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Tb**-Doped Ag-MOFs for fluorescent detection of
formaldehyde in a novel smartphone platform and
its removal applications in milk products and
wastewatert

Mengwen Li,® Ao Shen,® Man Du,*® Xiaohui Hao,? Hongquan Wang,*< Xiaoyu Du,?
Shufeng Ma,? Jiaxin Yuan® and Yunxu Yang (& *?

As one kind of reactive carbonyl species (RCS), formaldehyde (FA) with a high concentration could be
extremely toxic to living bodies as well as the environment. This paper reports a three-dimensional (3D)
Tb3*@Ag-MOFs-based fluorescent probe for fast sensing of FA, which uses a novel turn-on mechanism
based on the luminescence induced by Tb>". The MOF sensor shows broad dynamic ranges of 0.1-
1 mM for FA with the detection limit of 1.9 uM. For online and real-time detection of FA, a portable
smartphone platform was employed to analyze the RGB values of the fluorescence by a smartphone
application. By incorporating this probe into a polyacrylonitrile (PAN) layer, we synthesized a film
composite that could effectively remove FA in real samples including milk and chemical factory
wastewater, and the removal rate reached 98.52% and 95.38% respectively. Moreover, the potential of
the film to remove gaseous FA was confirmed by experiments as well.

1 Introduction

Over the years, the recognition and removal of aldehydes have
always drawn great attention and discussion due to their bio-
logical toxicity." Among these aldehydes, formaldehyde (FA) is
harmful to public health and the environment. Such a colorless,
volatile and deleterious substance can cause the eyes discom-
fort as well as causing asthma and respiratory infection.*
Therefore, FA is classified as a primary carcinogen. As such, it's
important to detect and remove FA in the diet and environment
safely and efficiently.

Considering its significance, novel sensors for FA with
simplicity, low cost, a low limit of detection, instantaneous
response and high removal rate at room temperature should be
developed as soon as possible. Current measures for detecting
FA mainly include gas chromatography,® high-performance
liquid chromatography,® and spectrometry,” which offer high
selectivity and sensitivity but are expensive, time consuming
and difficult in terms of operation. Considering the reactivity
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and high volatility of FA, the methods based on fluorescent
probes have obvious advantages like short trapping time, high
selectivity and sensitivity, and easy to achieve in situ and real
time imaging.* ™

On the other hand, metal organic frameworks (MOFs) as
a novel kind of sensors for FA has aroused huge attention due to
its good performance. Compared with other materials and
methods, MOFs materials have turnable functionality, rich
pores, outstanding stability and conjugated skeleton.'*>*
Currently, only several MOFs probe have been developed for the
fluorescent detecting of FA (Table S1t).>*° However, the
response time and detection limit of some MOF materials to FA
are not good enough, and some of them can only detect FA in
aqueous-phase but not vapor-phase. Lanthanide MOFs (Ln-
MOFs), as a subfamily of MOF, possess lots of excellent lumi-
nescence properties, including large quantum yields, sharp-line
emissions, and long luminous life. Therefore, Ln-MOFs have
been employed in luminescent materials and sensing for ions
and small molecules.>”"*’

Herein, we proposed a novel turn-on mechanism for FA
sensing based on “self-assembly of MOF structure” and
“antenna effect of Tb**”. To fulfill this purpose, the metal ion
vertex of MOF probe should be able to react with FA sensitively
to make MOF collapse and release free ligands. Meanwhile,
there should be an antenna effect between the ligands and Tb**
to turn on fluorescence response, and the ligands should not
contain any other extra functional groups as well, which would
react with FA and produce unnecessary interference. Thus,
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a probe of Th** @Ag-BTC was designed and synthesized in order
to verify the above mechanism (BTC, 1,3,5-benzenetricarboxylic
acid) as shown in Scheme 1a. Indeed, when the detection
reaction began between Th** @Ag-BTC and FA, Ag" vertexes were
reduced to Ag® by FA, and Tb** was sensitized with energy by the
released ligands (BTC) in A, = 365 nm at the same time, which
showed characteristic green fluorescence. On the other hand,
the fluorescent test papers had been prepared for a smartphone
sensing platform so that we could analyze the R, G and B
channel values transmitted from a spectrophotometer to the
smartphone's APP by bluetooth (Scheme 1b). Additionally,
Th**@Ag-BTC could easily be modified to make a thin-film
nanocomposite by dispersed it into PAN in order to remove
the FA in milk and chemical factory wastewater. So, with the
nanoscale Tb**@Ag-BTC, we were able to realize the sensitive
detection of FA and provide a new tool for FA removal.

