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ew metal–organic framework for
sensitive sensing of nitroaromatics and efficient
dye adsorption†

Wei-Ping Wu,*a Jian Wu,b Jian-Qiang Liu, *c Manoj Trivedi d

and Abhinav Kumar *e

The hydrothermal reaction of Cd(II) salt with rigid tetracarboxylate ligand, terphenyl-3,300,5,500-tetracarboxylic
acid (H4L) produced a newmetal–organic framework (MOF) {[Cd2(L)(DMF)3]$0.5DMF}n (1). Single crystal X-ray

diffraction showed that MOF 1 possesses a 3Dmicroporous framework with 4-connectedDia topologywhich

is based on {Cd2(CO2)4} subunits. MOF 1 is a promising dual functional sensor with high selectivity and

sensitivity for the detection and recognition of nitroaromatics (NACs) and Fe3+ ions via alleviation of its

fluorescence intensity. Furthermore, 1 also has an excellent capacity to adsorb methylene blue (MB) with

high selectivity, and it retains almost similar adsorption performance after being recycled several times. The

observed decrease in fluorescence intensity of 1 in the presence of NACs has been addressed by

theoretical calculations which indicate that the intensity alleviation of 1 in the presence of NACs can be

attributed to an electron and resonance energy transfer between 1 and nitro analytes.
The continuous and exponential misuse of nitro-aromatic
compounds (NACs) as explosives has led to countless
economic losses to the world because of their explosive nature.1

Thus, precise and effective detection of these explosive
compounds is vital for civil security. The traditional detection
methods for detecting these molecules by using state-of-the-art
analytical instruments have emerged and they have displayed
good performance.2,3 However, these methods suffer from
drawbacks viz. high equipment costs and poor portability which
prevent their widespread applications.4 Recently, luminescent
metal–organic frameworks (LMOFs) have been widely employed
in building optical sensors because they can encapsulate the
analytes and exhibit luminescence quenching or spectrum
shiing. Hence LMOFs have gained a reputation as being
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cheap, fast and portable systems for the effective detection of
analytes viz. ions and molecules.5 Also, it has been established
that the luminescence properties of LMOFs can be tuned by
using different ligands having rigid organic moieties and the
resultant LMOFs can in turn be utilized for the specic detec-
tion of ions and molecules.6–10

The waste-water discharge always comprises of signicant
amount of organic dyes which imposes signicant threat to the
environment and human health because of the toxic and carci-
nogenic properties associated with these organic dyes.11 Until
now, many approaches for the removal of dyes for example using
activated carbons and zeolites etc. have been applied during the
industrial processing of the waste-water.11 But they display poor
performance when selective removal of the targeted organic dye
from waste-water containing mixture of organic molecules is
concerned.12 Therefore, the design and synthesis of porousMOFs
having selective adsorption of molecule for waste-water treat-
ment applications is highly desirable.12

With these viewpoints and in our continuous quest for the
development of new LMOFs13 for sensing applications for the
detection nitro-aromatics as well as dye-adsorption, in the
presented work, we had used a rigid multicarboxylate terphenyl-
3,300,5,500-tetracarboxylic acid (H4L) to fabricate d10-based Cd(II)
LMOFs. The use of this ligand is based on the following asso-
ciated features:14 (a) H4L comprises of four carboxylic acid
groups and therefore have multiple coordination sites and
hence can display varied coordination modes and in-turn is
capable of yielding high dimensional frameworks; (b) the use of
symmetry linkers sometimes has been shown to be an effective
This journal is © The Royal Society of Chemistry 2017

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra11221a&domain=pdf&date_stamp=2017-11-27
http://orcid.org/0000-0002-0553-7937
http://orcid.org/0000-0001-5444-4967
http://orcid.org/0000-0001-8441-7521
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra11221a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007086


