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A polyoxomolybdate based hybrid, [6-MogOs](L),-2H,0 (BUC-77), was synthesized via hydrothermal
method, which exhibited selectively fluorescent detection and efficient adsorptive removal toward
Pb?* in aqueous environment. A good linearity was observed between the fluorescence quenching per-
centage of BUC-77 and the Pb?* concentration, along with the detection limit being 6.91 ppb. BUC-77
was stable in common solvents and wide pH range, which could be regenerated by being washed with
dilute inorganic acids like HNO; after adsorption of Pb?*. The results revealed that BUC-77 could be
potentially used to achieve both detection and removal of Pb?* in wastewater.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Polyoxometalates (POMs) based organic-inorganic hybrid crys-
talline materials have attracted wide attention due to not only
their versatile architectures, but also their excellent properties
with promising applications [1] including but not limited to
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catalysis [2-4], adsorption [5-7], separation [8-10], anti-microbial
[11], sensing for small molecules, medical diagnostics and cell biol-
ogy [12-15]. As a representative member of POM, octamolybdates
are good block to generate various hybrids with novel topologies.
Up to now, eight isomeric octamolybdate forms like o, 8, , 6, &, {, 11
and 0 isomers have been reported to construct hybrids with organic
linkers and/or metal ions [16-18].

It is reported that (4-Hap)4[B-MogOys] (4-ap=4-
aminopyridine) (BUC-14) exhibited excellent adsorption perfor-
mance toward organic pollutants like methylene blue (MB) [19]
and heavy metals like Pb?" [20], which also demonstrated
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outstanding separation activities towards environmental pollu-
tants with different charge [19,20]. Just recently, our group is
paying more attention to prepare the multifunctional organic-
inorganic hybrid crystalline materials with high adsorption capac-
ity and fluorescent sensing property. In this study, [5-MogOys]
(L),-2H,0 (BUC-77) was synthesized from 1,1’-bis(4-carboxylato
benzyl)-4,4'-bipyridinium  dichloride (L) and ammonium
molybdate (as illustrated in Scheme S1). BUC-77 could be used
as selective fluorescence sensing toward Pb%* ions. As well, it
demonstrated efficient adsorptive performance toward Pb?* ions
from the simulated wastewater. The possible adsorption and sens-
ing mechanisms were proposed, which were further affirmed by
XPS, SEM-EDS and FTIR analyses.

2. Experimental
2.1. Materials and methods

All chemicals were commercially available reagent grade and
used without further purification. Aqueous solutions of K*, Na*,
Mg?*, Ca®*, Mn?*, Ba?*, Cu?*, Zn?*, Co?*, Ni%*, Pb?*, AI>** and Cd**
were prepared from their corresponding chloride salts; Fe?* solu-
tion was prepared from ferrous sulfate and used immediately.

CHN Elemental analyses were conducted on an Elementar Vario
EL-III instrument. FTIR spectra were recorded on a Nicolet 6700
Fourier Transform infrared spectrophotometer ranging from 4000
to 400 cm~!. The surface area of the sample was obtained by
BELSORP-Mini II from N, adsorption - desorption isotherms at
77 K using Brunauer-Emmett-Teller nitrogen adsorption method
(BET). Thermogravimetric analyses (TGA) were performed from
70 to 800 °C in an air stream at a heating rate of 10 °C/min on a
DTU-3c thermal analyzer using a-Al,03 as reference. UV-Vis dif-
fuse reflectance spectra (DRS) of solid samples were measured
from 200 nm to 800 nm on a PerkinElmer Lambda 650S spec-
trophotometer, in which barium sulfate (BaSO4) was used as the
standard with 100% reflectance. The surface charge of the particles
was assessed by zeta potential measurements on the JS94H zeta
sizer by applying the field strength of 10 V/cm. X-ray photoelec-
tron spectra (XPS) measurement was conducted on a Thermo
ESCALAB 250XI. Fluorescence spectra were recorded on a Hitachi
F-7000 spectrophotometer at room temperature.

2.2. Synthesis of [6-MogO»6](L)>»-2H,0 (BUC-77)

A mixture of ZnCl, (0.3 mmol, 0.0408 g), 1,1’-bis(4-carboxylato
benzyl)-4,4'-bipyridiniun)dichloride (L) (0.3 mmol, 0.1492 g) and
ammonium molybdate tetrahydrate (H,4sM0,Ng024-4H,0, 0.3 mmol,
0.7415 g) with a molar ratio of 1:1:1 was sealed in a 25 mL
Teflon-lined stainless steel Parr bomb containing deionized H,O
(20 mL), heated at 160 °C for 72 h, and then cooled down to room
temperature. Light brown block-like crystals were isolated and
washed with deionized water and ethanol (yield 87% based on
ZnCl,). Anal. Calcd. for BUC-77, Cs5;H4gsMogN4O36: C, 30.1; N, 2.7;
H, 2.3. Found: C, 30.2; N, 2.7; H, 2.4. IR (KBr)/cm™!: 3504, 1723,
1632, 1579, 1557, 1502, 1472, 1444, 1419, 1383, 1321, 1279,
1231, 1176, 1155, 1110, 1018, 931, 855, 798, 655, 552, 406.