2 Experimental section
2.1 Materials and instrumentations

All the details of materials, reagents and instruments were
shown in ESL}

2.2 Synthesis of Th**@Ag-BTC

Ag-BTC was synthesized according to existing reports (Scheme
S17).*® Ag-BTC (0.53 g, 1 mmol) was dispersed into 50 mL DMF
in a 100 mL round-bottomed flask by ultrasonic treatment for
15 min, then a DMF solution of TbCl;-6H,0 (0.37 g, 1 mmol)
was dropped in. The mixture was stirred for 48 h at 25 °C, after
which the particles were filtered by vacuum filtration and
washed with methanol (25 mL x 3). The obtained Tb**@Ag-
BTC sample was soaked into 50 mL acetone under string for
24 h to remove the rest TbCl;-6H,0, and then dried at 70 °C for
6 h at air atmosphere.

Tb*@Ag-BTC
Self-assembly

Tb** encapsulation
Flourescence OFF
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2.3 Preparation of Tb**@Ag-BTC@PAN film

Firstly, 1.5 g PAN was dissolved in 15 mL DMF and heated to
80 °C for 48 h, then cooled to room temperature. Secondly, the
synthesized Tb**@Ag-BTC (0.5 g) was add into above PAN
solution forming a suspension. At last, the suspension was
evenly dropped into a round Petrie dish (5 cm in diameter), after
which the Petrie dish was immersed in deionized water for 30 s
to obtain the Th**@Ag-BTC@PAN film.

2.4 Fluorescence sensing of FA

The stock solutions of FA with different concentrations (0.1-1.2
mM) were prepared in deionized water, and 25 mL stock solu-
tion of Tb**@Ag-BTC (4 mM, 1.7 mg mL™") was prepared in
DMF and Tris buffer (7:3, v/v). Excitation wavelength was
365 nm and emission slit widths was 5.0 nm and 10.0 nm
separately. The fluorescence spectra were scanned and collected
from 450 nm to 650 nm at 1200 nm min .

2.5 Specific detection

In order to verify the specificity of Tb**@Ag-BTC for detecting
FA, another nine common substances harmful to food and the
environment were employed as comparisons, including acetal-
dehyde, trichloroacetaldehyde, acetamide, acrylonitrile, tri-
chloromethane, diethanolamine, melamine, Pb** and Hg>". All
the analytes (1 mM) were incubated with Tb**@Ag-BTC
suspension for 15 min respectively, after which the fluorescence
spectra of these nine mixtures were collected from 450 nm to
650 nm with the excitation of 365 nm.

2.6 Preparation of test papers for smartphone sensing

Clean blank neutral fliter papers (1 cm x 3 cm) were soaked in
a Tb**@Ag-BTC suspension (4 mM, 1.7 mg mL ") for 10 min,
and then taken out and dried at 70 °C in a drying oven. This
process was cycled three times for obtaining the test papers.

+
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Tb*@Ag-BTC de-assembly
& Th** release
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Schemel1 (a) Schematic representation of nanoscale Th**@Ag-BTC for fluorescent FA sensing. (b) The detection of test paper on a smartphone

platform.
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Subsequently, the test papers were coated with different
concentrations of FA solutions (0.1-1 mM) respectively and
incubated for 3 min, then placed under the spectrometer one by
one for smartphone sensing.

2.7 Preparation of real samples

In order to evaluate the Tb**@Ag-BTC@PAN film as real
samples, pure milk was purchased from the local market and
pretreated according to the previous report to remove the
proteins and other organic substances.** In brief, 0.45 g tri-
chloroacetic acid was added into 10 mL milk product in
a round-bottomed flask under the stirring for 10 min. After
observing the white precipitate, stirring was stopped and the
flask was stand for 2 min. At last, the precipitate was filtrated by
the vacuum filtration and the filtrate was used for practical
applications. 10 mL wastewater from chemical factory were
diluted 20 times with deionized water. Besides, FA (0.1 mM, 10
mL) was added into above samples respectively for the removal
application.

3 Results and discussion
3.1 Characterization of Th*>*@Ag-BTC

As a known MOF material, the structural characterizations of
Ag-BTC, including PXRD, FT-IR spectra, XPS, SEM and et al.,
have been reported.*” Based on the existing research, we also
characterized the structure of Ag-BTC doped with Tb**, and
compared Tb**@Ag-BTC with Ag-BTC to further illustrate its
structure.

