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A B S T R A C T

Among the heavy metals commonly found in wastewater, Cr2O72− is considered the most hazardous due to its
high toxicity, carcinogenicity, and mutagenicity. Nevertheless, detection and removal of Cr2O72− remains a
serious challenge as it competes with other metal cations and anions in wastewater. Herein, self-calibration of
the emission intensities at two different wavelengths was introduced to microporous media to facilitate the
ratiometric detection and simultaneous removal of Cr2O72− in the presence of excess interfering ions.
Specifically, a multi-dye (7-amino-4-methylcoumarin and resorufin) containing metal-organic framework-801
(Dyes⊂MOF-801) was developed and tested for the detection and removal of Cr2O72− from wastewater.
Dyes⊂MOF-801 exhibited accurate detection of Cr2O72− with high sensitivity in the presence of a 260-fold
excess of potentially interfering ions. Its maximum removal capacity was 83mg/g and was achieved within
3min, even in the presence of excess metal ions and 10-fold excess concentrations of anions. In addition, the
residual concentration of Cr2O72− was simultaneously checked using ratiometric detection of Dyes⊂MOF-801,
so that the removal of Cr2O72− could be immediately confirmed.

1. Introduction

Heavy metal pollution in wastewater is considered to be one of the
most worrisome environmental problems due to the potential adverse
effects on human health [1–4]. Since heavy metal ions are highly toxic
even at low concentrations and can accumulate in the human body, it is
essential to detect and remove them from wastewater. Among heavy
metal ions, Cr2O72− is the most dangerous metal ion as it is extremely
toxic, carcinogenic, and mutagenic [5–7]. Therefore, the efficient de-
tection and removal of Cr2O72− from aqueous environments is im-
portant, but remains challenging as the small amount of Cr2O72−

usually co-exists with other heavy metals and anionic counter ions in
wastewater. When Cr2O72− is surrounded by a complex environment
containing multiple cations and anions, the efficiency of its detection
and removal is significantly reduced as the other ions compete for lu-
minescence and adsorption sites. Even if UV absorption of the aqueous
solution is used for detecting Cr2O72−, it is difficult to obtain reliable
signals in the presence of other heavy metal ions as their absorption
typically overlapped [8]. Recently, the luminescence properties of
various porous materials have been studied to detect Cr2O72− using

turn-on and -off mechanisms but are significantly affected by other ions
and the surrounding environment [9,10].
Ratiometric detection uses the self-calibration of emission in-

tensities at two different wavelengths which can eliminate, or account
for, the interference of the surrounding environment and ambiguities
including instrumental efficiency, environmental conditions, and probe
concentration [11–13]. Multiple probes encapsulated together within a
highly porous material can provide a ratiometric approach for the ac-
curate detection and efficient removal of Cr2O72− in wastewater with
minimal environmental effects. In this report, we developed a multi-dye
containing metal-organic framework (MOF) for the detection and re-
moval of Cr2O72− from wastewater. Specifically, 7-amino-4-methyl-
coumarin (coumarin) and resorufin dye molecules were encapsulated
within metal-organic frameworks-801 (Dyes⊂MOF-801) [14]. Cou-
marin and resorufin were chosen because their molecular sizes closely
match the pore size (8 Å) of MOF-801 (Fig. S1) [15] and their lumi-
nescence properties are significantly affected by the quenching effect of
heavy metal ions (Fig. 1). By ratiometrically comparing the maximum
emission intensities of coumarin at 440 nm and resorufin at 585 nm,
Cr2O72− was clearly identified at a sensitivity 260 times higher than
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other ions. The empty pores in MOF-801 efficiently remove Cr2O72−

with an equilibrium time of 3min and an 83mg/g adsorption capacity.
The Dyes⊂MOF-801 s were characterized by transmission electron
microscopy (TEM), scanning electron microscopy (SEM), and powder X-
ray diffraction (PXRD). The detection and removal of Cr2O72− were
confirmed by photoluminescence (PL) and UV–vis absorption spectro-
scopy.
Many materials including resins, layered double hydroxides, and

zeolites have been developed for Cr2O72− detection and/or removal,
but lack selectivity, adsorption capacity, and desirable kinetics [16–29].
Alternatively, MOFs combined with luminescent molecules have been
applied for the detection and/or removal of Cr2O72− [30–39], but none
of the previous studies have encapsulated multiple dyes inside MOFs for
ratiometric detection and simultaneous removal with minimal en-
vironmental effects.