2.3. Fluorescence sensing experiment

The suspension of fluorescent probe was prepared by dispersing
50 mg BUC-77 powder with particle size less than 147 pm in 50
mL ultra-pure water via ultrasonic agitation for 30 min. Fluores-
cence responses of BUC-77 toward aqueous solution containing
various metals like K*, Na*, Mg?*, Ca?*, Mn?*, Ba?', Cu®*, Zn*',
Co?*, Ni%*, Pb?*, AI**, Fe** and Cd?* cations were investigated. To

further explore the possibility of BUC-77 as fluorescent probe to
detect Pb?* ion, the fluorescence intensities of the matrix com-
posed of series 3.0 mL as-prepared BUC-77 suspensions and the
aqueous solutions with different Pb?* concentrations were deter-
mined after equilibrium for 20 min.

2.4. Adsorption experiments

25.0 mg BUC-77 powders were added to 100 mL 10 mg/L Pb
(NOs3), aqueous solution in a 250 mL beaker (pH = 3.4). The sus-
pensions were stirred for a desired time with an integrated ther-
mostatic magnetic blender at a constant speed about 750 r/min
under room temperature. 2.0 mL aliquot samples were extracted
at fixed time intervals and separated using a 0.45 pum syringe filter
(Shanghai Troody). The residual Pb%* concentrations were analyzed
by flame atomic absorption spectrophotometer (PinAAcle 900T).

3. Results and discussion

We failed to harvest BUC-77 without the addition of ZnCl,,
implying ZnCl, might play a role of a catalyst and pH regulator
[19,21]. BUC-77 are stable and insoluble in water and common
organic solvents, including but not limited to methanol, ethanol,
ether and N,N-dimethylformamide (DMF).

3.1. Structural description of BUC-77

The structure of BUC-77 was built up from of one discrete [5-
Mog0O6]*~ anion and two cationic L>* organic molecules. Each [4-
Mog0O56]*~ anion, as shown in Fig. 1(a), is constructed from four
[MoOg] octahedra and four tetrahedral [MoQ,4] via edge-sharing
and corner-sharing arrangement. The Mo-0 distances ranges from
1.686(4) to 2.380(4) A resulted from the different interactions
between cationic units and polyanionic units (Table S2). The struc-
ture of [6-MogO,6]*~ anion in BUC-77 is consistent with those
reported counterparts [3,22-24], despite of slightly difference in
Mo—O0 bond lengths. Each L?* is joined to [6-MogO,s]*~ to con-
struct a 3D supramolecular framework via electrostatic interaction
and hydrogen bonding interactions (O—H---0) (Table S3), which
also acts as counter-ion to compensate the anionic charge of [Mog-
0-6]*~ polyanions, as illustrated in Fig. 1(b).

3.2. Fluorescence properties of BUC-77

As illustrated in Fig. 2a, the free L molecule exhibited an intense
fluorescent emission in aqueous solution at 526 nm (Fig. 2a),
which can be assigned to the w*-m transition of the free L. The
BUC-77 suspended in aqueous solution presented maximum emis-
sion peak at ca. 441 nm (Zex = 335 nm), which was significantly dif-
ferent from the peak at 526 nm of free L. The significant blue shift
of the emission wavelength observed in BUC-77 might be attribu-
ted to the ligand-to-metal charge transfer (LMCT)[25]. The fluores-
cence lifetime of BUC-77 was determined to be t =10 ps (Fig. S1),
similar to the reported of other fluorescent counterparts [26,27].

The UV-Vis spectra (Fig. 2b) of BUC-77 and discrete L were
measured in the aqueous solution at room temperature in the
region of 600-190 nm. The absorption peaks of 193, 229 and
256 nm corresponded to annular conjugate system transition and
m-nt* transition absorption. The UV-Vis DRS spectra (Inset of
Fig. 2b) of solid-state BUC-77 and free L were analyzed at room
temperature to investigate the interactions between the [Mog-
06]*" clusters and organic struts of L2*. It is found that BUC-77
exhibits an absorption band at 425 nm, quite different from the
absorption of L at 520 nm, which can be assigned to the ligand-
to-metal transition [28-30].
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Fig. 2. (a) Excitation and emission spectra and (b) The UV-Vis spectra and DRS UV-Vis spectra (inset) of BUC-77. (c) The fluorescence changes of BUC-77 (1 g/L) upon the
addition of various metal cations (10 mM) and PbCl, (10 mM) in aqueous solution. Left-hand bars represent the fluorescent responses toward metal cations; right-hand bars
represent the subsequent addition of PbCl; to the afore-mentioned solutions. (d) Emission spectra and K, curve (inset) of BUC-77 (1 g/L) in aqueous solutions in the presence

of various concentrations of Pb?* under excitation at 335 nm.