Fig. 1 showed that the PXRD peaks of Th**@Ag-BTC
composites contained the peaks of Ag-BTC and those of terbium
species. All the results above indicated that Tb**@Ag-BTC
possessed a good crystal form and the similar crystal structure
as Ag-BTC.

In Fig. 2, FT-IR spectra provided some qualitative informa-
tion about BTC, TbCl;-6H,0, Ag-BTC and Th**@Ag-BTC. In the
spectrum of ligand BTC, the peaks of -OH and C=O0 appeared
at 3090, 1717 and 1600 cm™ ' respectively (black curve). After

J k ’ Synthesized Ag-BTC

Tb*@Ag-BTC

Intensity(a.u.)
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Fig.1 PXRD pattern of the synthesized Ag-BTC, Tb**@Ag-BTC and Tb
sample (JCPDS No. 65-7400).
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Fig.2 FT-IR spectra of BTC (black curve), TbClz-6H,0 (red curve), Ag-
BTC (green curve) and Tb**@Ag-BTC (blue curve).

coordinated with Ag”, they moved to 3300, 1621 and 1555 cm ™ *

(green curve). On the red curve, the peaks at 2232 and
2030 cm ™" represented Th** which could be seen obviously on
the spectrum of Tb**@Ag-BTC as well (blue curve). Further-
more, it was worth mentioning that the peaks of C-H and C-C
in BTC ligand had no obviously change compared with those of
Ag-BTC and Tb**@Ag-BTC because of the bonds of C-H and
C-C were not involved in coordination. Thus, Tb**@Ag-BTC
belongs to the same series of Ag-BTC in morphology.

The morphology characterizations of Ag-BTC and Tb** @Ag-
BTC were characterized by SEM test. As shown in Fig. 3a and b,
Ag-BTC had a very regular morphology and a typical nano-stick
appearance. While in Fig. 3¢ and d, Ag-BTC nano-sticks were
surrounded with Tb®" particles but were still kept the initial
morphology, which indicated Tb*" was loaded in Ag-BTC
successfully.

In Fig. 4, thermogravimetric analysis (TGA) of Th** @Ag-BTC
was carried out in the air from 50-800 °C to research its thermal
stability. According to the TG curve, Th**@Ag-BTC showed
excellent thermal stability at 278 °C in the air atmosphere. The
slight weight loss of 1.9 wt% in 103-278 °C could be owing to
the separation of guest solvent molecules in MOF holes. The

Fig. 3 (a and b) SEM of Ag-BTC. (c and d) SEM of Tb**@Ag-BTC.
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Fig. 4 Thermogravimetric analysis (TGA) of Tb**@Ag-BTC in an air

atmosphere in 50-800 °C with a heating rate of 10 °C min~.

considerable weight loss of 48.1 wt% in 278-408 °C could be
attributed to the decomposition of BTC ligands from the
framework and the MOF structure started to decompose. After
408 °C, Ag" and Tb*" formed their oxides in the air atmosphere
with high temperature. While, AgO will gradually decompose to
release oxygen with the temperature continuously rising, so the
final curve showed a downward trend.

N, sorption studies of Th**@Ag-BTC were also carried out to
illustrate its microporosity. It could be seen in Fig. 5, Tb**@Ag-
BTC comforted to the type-I N, sorption isotherms, which
belonged to a kind of typical microporous material. Further
data showed the BET surface area was 10.87 m> g~ (p/p° =
0.30), micropore volume was 0.02 cm® g~ (p/p® = 0.99) and
average pore size was 6.83 nm.

3.2 Research on the influence of pH

The effects of pH for FA detection were also studied. Th**@Ag-
BTC (4 mM, 1.7 mg mL™") and FA (1 mL) were dispersed in
25 mL of DMF and Tris buffer solution (7 : 3, v/v), and sonicated
for 5 min. Since the MOF structure of the probe would collapse
in an acidic environment, the fluorescence intensity was only
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Fig. 5 N, adsorption (black curve) and desorption (red curve)
isotherms of Tb>*@Ag-BTC recorded at —195.8 °C.
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Fig. 6 The fluorescence intensity changes of Tb>*@Ag-BTC response
to FA in different pH. Tb**@Ag-BTC was 4 mM (1.7 mg mL™%), FA was
1 mM, in DMF and Tris buffer solution (7 : 3, v/v), Aex = 365 nm.

measured in different pH ranges from 7.0 to 14.0. Tris buffer
solution and pH meter were used for the adjustment and
monitoring of pH values respectively. The results demonstrated
that the pH value had little effects on the fluorescence intensity
(Fig. 6). Therefore, the prepared probe dispersions were directly
used without adjusting in the later detections.