2. Experimental section

2.1. Materials

NaCl, NaNO3, NaSO4, Cu(NO3)2·3H2O, Ga(NO3)3·H2O, Co(NO3)2·6H2O,
Ni(NO3)2·6H2O, Zn(NO3)2·4H2O, Na2Cr2O7, Cr(NO3)3·9H2O, Fe(NO3)3·9H2O,
ZrCl4, fumaric acid, acetic acid, N,N-dimethylformamide, resorufin, and 7-
amino-4-methylcoumarin were purchased from Sigma Aldrich (St. Louis,
MO). Triple distilled water was used in all experiments.

2.2. Synthesis of Dyes⊂MOF-801

Stock solutions for each dye solution were prepared to be 0.2 mg/
mL of resorufin and 10mg/mL of 7-amino-4-methylcoumarin in DMF
before the synthesis of MOF-801. For the synthesis of Dyes⊂MOF-801,
ZrCl4 (33.4 mg, 0.14mmol) was dissolved in a solution of DMF (4mL)

and acetic acid (0.69mL) followed by addition of 1mL of the resorufin
stock solution. Separately, fumaric acid (18mg, 0.15) was dissolved in
DMF (4mL) followed by addition of 1mL of the coumarin stock solu-
tion. These two ZrCl4 and fumaric acid solutions are mixed in a 20mL
vial and then placed in a 90 °C oven for 87 h. In this preparation, ZrCl4
and fumaric acid serve as metal source and organic linker for the
construction of MOF-801, respectively. DMF was chosen as solvent as it
has high boiling point and high solubility for ZrCl4 and fumaric acid.
The role of acetic acid is modulator making competition with the or-
ganic linker in the growth of MOF-801 to have high crystallinity.
Afterwards, the vial was cooled to room temperature and the solid part
was separated with a centrifuge (9000 rpm for 10min). The solid was
then washed with DMF once and with methanol more than three times
until no dye is released. After washing, the product was dried in a va-
cuum oven.

2.3. Characterization

PXRD spectra were obtained using a RIGAKU XRD (Smartlab, Cu-Kα
radiation) instrument at 1200W (40 kV, 30mA). The scanning condition
was 4°/min from 3 to 40° with a silicon holder. The morphology and surface
of the MOFs were verified by field emission scanning electron microscopy
(FE-SEM, JEM-7600 F, JEOL). The powder sample was dissolved in me-
thanol and dropped directly onto the holder. The PL spectra of sample so-
lutions were obtained using a Jasco FP-8500 fluorometer and the UV–vis
absorption spectra recorded using a Scinco S3100 UV–vis spectrometer with
QS-grade quartz cuvettes (111-QS, Hellma Analytics). Fourier transform
infrared (FTIR) spectroscopy was performed using a Nicolet iS50 FTIR
spectrometer (Thermo-Scientific) with KBr pellet method. Gas adsorption
analysis was performed using a BELSORP-max automatic volumetric gas
adsorption analyzer. The samples were prepared and measured after eva-
cuation at 120 °C for 12 h.