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 5
:1

5:
26

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
way to suppress framework interpenetration and promote the
formation of porous materials.3c In this work Cd(II) MOF 1
possess a 3D framework having 4-connected Dia topology and
can be used as a luminescent sensor for the detection of nitro-
aromatics (NACs) and Fe3+ as well as an effective adsorbent for
methylene blue (MB).
Materials and method
General considerations

All the chemicals were available commercially and have been
used without any further purication. Powder X-ray diffraction
(PXRD) data for 1 was collected using Bruker D8 Advance X-ray
diffractometer equipped with Cu-Ka radiation (l ¼ 1.5418 Å) at
50 kV, 20 mA with a scanning rate of 6� min�1 and a step size of
0.02�. The simulated powder patterns of 1 were obtained using
Mercury 2.0 which was compared with the experimental PXRD
to check the purity and homogeneity of 1 in bulk. FT-IR spectra
as KBr pellet were measured using a Nicolet Impact 750 FTIR in
the range of 4000–400 cm�1. Thermogravimetric analysis was
performed under nitrogen atmosphere from room temperature
to 650 �C at a heating rate of 10 �C min�1, using a SDT Q600
thermogravimetric analyzer.
X-ray crystallography

The single crystal X-ray diffraction data collection for 1 was
carried out using Bruker SMART APEX diffractometer that was
equipped with a graphite monochromated Mo-Ka radiation (l ¼
0.71073 Å) by using an u-scan technique. The intensities of the
absorption effects were corrected by using SADABS. The structure
was solved by direct method (SHLEXS-2014) and rened by full-
matrix least-squares procedure based on F2 (SHELXL-2014).15 All
the hydrogen atoms were generated geometrically and rened
isotropically using the riding model. The MOF 1 was weakly dif-
fracting in nature and hence gave poor data. Thus, restraints were
applied during the renement of the structure using the restraint
commands (SIMU, SADI and EADP etc.), which have been used for
some unreasonable atoms. Because guest molecules (DMF) in the
channels of 1 were highly disordered and those could not be
modelled properly, the SQUEEZE routine of PLATON was applied
to remove their contributions.16 All non-hydrogen atoms were
rened with anisotropic displacement parameters. Crystallo-
graphic details and selected bond dimensions for 1 are listed in
Tables S1 and S2,† respectively. CCDC number: 1556532.
Synthesis of [Cd2(L)(DMF)3]$0.5DMF}n (1)

A mixture of terphenyl-3,300,5,500-tetracarboxylic acid (H4L)
(0.1 mmol, 0.018 g) and Cd(NO3)2$6H2O (0.2 mmol, 0.042 g) was
dissolved in DMF (2 mL) in a screw-capped vial and two drops of
HNO3 (65%, aq) was added to the mixture. The obtained solution
was placed in a 25 mL vial and heated to 85 �C for 72 h. Aer that
the reaction mixture was cooled to room temperature at a rate of
2 �C h�1. Colorless block crystals of 1 were obtained in 39% yield
based on Cd. Anal. (%) calcd for C32.5H34.5O11.5N3.5Cd2: C,
44.21%; H, 3.94%; N, 5.55%; found: C, 43.88%; H, 3.83%; N,
This journal is © The Royal Society of Chemistry 2017
5.46%. IR: 2340 (m); 1646 (vs); 1598 (m); 1540 (vs); 1345 (vs); 1288
(m); 1106 (m); 916 (m); 778 (v); 725 (v); 661 (m).