3.3 Fluorescent determination for FA

Fluorescence titration experiments were carried out to investi-
gate the response of Th**@Ag-BTC to different concentrations
of FA (Fig. 7). Studies of the fluorescence spectra showed that
after sensitized by released BTC, the characteristic sharp-line
emissions of Thb*" were exhibited at 494 nm, 547 nm, 587 nm,
and 622 nm under the excitation at 365 nm. The maximum
emission at 547 nm owed to the D, — ’Fj hypersensitive
transition. In Fig. 7, the fluorescence intensity was increased
evenly with the addition of FA from 0.1 to 1.2 mM. At the same

2500 4
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r r
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Fig. 7 The fluorescence intensity of Tb**@Ag-BTC in different FA
concentrations. (a) The linear fit of the fluorescence intensity upon FA
concentrations. (b) The fluorescence color change of Tb**@Ag-BTC
before and after response to FA under UV lamp. (c) Fluorescent
characters written on a silicone glass plate. Tb®>*@Ag-BTC was 4 mM
(1.7 mg mL™Y), FAwas 0.1-1.2 mM, in DMF and Tris buffer (7 : 3, v/v), pH
= 7.0, Aex = 365 nm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Fluorescence signaling of Tb3*@Ag-BTC to FA from 20 s to
300 s. Inset: (a) Kinetic plot of Tb**@Ag-BTC to FA. (b) The fluores-
cence color change at different time under UV lamp. Tb>*@Ag-BTC
was 4 mM (1.7 mg mL™Y), FA was 1 mM, in DMF and Tris buffer (7 : 3, v/
V), pH = 7.0, Aex = 365 nm.

time, the fluorescence color of Th**@Ag-BTC changed from
colorless to green (Fig. 7b). Through the linear fit of the fluo-
rescence intensity from 0.1 to 1 mM of FA concentrations, there
existed a excellent linear relationship (R* = 0.9976). The lowest
detection limit was calculated to be 1.9 pM by the equation Lop
= 36/m (Fig. 7, inset a).

3.4 Research on response time

For the time-dependence study, 4 mM (1.7 mg mL ') Th*>* @Ag-
BTC and 1 mM FA were added into the DMF and Tris buffer, and
the fluorescence spectra were recored from 20 s to 300 s. Fig. 8
showed that the fluorescence intensity reached its maximum at
180 s and remains stable (Fig. 8, insert a), which was about 25
times greater than that at 20 s. It revealed that the response time
of probe to FA was 180 s. The pseudo-first-order rate constant
(k') was calculated to be 0.66 min~" by kinetic study (Fig. S37).
Above results demonstrated that Th*>* @Ag-BTC could detect FA
quantitatively, and expressed a fast response time by the fluo-
rescence method.

Furthermore, in order to eliminate the interference of envi-
ronmental factors, mainly including O, and temperature within
this 180 s, we had made the following supplements and expla-
nations: (1) before the recognition of Tb**@Ag-BTC to FA
solution, the container had been pretreated by vacuum, and the
entire recognition process was carried out in a closed nitrogen
atmosphere. Therefore, the interference of O, could be elimi-
nated. (2) We carried out recognition experiments of Th**@Ag-
BTC for FA at different temperatures (10-40 °C). In Fig. S4, the
fluorescence spectra at other temperatures were consistent with
the results we measured at 25 °C, which illustrated Th**@Ag-
BTC was a stable probe for FA and would not be disturbed by the
environmental.

3.5 Selectivity of Tb**@Ag-BTC toward FA

The selectivity to the analyte is an essential indicator of a fluo-
rescent probe. Therefore, we explored the selectivity of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Tbh**@Ag-BTC to FA compared with a series of common harmful
analytes (acetaldehyde, trichloroacetaldehyde, acetamide, acry-
lonitrile, trichloromethane, diethanolamine, melamine, Pb*",
Hg?", acetone, propionaldehyde, acetonitrile, benzaldehyde and
phenol). From Fig. 9, it became obvious that the fluorescence
intensity of the probe had no obvious change with other ana-
Iytes. On the contrary, FA could enhance the fluorescence
intensity of Tb**@Ag-BTC, which demonstrated that Th**@Ag-
BTC was able to detect FA selectively.