Fig. 1. Schematic of the ratiometric detection and simultaneous removal of Cr2O72− using multi-dye (resorufin and 7-amino-4-methylcoumarin) containing MOF-
801.
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2.4. Ratiometric fluorescence detection of metal ions

3 mM aqueous solutions of metal ions (Na+, Co2+, Ni2+, Cu2+,
Zn2+, Ga3+, Fe3+, and Cr3+) were prepared from their nitrate salts and
a 3mM Cr2O72− solution was prepared from Na2Cr2O7. A total of 1mL
of metal ion solution was added to 2mL of the Dyes⊂MOF-801 solution
(3mg/mL) and mixed in a vial. The PL spectra of each solution were
measured under excitation at 350 nm and 570 nm, corresponding to the
excitations of 7-amino-4-methylcoumarin and resorufin, respectively.
Subsequently, the intensity ratio of the 440 nm (excitation at 350 nm)
and 585 nm emissions (excitation at 570 nm) of each metal ion solution
were determined. For an intuitive comparison, each intensity and in-
tensity ratio was normalized with respect to water.

2.5. Cr2O7
2− adsorption test

a. Equilibrium adsorption at different Cr2O72− concentrations
A total of 40mg of Dyes⊂MOF-801 was weighed and dispersed into

an aqueous solution (10mL) containing different Na2CrO7 concentra-
tions (4/15, 4/9, 2/3, 4/3, 2, and 3mM) with mild stirring for 2 h at
room temperature. After 2 h of equilibrium, the mixed solution was
pipetted and the Dyes⊂MOF-801 s were removed from the pipetted
solutions via centrifugation. Subsequently, each solution was diluted 30
times using deionized water before measuring the UV–vis absorbance.
The adsorption capacity of the Dyes⊂MOF-801 was evaluated by
measuring the typical absorbance of Cr2O72− at 362 nm using the fol-
lowing equation:

= ×Q
C C
m

Ve
f

sorbent
solution

0

Where Qe represents the adsorption capacity of the Dyes⊂MOF-801; C0
and Cf represent the concentration of Cr2O72− in the aqueous solution
before and after adsorption, respectively; and mabsorbent and Vsolution re-
present the weight of the sorbent and volume of the Na2Cr2O7 aqueous
solution, respectively.
b. Adsorption kinetics of Cr2O72− with Dyes⊂MOF-801
A total of 80mg of Dyes⊂MOF-801 was dispersed in an aqueous

solution (20mL) of Na2CrO7 (1.5mM) with mild stirring at room
temperature. The mixed solution was then pipetted at different times
(1, 3, 5, 30, 60, and 120min) and the Dyes⊂MOF-801 s were removed
from the pipetted solutions using syringe filters for rapid removal.
Subsequently, the amount of Cr2O72− adsorbed to the Dyes⊂MOF-801
at different times were determined by UV absorbance at 362 nm.

2.6. Cr2O7
2− removal

First, 80mg of the Dyes⊂MOF-801 were dispersed in 20mL of
Na2Cr2O7 solution (2mM) with mild stirring at room temperature. After
10min, the Dyes⊂MOF-801 s were separated from the solutions via
centrifugation. At each removal step, the absorbance of the Cr2O72−

solution at 362 nm and fluorescence intensity ratio (Fre/Fcou) of the
Dyes⊂MOF-801 used in each removal step were measured. This pro-
cedure was repeated three times.

3. Results and discussion

MOF-801 was selected because zirconium-based MOFs are chemi-
cally stable in aqueous ionic solutions. In a previous study, we showed
that MOF-801 can encapsulate molecular dyes in its pores with sig-
nificant size control [15]. The MOF-801 with dual emission properties
was prepared by embedding coumarin (440 nm) and resorufin (585 nm)
simultaneously during its synthesis. In a typical synthesis, dye mole-
cules were placed in DMF solution mixture containing ZrCl4, organic
linkers, and acetic acid. This mixture was heated to 90 °C for three days
to produce a colored precipitate. The product was collected by cen-
trifugation and the reaction solvent was removed. The Dyes⊂MOF-801