Computational details

Themechanism associated with the alleviation in the uorescence
intensity of 1 in the presence of NACs have been proposed using
density functional theory (DFT) calculations. The optimized
molecular geometries different analytes, the ligand H4L as well as
MOF 1 were calculated using the B3LYP exchange–correlation
functional.17a,b The 6-31G** basis set for all the atoms other than
Cd was used and for Cd LANL2DZ basis set was employed. All the
calculations were performed using Gaussian 09 programme.17c

Results and discussion
[Cd2(L)(DMF)3]$0.5DMF}n (1)

The asymmetric unit in MOF 1 comprises of one L4� ligand, two
Cd(II) ions, three coordinated DMF molecules, and a free half
DMF molecule (Fig. 1a). There are two crystallographically inde-
pendent Cd(II) centers (Cd1 and Cd2) existing in different coor-
dination environments. Cd1 is coordinated to four oxygen atoms
of the two chelating carboxylate groups (O1, O2, O3 and O4) and
two oxygen atoms from two bridging-bidentate carboxylate
groups (O5 and O7) thereby completing a distorted octahedral
environment (Fig. 1a). The Cd2 center also possess distorted
octahedral coordination geometry in which the axial sites are
occupied by one oxygen atom from one bridging-bidentate
carboxylate group (O6) and one oxygen atom from coordinated
DMF (O10). The equatorial positions are occupied by O1 and O8
atoms from two L4� linkers and O9 and O11 of DMF molecules.
The two L4� linkers lie across twofold axes and display two
coordination modes (Scheme S1†). The two unique Cd(II) centers
are bridged by three carboxylate groups which leads to the
formation of a dinuclear cluster (Fig. 1b). The L4� ligands bridges
the Cd2(CO2)4 clusters to generate a 3D network (Fig. 1c and S1†).
Each cluster is coordinated to four L ligands, and each L ligand
binds to four clusters. Thus the cluster and both unique L4�

ligands act as 4-c nodes, and generate an underlying network
with the diamond topology (Fig. 1d).18,19 There is the formation of
a 3D framework that exhibits elliptical channels of dimension 8.1
� 10.2 Å2 along the c crystallographic direction (atom-to-atom
separations). The disordered DMF solvent molecules are
located in these channels. The differences in the topologies of the
MOFs synthesized using H4L ligand can be attributed to the
variation in the feature of cluster modes.20 The calculations using
PLATON indicates that the effective free volume in 1 is�68.7%.16

The thermogravimetric analysis indicates that the frame-
work of 1 is stable up to 350 �C (Fig. S2†). The permanent
porosity of the framework of 1 had been estimated using N2

adsorption prole (Fig. S3†) which indicates that 1 is a micro-
porous material with pore volume of 115.50 cm3 (STP) g�1 and
the BET surface area is 320.5 m2 g�1.21

Fluorescence sensing

The uorescence properties of both 1 and H4L ligand were
investigated in the solid state. On excitation at�280 nm, both 1
RSC Adv., 2017, 7, 54522–54531 | 54523
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Fig. 1 (a) The perspective view of the coordination geometries of Cd(II) centres in 1; (b) local coordination environments of both the ligand and
the Cd2 metal cluster in 1. For clarity, the two unique Cd(II) centers are shown in different colours (Cd1 in purple, Cd2 in orange), the oxygen
atoms of the two unique L ligands are shown in different colours (red or yellow). (Hydrogen atoms have been omitted for clarity. The central
aromatic rings of both L ligands are disordered over two positions.) (c) The perspective view of the 3D network in 1; (d) the underlying distorted
diamond (dia) net in the structure of 1; red and yellow spheres represent the two different ligand nodes, while purple spheres represent the Cd2
cluster nodes (although all nodes are topologically equivalent).
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and H4L displayed strong emissions at �375 nm and 455 nm,
respectively but the intensity in emission of 1 was quite strong
while that of H4L was weak (Fig. S4†). The observed emission
band in 1 could be tentatively attributed to the intra-ligand
charge transfer (ILCT), which are constrained by coordination
to Cd2+ with a relatively short distance between adjacent H4L
ligands, improving the weak interactions between them and
thus change the emission.22 The intense emissive response of 1
in solid state stimulated us to explore its potential as possible
uorescent sensor for nitro-aromatic. The uorescence property
of 1 as suspensions in different solvents were examined and the
suspension of 1 in nitrobenzene displayed the emission with
lowest intensity. The observed emissive property of 1 as
suspension in nitrobenzene was entirely different from the
suspension of 1 in other solvents (Fig. 2a and S5†). Hence the
suspension of 1 in DMF was used for the detection of different
aromatics and nitro-aromatics viz. 2,4,6-trinitrophenol (TNP),
2,4-dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene (2,6-DNT), 2-
nitrotoluene (2-NT), 4-nitrotoluene (4-NT), 1,3-dinitrobenzene
(1,3-DNB), 1,2,4-trimethylbenzene (1,2,4-TMB), 1,3,5-trime-
thylbenzene (1,3,5-TMB), o-nitrophenol (MNP), p-nitrophenol
(PNP), 2,4-dinitrophenol (2,4-DNP). All the twelve aromatics
compounds were capable of alleviating the emission intensity of
54524 | RSC Adv., 2017, 7, 54522–54531
1 but to a different extent. The order of quenching efficiency of
aromatics is 2,4-DNP > PNP z MNP > TNP > 4-NT > 2-NT > 2,4-
DNT > 2,6-DNT > NB > 1,3-DNB > 1,2,4-TMB > 1,3,5-TMB
(Fig. 2b).23 Furthermore, the uorescence intensity decreases
steadily with concomitant increase in the concentrations of 2,4-
DNP, PNP, MNP and TNP. Upon addition of 90, 600, 240 and
500 ppm of 2,4-DNP, PNP, MNP and TNP, respectively, the
luminescent intensity of 1 was observed to be nearly nullied
(Fig. 2c–e and S6–S9†).24