3.3. Selective sensing detection of Pb*>* cations with BUC-77 as
fluorescent probe

BUC-77 was stable in aqueous solution at wide pH range from
1.0 to 12.0, which can be affirmed by the PXRD results (Fig. 3a).
Also, the strong emissions of BUC-77 in the solid state make it pos-
sible to be used as fluorescent probe to carry out fluorescence
detection. As shown in Fig. S2, BUC-77 demonstrated minor pH-
independent fluorescence in the pH range of 1.0-12.0, which indi-
cated that its fluorescence was free of the pH influence.

Considering its good fluorescence and outstanding water stabil-
ity, BUC-77 was selected to conduct sensing detection of common

metal cations in simulated wastewater. The fluorescent responses
of BUC-77 toward aqueous solutions of various individual metal
cations like K*, Na*, Mg?*, Ca?*, Cu®*, Zn?*, Co**, Ni%*, Fe**, Mn?",
AI*, Ba?*, Cd?* and Pb?* revealed that only the presence of Pb?*
can achieve significant quenching effect (as illustrated in Fig. 2c).
In addition, the fluorescence was still quenched when Pb?* and
other metal cations were co-existed, implying that BUC-77 exhib-
ited highly sensitive recognition of Pb®* in the real wastewater.
For better understanding the fluorescent response of BUC-77
toward Pb?*, the fluorescence titration upon the addition of PbCl,
to BUC-77 was further conducted. As demonstrated in Fig. 2d,
the emission intensity of the BUC-77 suspension declines sharply
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Fig. 3. (a) PXRD patterns of BUC-77 of as-prepared one, soaked in aqueous for 12 h with pH = 1 and pH = 12 along with the simulated one from single crystal data. (b) The
adsorption and desorption efficiency of Pb?*. (c) Cycling adsorption (pH = 3.4) and desorption (pH = 0.92) performances of BUC-77 toward Pb?* after 60 min adsorption and

20 min desorption. (d) Changes of Zeta potential with pH of BUC-77.

with the increase of Pb?* concentration from 0 to 1 uM. This
quenching effect can be quantitatively rationalized by the Stern-
Volmer equation (1):

Io/T=1+Ky[Q] (1)

where K, is the quenching constant, [Q] is the Pb?* concentration,
and the values Iy and I are the fluorescence intensity of the BUC-
77 suspension without and with addition of Pb%*, respectively. As
illustrated in Fig. 2d (inset figure), the linear correlation coefficient
(R?) of Ky, curve is 0.9959, which suggests that the quenching effect
of Pb?* on the fluorescence of BUC-77 fits the Stern-Volmer model
well. The calculated K, value is 1.866 x 1073, indicating a strong
quenching effect of Pb%* on the BUC-77 fluorescence [31,32]. The
lowest detectable limit for Pb?* is estimated as 0.03 uM (6.91

ppb), which is below the concentrations of EPA standard limit
(15 ppb) [33]. It is speculated that a static quenching process is
dominant because the absorption spectrum of BUC-77 shows obvi-
ous difference after contacting with Pb?*. A non-fluorescent com-
plex might be formed between BUC-77 and Pb?" in the ground
state. In the present work, the luminescence quenching effect of
POM compound towards metal cations originates from the
approach that the cation exchange of central cations in the polyox-
omolybdate with targeted cations [34,35]. Thus, it is concluded that
BUC-77 can be potentially utilized to detect Pb®* contamination in
the environment with high sensitivity and selectivity.

3.4. Adsorption performance

The adsorption performance of BUC-77 toward Pb%* was tested
with the simulated wastewater containing Pb?*. The corresponding
isotherm models, thermodynamic parameters and kinetic studies
were omitted in this paper, and only the Pb?* removal efficiency

vs time and the maximum adsorption capacity were investigated.
As illustrated in Fig. 3b, the adsorption efficiency of BUC-77 toward
Pb?* increased rapidly to 89.3% at 10 min, which might be attribu-
ted to many available vacant adsorption sites at the beginning, and
maintained as plateau at ca. 98% after 30 min. The maximum
adsorption capacity of BUC-77 toward Pb>* were 425 mg/g, which
is higher than most of the adsorbents reported previously as listed
in Table 1.