was washed with DMF and methanol until no luminescence was de-
tected in the supernatant. The washed product was immersed in me-
thanol for three 24 h periods and dried under vacuum. The product was
characterized by PXRD, SEM, and N2 adsorption. These techniques
characterized the crystallinity, permanent porosity, morphology, lu-
minescence properties, and stability of the Dyes⊂MOF-801.
The X-ray diffraction patterns of the prepared Dyes⊂MOF-801

showed sharp diffraction peaks at positions perfectly matched with
those of pristine MOF-801 and the simulated structure (Fig. 2a), in-
dicating that Dyes⊂MOF-801 exhibits high crystallinity and the same
crystal structure as the pristine sample. In addition, the SEM images
show that the Dyes⊂MOF-801 exhibits identical morphology to that of
MOF-801 (Fig. S2). The permanent porosity of the Dyes⊂MOF-801 was
confirmed by N2 adsorption measurements in Fig. 2b. The Dyes⊂MOF-
801 sample maintains its microporosity allowing the interior adsorption
of Cr2O72− but the amount of microporous absorption at pressures up
to 0.2 P/P0 is slightly lower than that of pristine MOF-801 due to the
presence of dye molecules. The presence and amount of dye molecules
were confirmed by PL spectroscopy (Fig. 2c and d). As shown in Fig. 2c,
the emission peaks of coumarin at 440 nm and resorufin at 585 nm were
observed in the PL contour map of Dyes⊂MOF-801. When no dye was
included in the synthesis procedure, no PL was observed in the MOF-
801 solution (Fig. S3). It was also confirmed that no dyes leached out
after the washing process. Furthermore, coumarin and resorufin were
not encapsulated within UiO-66, which has the same structure but
larger pores (12 Å) using an identical synthetic process. These results
indicate that both dye molecules were successfully encapsulated
without sacrificing their native PL properties. In addition, the amount
of coumarin and resorufin within Dyes⊂MOF-801 was independently
controlled by differing the amount of each dye in their respective
preparation solutions (Fig. 2d). The PL intensity of each dye emitted
from Dyes⊂MOF-801 was directly proportional to the amount of cor-
responding dye in the synthesis solution regardless of the amount of the
other dye. We chose a fluorescence intensity ratio of coumarin to re-
sorufin (Fre/Fcou) of approximately 1.77 for optimal ratiometric detec-
tion and the number of coumarin and resorufin dyes in 1mg of
Dyes⊂MOF-801 was determined to be 1.70×1016 and 2.51×1017,
respectively, using the linear relationship of PL intensity and dye mo-
lecule concentration at very low dye concentrations (Fig. S4).
The dual fluorescence emission of Dyes⊂MOF-801 was used for the

sensing of metal ions (Fig. 3). When the dyes and heavy metal ions are
within several nm, electron transfer from the dye to metal ion occurs,
causing fluorescence quenching [40–42]. However, fluorescence
quenching is significantly affected by the surrounding environment, a
single emission quenching is not efficient for determining Cr2O72−

concentrations in unknown aqueous solutions. In this context, we used
the dual fluorescence emission of Dyes⊂MOF-801 for ratiometric de-
tection to eliminate interferences from the surrounding environment
through self-calibration of emission intensities at two different wave-
lengths. Dyes⊂MOF-801 was mixed with solutions containing 1mM of
Ga3+, Na+, Ni2+, Co2+, Zn2+, Cu2+, Cr3+, Fe3+, and Cr2O72− ion in
water, and the resulting PL intensities of coumarin and resorufin were
measured. As shown in Fig. 3a and b, the degree of fluorescence
quenching varied depending on the type of dye and metal ion present in
solution. The PL intensity of coumarin was significantly reduced in
Fe3+ and Cr2O72− solutions while that of resorufin was halved in the
Cr2O72− solution comparing with the other metal ion solutions. These
results differed significantly from those of from pristine coumarin and
resorufin molecules (Fig. S5). The selectivity for different metal ions
was significantly enhanced when the coumarin and resorufin were
encapsulated in MOF-801. Even if the single emission quenching
showed distinct changes when exposed to the metal ions, those changes
could not be used to detect target ions in unknown solutions as the
overall metal ions concentration also affected PL intensity.
When the dual emission of Dyes⊂MOF-801 was used to obtain the