The other nitro-aromatics also displayed quenching effect to
different extent on the uorescence intensity of 1 (Fig. S10–
S21†). These results demonstrated that 1 possess good selec-
tivity to detect 2,4-DNP, PNP, MNP and TNP in presence of other
NACs (Fig. 2c–f and S6–S9†). The quantitative uorescence
quenching efficiency can be explained with the help of Stern–
Volmer (SV) equation: (I0/I) ¼ 1 + Ksv[Q] and it is observed that
the Stern–Volmer plots for 2,4-DNP, PNP, MNP and TNP are
nearly linear when the concentrations of these NACs are at low
concentrations with the corresponding Ksv values of 3.01 � 104,
7.47 � 103, 6.55 � 103 and 1.08 � 104 M�1, respectively (Fig. S6–
S9†). The 2,4-DNP, PNP, MNP and TNP detection limits are
calculated to be 0.89, 1.75, 1.66 and 1.64 ppm, respectively.
Therefore, from this observation it can be inferred that 1 can be
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) Photoluminescence intensity of 1 dispersed in different solvents, excited at 280 nm; (b) the quenching efficiency of 1 dispersed in
different explosives; (c–f) photoluminescence intensity of 1 dispersed in 2,4-DNP, PNP, MNP and TNP, respectively, excited at 280 nm.
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used to distinguish NACs having varied number of –OH groups
in a mixture comprising of other aromatics. Further to elucidate
the detection mechanism of the sensors, the luminescence
sensing of H4L emulsions in the presence of 2,4-DNP were
measured (Fig. S22†). The emission intensity of H4L remained
almost unchanged with different concentrations of 2,4-DNP
suggesting that there may be interactions operating between
2,4-DNP and the Cd(II) centers of 1 and the variation in emission
intensity are not related to the between 2,4-DNP and the ligands
H4L.25–27 Also, the results of the powder X-ray diffraction (PXRD)
patterns (Fig. S27d†) indicated possible structural and/or
symmetry changes within the crystal structure of 1 during the
guest uptake.

