different

times.

Fig. 5 Adsorption isotherms for the Cr2O7
2� adsorption over 1, Ce:

equilibrium concentration of adsorbate, Qc: amount of Cr2O7
2�

adsorbed.
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the Cr2O7
2� concentration at different time intervals. As shown

in Fig. 4, the Cr2O7
2� concentration decreased quickly to 56% in

one minute. At approximately 30 minutes, over 91% of Cr2O7
2�

can be removed from the aqueous solution. The result indicates
that Cr2O7

2� in the solution promptly entered the channels in 1
by exchange with NO3

�.
To further evaluate the adsorption capacities of 1 toward

Cr2O7
2�, the adsorption isotherms were collected accordingly

for 1 at room temperature (Fig. 5). As the uptake was greatly
inuenced by the concentration of the Cr2O7

2� solution,
different concentrations of the Cr2O7

2� solution in the range of
50–600 mg L�1 were used to determine the uptake. Several
batches of sample 1 (10 mg) were added to beakers containing
the Cr2O7

2� solution (15 mL) at different concentrations. The
beakers were sealed and then agitated in a magnetic stirrer for 2
hours. Then UV/vis spectra were used to analyse the concen-
trations of the Cr2O7

2� solutions until the adsorption process
51024 | RSC Adv., 2017, 7, 51021–51026
had reached equilibrium. The overall adsorption capacity of 1
for Cr2O7

2� reaches 228 mg g�1, which is among the highest
values for MOF adsorbents used for Cr2O7

2� removal (Table 1).
It should be noted that assuming all nitrates are replaced by
Cr2O7

2�, the theoretical maximum adsorption capacity of
Cr2O7

2� is 137.2 mg g�1, far below the experimental value.
Therefore, the high space vacuum of the cationic framework
(occupied by NO3

� and solvent molecules) favors the capture of
anionic Cr2O7

2�.
Given the high capacity and fast ion-exchange function of 1,

selective adsorption tests of 1 were carried out by adding
a variety of interfering anions including Cl�, Br�, I�, NO3

� and
SO4

2� to the solution. 10 mg of 1 was immersed in 15 mL of
a solution of K2Cr2O7 (50 mg L�1) together with a 5-fold molar
excess of interfering ions and agitated in a magnetic stirrer for 2
hours. The UV/vis spectrum indicates that adding interfering
This journal is © The Royal Society of Chemistry 2017
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Table 1 Comparison of the adsorption capacities for Cr2O7
2� of MOF-

based adsorbents

MOF-type adsorbents
Uptake capacity
(mg g�1) Ref.

SLUG-21 60.0 18
3D Dy-MOFs 62.9 19
Zn0.5Co0.5-SLUG-35 68.5 20
FIR-53 74.2 21
FIR-54 103.1 21
1 228 This work
ZJU-101 243 22

Fig. 6 The adsorption efficiency of 1 towards Cr2O7
2� in the presence

of interfering ions.
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ions has little impact on the Cr2O7
2� adsorption of 1 (Fig. 6). In

view of the size and charge numbers of the interfering ions, it
can be concluded that the highly selective adsorption may be
ascribed to the strong coulombic attraction between the
framework and Cr2O7

2� and to the matching of Cr2O7
2� with

the pores.
Conclusions

In summary, a new MOF has been successfully synthesized by
a tripodal neutral ligand. This compound consists of a cationic
framework with large-scale channels. Through ion exchange,
this compound exhibits rapid and selective separation of
methyl orange. Meanwhile, it also shows efficient removal of
Cr2O7

2� from aqueous solutions with a high uptake of up to
228 mg g�1. The results reveal that such cationic framework
materials have potential applications in the separation of
anionic organic dyes and toxic heavy-metal ions from polluted
water.
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