fluorescence intensity ratio of coumarin over resorufin (Fre/Fcou,
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Fig. 3c), the Fre/Fcou in the Cr2O72− solution was 25 times higher than
in the solutions of Ga3+, Na+, Ni2+, Co2+, Zn2+, Cu2+, and Cr3+ and 5
times higher than the Fe3+ solution. The power of ratiometric detection
was enhanced when Cr2O72− was detected in mixed ion solutions
containing all metal ions listed above. To simulate the detection of
Cr2O72− in wastewater, reference wastewater was prepared (hereafter
denoted as wastewater) containing 1mM of Ga3+, Na+, Ni2+, Co2+,
Zn2+, Cu2+, Cr3+, Fe3+ together, and then various amounts of Cr2O72−

were added from 0.1 to 1mM (Fig. 3d) followed by ratiometric in-
tensity (Fre/Fcou) comparisons. The ratiometric value (Fre/Fcou= 7.9) in
the 0.1mM Cr2O72− addition to the wastewater was 2 times higher
than that (Fre/Fcou= 3.1) of the reference wastewater. This is a sig-
nificant difference as the molar amount of Cr2O72− at 0.1mM was 260
times less than that of the other ions, considering the wastewater
contained 8mM of metal cations and 18mM of counter anions. With
high concentrations of Cr2O72− added to wastewater, a higher ratio-
metric intensity was observed (Fig. 3d). When the equivalent amount
(1mM) of Cr2O72− to the each of the other metal ions in the wastewater
was added, the ratiometric value (Fre/Fcou= 54.8) was 18 times higher
than that of the reference wastewater. The ratiometric value was di-
rectly proportional to the amount of Cr2O72− added to the wastewater,
indicating that ratiometric detection can be used to determine the
concentration of Cr2O72− in wastewater (Fig. 3e). These results indicate
that the ratiometric approach using two dye molecules within MOF-801
can efficiently detect Cr2O72− and can be used for concentration de-
termination in the presence of other possibly interfering ions. It is also
confirmed that detection of Cr2O72− can be achieved up to 0.03mM
concentration (Fig. S6).
In MOF-801 [Zr6O4(OH)4(fumarate)6], Zr oxide building units

[Zr6O4(OH)4(CO2)12] are used to interconnect linkers [fumarate] with 8

μ3-oxygen atoms disorderedly occupied by either O2− or OH− groups
[43]. The uneven electrostatic potential at these sites strongly interact
with Cr2O72−, and empty pores in Dyes⊂MOF-801 easily remove
Cr2O72− from aqueous solution. The adsorption capacity of
Dyes⊂MOF-801 was studied by measuring its absorbance in different
concentrations of Cr2O72− solution (4/15, 4/9, 2/3, 4/3, 2, and 3mM;
10mL) after mixing with Dyes⊂MOF-801 (40mg) for 2 h. It should be
noted that Dyes⊂MOF-801 was removed by centrifugation before
measuring the absorbance of the solution. Herein, Cr2O72− adsorption
was evaluated by measuring the typical absorbance of Cr2O72− at
362 nm. The remaining Cr2O72− in solution was based on the linearly
proportional UV–vis absorbance to the amount of Cr2O72− ion at very
low concentrations (Fig. S7). The adsorption capacity per gram of
Dyes⊂MOF-801 (Qe) initially increased with increasing concentration
of Cr2O72− and became saturated at 400 ppm (Fig. 4a). The adsorption
isotherm was well fitted by the Langmuir model (Figs. 4a and S8). From
the Langmuir model, the fitting results indicated that the maximum
adsorption capacity was 83mg of Cr2O72− per gram of Dyes⊂MOF-801
(83mg/g).
For a more detailed description of the overall process, the adsorp-