The alleviation in the uorescence intensity of 1 in the pres-
ence of ACs/NACs have been tried to be addressed with the aid of
This journal is © The Royal Society of Chemistry 2017
density functional theory calculations in which the HOMO–
LUMO energies of all the ACs/NACs, 1 as well as H4L have been
computed at the B3LYP level (Table 1, Fig. S28†). Our previous
investigations13 indicated that the probable reason lying behind
the uorescence quenching of 1 in presence of NACs will be the
charge transfer from 1 to the LUMO of the NACs. Additionally,
this charge transfer will be viable only when the LUMO of donor
MOF 1 is positioned at energetically higher position in compar-
ison to LUMO of the acceptor ACs/NACs.26–28 The computed
HOMO–LUMO energies presented in Table 1 indicates that
LUMO of all the NACs are lying at relatively lower energy when
compared to donor 1 and as a consequence charge transfer from
1 to NACs can occur which may result in the decrease in uo-
rescence intensity in 1. But the observed order of uorescence
alleviation in 1 by these NACs is not fully consistent with LUMO
RSC Adv., 2017, 7, 54522–54531 | 54525
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Table 1 The HOMO–LUMO energies (in eV) for ligand (H4L), MOF 1
and NACs

Ligand/analyte HOMO LUMO

H4L �6.36 �1.83
1 �5.73 �2.09
2-Nitrotoluene (2-NT) �7.28 �2.32
4-Nitrotoluene (4-NT) �7.36 �2.32
Nitrobenzene (NB) �7.60 �2.43
2,6-Dinitrotoluene (2,6-DNT) �7.91 �2.87
2,4-Dinitrotoluene (2,4-DNT) �8.11 �2.98
1,3-Dinitrobenzene (1,3-DNB) �8.42 �3.14
2,4,6-Trinitrophenol (TNP) �8.54 �3.55
1,2,4-Trimethylbenzene (1,2,4-TMB) �6.03 0.28
1,3,5-Trimethylbenzene (1,3,5-TMB) �6.18 0.26
2,4-Dinitrophenol (2,4-DNP) �7.62 �3.33
o-Nitrophenol (MNP) �6.80 �2.72
p-Nitrophenol (PNP) �7.43 �2.39
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energy trends of NACs, which indicates that the charge transfer is
not the sole phenomenon for the alleviation in the uorescence
intensity and there may be the existence of electrostatic interac-
tion between the 1 and NACs which is also contributing to the
uorescence quenching.13
Fig. 3 (a) Photoluminescence intensity of 1 dispersed in different metal i
Fe3+ in H2O solution with different concentrations; (c) the Stern–Volme

54526 | RSC Adv., 2017, 7, 54522–54531
The metal ion interaction studies were also performed by
addition of 1.0 � 10�4 M nitrate salts of Zn2+, Cd2+, Ca2+, Al3+,
K+, Na+, Mg2+, Ni2+, Hg2+, Pb2+, Co2+, Cu2+, Ag+ and Fe3+ to 1–
H2O emulsions. The uorescence intensities of Mn+@1 emul-
sions were recorded and compared (Fig. 3a and S23†) which
indicated markedly different uorescence intensities. Zn2+,
Cd2+ and Al3+ metal ions exhibited positive effects on the
luminescent intensity, while others demonstrated different
levels of quenching effect on luminescent intensity, especially
Fe3+ exhibiting the most signicant quenching effect.28 The
sensitivity of 1 towards Fe3+ was also explored further by per-
forming the concentration gradient experiments by using the
Fe3+ solutions having the concentration ranging from 0 to
600 ppm. The concentration gradient experiments indicated
that the luminescence intensity of Fe3+@1 gradually decreases
with the increase in concentration of Fe3+ (Fig. 3a). Further-
more, the uorescence lifetime measurements indicated that
the uorescence lifetime of 1 which was in isolated state was
110.41 ns gets reduced to 8.19 ns in presence of 1.0 mM Fe3+

(Fig. S24†). Hence, it can be inferred that energy transfer may be
responsible for the quenching phenomenon.29 To elucidate the
possible mechanism for such uorescence quenching by Fe3+

ion, O 1s X-ray photoelectron spectroscopic (XPS) studies were
ons solutions, excited at 280 nm; (b) emissive response spectra of 1 for
r plot for Fe3+.