3.5. Regeneration and recyclability of BUC-77

Efficient regeneration and recyclability of the adsorbents arose
intensive attentions in both lab researches and practical applica-
tions. In this work, the used BUC-77 can be regenerated easily
via being washed with 0.2 mol/L HNO3 aqueous solution, in which
90.1% and 99.1% Pb?* ions were released from BUC-77 after 5 min
and 1 h, respectively, as shown in Fig. 3b, indicating it can be
regenerated easily via pH adjustment. As shown in Fig. 3c,
BUC-77 can maintain high adsorption efficiency during 5 runs

Table 1

Comparison of the adsorption capacities of Pb?* onto some typical adsorbents.
Adsorbents Adsorption capacity References

(mgg™")

BUC-14 1105.7 [20]
BUC-77 425 This work
CoFe;04-1GO 2994 [36]
Attapulgite clay@carbon 263.8 [37]
Zinc silicate 210 [38]
Ulmus tree leaves 201.1 [39]
Amino functionalized silica spheres 194.4 [40]
Hydroxyapatite 100.0 [41]
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operation, and the slight decrease of adsorption capacity might
result from the incomplete desorption of the previous cycles [42].

3.6. Proposed adsorption and desorption mechanisms

Previous studies had illustrated that the surface area was an
important factor to influence the adsorption capacity [43,44]. But,
in this study, BUC-77 possessed inferior surface area (1.89 m?/g)
determined by N, sorption/desorption measurement, which
implied that the strong affinity in binding with Pb®* might not be
assigned to its surface area [45]. The surface charge of BUC-77
was determined via zeta potential measurements in pH range of
2.0-6.0, and the results revealed that the isoelectric point (IEP) val-
ues were 3.1, as illustrated in Fig. 3d. The surface charge of BUC-77
was negative when pH exceeded 3.1 (IEP), indicating that its
adsorption activity toward cationic Pb?* can be mainly assigned
to the electrostatic interactions [46]. As the pH decreased to 0.7,
the surface of BUC-77 became positively, leading to that the
adsorbed Pb?* ions were broken away from the adsorbent [47].

To further clarify the adsorption mechanism, FTIR, PXRD, SEM,
and XPS were used to analyze the composition, morphology and
microstructure of BUC-77 before and after adsorption of Pb'.
The elemental mapping obtained from SEM affirmed the presence
of Pb?* in BUC-77 after adsorbing Pb?*, besides C, N, O, and Mo in
the as-prepared BUC-77 (as shown in Fig. 4). As the XPS spectra of
O 1s shown in Fig. 5(b), the O 1s region can be decomposed into
four peaks at 530.4, 532.2, 531.6 and 533.0 eV, corresponding to
Mo—O0, O(H,0), (=0 and C—O, respectively. However, the peak
attributed to Pb-O bond can’t be observed in this study, implying
no detectable PbMoO, was formed in suitable period [48-52].
The XPS spectra as shown in Fig. 5(c) of BUC-77 revealed that
the peaks at 235.58 eV and 232.45 eV were assigned to Mo 3ds,
and 3dsj, orbitals of Mo®* in the crystal lattice [53,54]. After
adsorption of Pb?*, both above-stated doublet peaks were sepa-
rated by 3.15 eV and the corresponding binding-energy are higher
than those in BUC-77. Thus, it confirms the existence of the elec-
trostatic interactions between the electron acceptor of Pb®* with
the stronger electron-capturing ability and electron-donor of [ Mog-
026]* [55,56]. The adsorption mechanism was further affirmed by
FTIR (Fig. 5e) and PXRD (Fig. 5f), in which there were no obvious
differences between the original BUC-77 and BUC-77 after adsorb-
ing Pb?".

4. Conclusions

In this work, guided by a topological design approach, a new
chemically stable polyoxomolybdate based hybrid (BUC-77) with
outstanding fluorescence property has been designed, synthesized,
and used to conduct the selective detection and removal of Pb%*
ions from water. BUC-77 exhibited good stability in water and
acidic solutions, and demonstrated excellent selective detection
ability towards heavy metal Pb?" ions over other partners based
on their sensitive fluorescence quenching. The lowest detectable
limit of BUC-77 towards Pb?"* is estimated to be 6.91 ppb. As well,
BUC-77 can achieve outstanding adsorption activity toward Pb%*
with adsorption capacity up to 425 mg/L, and can be reused just
being washed by weak acid aqueous solution. In all, BUC-77 can
achieve “killing two birds with one stone”, which provides a new
insight into the design of new compounds for the simultaneously
detection and removal of contaminates in water.
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