tion kinetics of Cr2O72− by Dyes⊂MOF-801 was studied at different
adsorption times (Fig. 4b). In addition, the UV–vis absorbance at
362 nm was converted to adsorption capacity at the different times (Qt)
of interaction with Dyes⊂MOF-801. In these experiments, 324 ppm of
Cr2O72− in 20mL of aqueous solution and 80mg of Dyes⊂MOF-801
were used for kinetic determination. As shown in Fig. 4b, the Cr2O72−

adsorption by Dyes⊂MOF-801 reached equilibrium in 3min, which is
considerably faster than other Cr2O72− sorbents, including other types
of MOFs [44,45].
To characterize the selective adsorption of Cr2O72− by Dyes⊂MOF-

Fig. 2. Characterization of the Dyes⊂MOF-801. (a) XRD patterns of the Dyes⊂MOF-801 and MOF-801. (b) N2 adsorption of the Dyes⊂MOF-801 and MOF-801. (c)
PL contour maps of the Dyes⊂MOF-801 in water. (d) PL intensities of coumarin and resorufin within the Dyes⊂MOF-801 samples synthesized from the prepared
solutions with different ratios of the two dyes.
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801 in the presence of potentially interfering metal ions, Cr2O72− re-
moval from wastewater was tested by measuring UV–vis absorbance. As
shown in Fig. 4c, after the removal process, the UV–vis absorbance of
the wastewater was similar to that of the control wastewater without
Cr2O72−, especially at the typical absorbance of Cr2O72− (362 nm),
implying that Cr2O72− was selectively removed. To ensure that other
metal ions were not removed in the adsorption process, the removal
experiment of the wastewater without Cr2O72− was also conducted
(Fig. S9). When the wastewater did not contain Cr2O72−, the UV–vis
absorbance was similar after the same removal experiment, indicating

that other metal ions are not significantly affected by the adsorption.
The selective adsorption of Cr2O72− in the presence of various anions
was also studied under 10-fold excess concentrations of Cl-, NO3-, and
SO42− (Fig. 4d). Cl-, NO3-, SO42− ions are well-known as competitive
anions to Cr2O72− adsorption, but the adsorption capacity for Cr2O72−

by Dyes⊂MOF-801 was maintained regardless of the addition of other
anions. Also, the ratiometric value of Dyes⊂MOF-801 was measured in
the presence of 1mM of Cl-, NO3-, CO32−, SO42−, PO43-, and citrate
using their sodium salts (Fig. S10). The results show that interference of
anion has negligible effect on the detection of Cr2O72−.

Fig. 3. Histograms of the normalized fluorescence intensity changes of Dyes⊂MOF-801 (a) at 440 nm with 350 nm excitation and (b) at 585 nm with 570 nm
excitation. (c) Fluorescence intensity ratio (Fre/Fcou) changes in the presence of different metal ions (1mM). (d) Fluorescence intensity ratio (Fre/Fcou) of Dyes⊂MOF-
801 in wastewater with or without added Cr2O72− (0.1, 0.2, 0.5, 1 mM). (e) Fluorescence intensity ratio (Fre/Fcou) of Dyes⊂MOF-801 as a function of Cr2O72− added
to the wastewater.