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 The periodic UV-vis spectroscopy showing the adsorption capability of 1 toward (a) MB dye, (b) MO dyes, and (c) Rh B dye.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
N

ov
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 5
:1

5:
26

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
carried out on 1 and Fe3+@1. XPS investigation indicated that
the O 1s peak observed at 531.62 eV for the free oxygen atoms of
the carboxylate ligand in 1 gets shied to 531.74 eV on the
addition of Fe3+ (Fig. S25a†), which may indicate the weak
binding of oxygen atoms to Fe3+. The powder X-ray diffraction
(PXRD) patterns (Fig. S27c†) indicated possible structural and/
or symmetry changes within the crystal structure of 1 upon
dispersion in Fe3+ solutions.

The Stern–Volmer plots for Fe3+ are nearly linear at low
concentrations (R2 ¼ 0.987) with the Ksv value of 2.06 � 104 M�1

(Fig. 3b). The Fe3+ detection limit is calculated to be 1.24 ppm.
Fe3+ ion with the larger Ksv value demonstrates its quenching
effect on the luminescent intensity of 1.29,30 As presented in
Table S3,† most of the reported MOFs can detect Fe3+ in the
concentration ranging between 10�3 to 10�5 M, and the lowest
detected concentration of Fe3+ was recorded ca. 0.9� 10�6 M.29b

In comparison to these reports, 1 also display potentially high
sensitivity and selectivity for Fe3+.

Selective adsorption of organic dye

We also attempted to probe 1 as an adsorbent for different
organic dyes present in the waste-water. As a model system
three types of dye (methylene blue (MB), methyl orange (MO)
and rhodamine B (Rh B)) with different size and charges were
This journal is © The Royal Society of Chemistry 2017
chosen as adsorbates.31 In a typical experiment, 30 mg of
adsorbent 1 was immersed in 30 mL of aqueous dye solution
containing 1 � 10�5 mol L�1 of dye at room temperature and
the mixture was continuously stirred. During the given time
period, the ability of 1 to adsorb dyes from aqueous solution
was determined through UV-vis spectroscopy. The UV-vis spec-
troscopy results showed that 1 possesses excellent capacity to
adsorb MB (Fig. 4) while its ability to adsorb MO and Rh B was
almost negligible. A plausible mechanism of the selective
adsorption of MB by 1 could be explained through size match-
ing of the MBmolecule with the pore size of 1.32 The adsorption
rate is greater than 75% in the rst 30 s, moreover, it is worthy to
mention that 1 can adsorb completely MB within 15 minutes.

The removed quantity of MB by 1 has been calculated using
the following equation.33–36

Qeq ¼ C0 � Ceq

m
V (1)

The equation indicates that every gram of 1 can adsorb
68.5 mg of MB. This fast and high-capacity adsorption process
is also very important for adsorbents in practical wastewater
treatment.33 The color of the crystals of 1 was found to change
from colorless to blue aer adsorption (Fig. 5), which indicated
RSC Adv., 2017, 7, 54522–54531 | 54527
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Fig. 5 (a) The color of 1 before (left) and after (right) adsorption of MB dye; (b) the adsorption capability of 1 toward Rh B +MBmixed dyes; (c) MB
+ MO mixed dyes.

Table 2 Kinetics parameters for different kinetics model for MB
adsorption using 1

Model Parameter MB

Pseudo-rst-order K1 (min�1) 0.670
qe (mg g�1) 47.55104
R 0.97673

Pseudo-second-order K2 (g mg�1 min�1) 0.01379
qe (mg g�1) 39.573
R 0.99446

Second-order K3 (g mg�1 min�1) 2.17786
qe (mg g�1) 0.1483
R 0.49404

Intraparticle diffusion K4 (mg g�1 min�1/2) 10.9904
C 2.44444
R 0.92411

54528 | RSC Adv., 2017, 7, 54522–54531
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that MB molecules entered into the crystal lattice of 1 instead of
merely being getting adsorbed on the surface of the crystals.

To validate whether 1 possesses the ability to separate MB
from a mixed-dye solution, we utilized 1 to capture MB from
mixed-dye aqueous solutions. The UV-vis spectra were recorded
aer soaking 1 in mixed dye aqueous solutions comprising of
Rh B + MB as well as MB + MO and it was observed that in both
the cases only MB molecules could efficiently be adsorbed by 1
over a period of time (Fig. 5a and b), while Rh B and MO could
not be encapsulated by 1. As shown in the photographs (the
inserted pictures in Fig. 5b and c), aer soaking 1 in the mixed-
dye aqueous solution, the color of the solution changed but
nally retained the characteristic color of Rh B and MO. These
results also conrms that 1 could effectively and selectively
adsorb MB molecules into its framework and leaving Rh B as
well as MO molecules in solution. Furthermore, the adsorption
capacity of the 1 is fully maintained aer recycling the MOF for
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (a–d) The adsorption kinetics of MB onto 1 using pseudo-second-order using different models, respectively.
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ve times. Aer adsorption, the MB@1 can expediently release
MB through simply washing the sample MB@1 with ethanol
aer recycling 5 times and aer releasing MB 1 again displayed
almost identical rapid and quantitative adsorption of MB
(Fig. S29†). Thus, 1 acts as an excellent candidate as a selective
adsorption material, which can be applied practically to adsorb
MB in waste-water containing mixture of organic dyes.

Adsorption kinetics

The rate of dye adsorption by 1 depends on the contact time of 1
and dye solution as well as on the diffusion process. During the
process of adsorption, MBmolecules migrate to the outer surface
of 1, diffuse into the layers of theMOF, and are then adsorbed via
pore diffusion. To further explore the adsorption kinetics,
pseudo-rst order, pseudo-second-order, second-order and intra-
particle diffusion kinetics models were employed. The constants
of all of the kinetics models were calculated by using equations.

The pseudo-rst-order rate equation:

logðqe � qtÞ ¼ log qe � K1

2:303
t (2)

The pseudo-second-order rate equation:

t

qt
¼ 1

K2qe2
þ t

qe
(3)
This journal is © The Royal Society of Chemistry 2017
The second-order rate equation:

1

qe � qt
¼ 1

qe
þ K3t (4)

qt ¼ K4t
1/2 + C (5)

As evident from the Table 2 and Fig. 6, there are four R2 for
MB obtained from the aforementioned equations. The t of the
experimental results show that the pseudo-second-order model
possesses the highest R2 value compared to the other adsorp-
tion kinetics models.32,36 Therefore, the results indicate that the
adsorption kinetics can be best described by a pseudo-second
order model.
Conclusion

Our results indicated that the uorescent MOF 1 reported
herein possesses dual sensing ability for nitro-aromatics and
ferric. The presented investigation indicated that the tetra-
carboxylate ligand terphenyl-3,300,5,500-tetracarboxylic acid (H4L)
because of its symmetric structure provides a new avenue to
produce a new 3D microporous framework with 4-connected
Dia topology based on {Cd2(CO2)4} subunits. The theoretical
calculations indicated that not only charge transfer rather
electrostatic interaction between the 1 and nitro-aromatic
RSC Adv., 2017, 7, 54522–54531 | 54529
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compounds also contribute towards the exceptional selective
uorescence intensity alleviation. Also, 1 acted as an excellent
and selective adsorbent material for organic dye methylene blue
(MB) and can be utilized repeatedly for effective adsorption of
MB from waste-water without signicant alleviation in the
adsorption capacity. It is apparent from the investigation that
by choosing suitable symmetric polycarboxylate ligands one can
develop LMOFs for selective sensing as well dye adsorption
applications.
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