Fig. 4. (a) Equilibrium Cr2O72− adsorption for Dyes⊂MOF-801. The solid line represents fitting of the data with the Langmuir model. (b) Adsorption kinetics of
Cr2O72− with Dyes⊂MOF-801. (c) UV–vis spectra of the wastewater with or without Cr2O72− before and after adsorption with Dyes⊂MOF-801. (d) Selectivity
adsorption test of Cr2O72− by Dyes⊂MOF-801 after addition of 10-fold higher concentrations of Cl-, NO3-, SO42−. (e) FT-IR spectra of Na2Cr2O7 and Dyes⊂MOF-801
before and after Cr2O72− adsorption. (f) Color change of Dyes⊂MOF-801 before and after Cr2O72− adsorption.
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Adsorption of Cr2O72− was confirmed by IR spectroscopy of the
Dyes⊂MOF-801 and the results are shown in Fig. 4e. The spectra of the
Dyes⊂MOF-801 after adsorption of Cr2O72− maintained the main
peaks observed for the MOF-801 structure at 1581, 1401, and 658 cm-1.
Furthermore, the sharp band at 1636 cm-1 and broad band between 980
and 738 cm-1 corresponding to Cr2O72− were retained even after three
washing cycles. Additionally, the N2 adsorption of the sample after
Cr2O72− removal was reduced by more than half of the original
Dyes⊂MOF-801 and the surface area decreased from 1042.8 to
392m2 g-1 (Fig. S11). These result indicates that Cr2O72− is captured
and remained inside of the micropores of Dyes⊂MOF-801. As shown in
Fig. 4f, the color of Dyes⊂MOF-801, originally pinkish-white, changed
to yellow after adsorption of Cr2O72−. In addition, the yellow color of
Dyes⊂MOF-801 after adsorption did not return to its original state
even after washing with water and ethanol 3 times, indicating that
Cr2O72− was adsorbed to the Dyes⊂MOF-801 by strong interactions.
The simultaneous Cr2O72− detection and removal by Dyes⊂MOF-

801 was examined in 20mL of Na2Cr2O7 solution (2mM) through re-
peated removal processes using 80mg of Dyes⊂MOF-801 in each re-
moval step (Fig. 5). As shown in Fig. 5a, the color of the Cr2O72− so-
lution, initially deep yellow, gradually disappeared with repeated
removal processes, becoming transparent after only three cycles. From
the UV–vis spectra (Fig. 5b), it is clear that the absorption of the so-
lution at 362 nm gradually decreased with the number of removal cy-
cles, and finally becomes similar to that of water. From the absorbance
at 362 nm, the concentration of Cr2O72− was determined to be 56 μM
after three removal steps, which corresponds to approximately 1/37 of
the initial concentration. The removal of Cr2O72− in solution was

simultaneously confirmed by the ratiometric detection of Dyes⊂MOF-
801. As shown in Fig. 5c, the fluorescence intensity ratio of
Dyes⊂MOF-801 used in the first removal process was several hundred
times larger than the control value. As the removal process was re-
peated, the fluorescence intensity ratio decreased gradually and finally
became even lower than the value of water after three removal steps.
The results indicated that Cr2O72− removal can be confirmed im-
mediately by measuring the fluorescence of Dyes⊂MOF-801 using ra-
tiometric detection.

4. Conclusions

In this study, we encapsulated coumarin and resorufin dye mole-
cules in MOF-801 for ratiometric detection and simultaneous removal
of Cr2O72− from wastewater. The ratiometric detection of Dyes⊂MOF-
801 enabled the detection of Cr2O72− even in the presence of a 260-fold
excess of interfering ions by self-calibration of two different fluores-
cence emissions. The MOF pores effectively removed Cr2O72− in 3min
with an 83mg/g of adsorption capacity. Moreover, Dyes⊂MOF-801
exhibited selective removal of Cr2O72− even in the presence of excess
interfering metal ions and anions. The Dyes⊂MOF-801 also work as an
indicator to measure the residual concentration of Cr2O72−, so that the
removal of Cr2O72− could be immediately confirmed. The approach
developed herein combining ratiometric detection from multiple dyes
and the removal capabilities of porous MOF show great potential for
solving heavy metal pollution problems by selective detection and re-
moval from actual wastewater.

Fig. 5. (a) Color change of the Cr2O72− solution during the repeated ion removal process. (b) UV–vis spectra of the Cr2O72− solution before and after the repeated
removal process. (c) Fluorescence intensity ratio (Fre/Fcou) of the Dyes⊂MOF-801 used in each removal step.
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