3.6 Mechanism of FA sensing

As one of the typical rare earth elements, Tb*" has sharp, line-
like emission and longlived luminescence. Unfortunately,
under the influence of the parity forbidden f-f transitions, the
luminescent intensity of Tb*" is weakly. On the other hand, with
the coordination with organic ligands, especially aromatic
compounds rich in carboxyl groups,” Tb*" will be sensitized
and produce strong luminescence (the “antenna effect”),
namely the excited ligands molecules will nonradiative transfer
the energy to the “F; states of Tb*>" ions.

It is a well-known reaction that Ag" can oxidize the aldehyde
group and is itself reduced to Ag’.*” This is due to the
fact that E{sg./ag) is 0.77 V, Efcoon/mcuo) is —0.03 V, which the
former is higher than the latter. Thus, the oxidizing of Ag" was

(a)

H

8

FL intensity(a.u.)

480 510 540 570 600 630
Wavelength(nm)

Ace,
“nitrig

e
o
poe’

ohyde
opionaldenyd
Prop Acrylonitrile

Fig. 9 (a) Fluorescence intensity of To**@Ag-BTC in different analy-
tes. (b) Fluorescence test papers of various analytes taken under
365 nm UV lamp in selective testing. Tb**@Ag-BTC was 4 mM (1.7 mg
mL™Y), analytes were 1 mM, in DMF and Tris buffer solution (7 : 3, v/v).
pH = 7.0, Aex = 365 nm.
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stronger than FA, and Ag" could be reduced by FA as displayed
in eqn (1)-(4). Indeed, the Ag" metal sites in the Ag-MOF should
be reduced by FA from Ag" to Ag® and the MOF structure would
collapse consequently. Besides, we could also see with naked
eyes that Ag® was formed after Tb**@Ag-BTC reacted with FA
(Fig. S61), and the XPS test also showed out the precipitate of Ag
element (Fig. S7t). Meanwhile, the released BTC ligand would
coordinate with Tb>" and transfer the energy to Tb®" at an
excitation of 365 nm, which called photoinduced electron
transfer (PET). Thus, the turn-on green fluorescence was clearly
observed, thereby enabling the detection of FA (Scheme 2). The
procedure could be depicted as eqn (1)-(4).

Ag" + HCHO — Ag, + HCOOH (1)
TBC + Tb** — Tb**-TBC fluorescent product (2)
Agag +e = Agy, E° =077V (3)
HCOOH,q) + 2¢~ = HCHOy,q), E° = —0.03 V (4)

In order to prove that FA was oxidized to formic acid by Ag”
after the reaction between Th**@Ag-BTC and FA, the oxidation
product was extracted by organic solvent and used for '"H NMR
identification. The characteristic H peaks of formic acid was
detected, which illustrated FA was oxidized to formic acid by Ag”
(Fig. S81). "H NMR (400 MHz, D,0) d (TMS, ppm): 8.05 (s, 1H),
12.6 (s, 1H).

On the other hand, "H NMR and ESI mass tests of the
released ligand (BTC) were employed (Fig. S5a and bf). "H NMR
(400 MHz, DMSO-d¢) 6 (TMS, ppm): 8.89 (s, 3H), 12.74 (s, 3H).
ESI(+)-HRMS (m/z): for TBC: caled, 210.08, found: [M], 210.02,
[M + HJ', 211.02. In addition, FT-IR spectra of Tb-BTC was
carried and compared with BTC and Tb**. It could be seen in
Fig. 10, the peaks of -OH and C=0 of BTC appeared at 3090,
1717 and 1600 cm ™" respectively (black curve). While, in the
spectrum of response product of Tb-BTC, they moved to 3360,
1615 and 1517 em™ " (red curve), which confirmed that BTC
combined with Tb®* and sensitized it. These results suggested
that Th*>*@Ag-BTC could detect FA on basis of the expected
mechanism.

The existence of the antenna effect successfully compen-
sated for the low energy absorption efficiency of Tb*", and
greatly improved the fluorescence ability of Th*". The theoret-
ical calculations were performed to confirm this mechanism

Aer:
+/~ Tb3b ‘,,_-7' 494nm
365nm { <O See —~ & s54nm
To) ¢
RS « ( O o
o RN FA oM
Y <
(8 N N P = 'Y é:r w T @
0. 28 k L < Ag°®
4 IS
Ag-BTC BTC
oC oH o0 wAg

Scheme 2 Proposed mechanism of FA sensing.
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Fig. 10 FT-IR spectra of BTC (black curve) and Tb-BTC (red curve).

which used the B3LYP/6-31G(d) basis set in the Gaussian 09
package. Fig. 11 displayed the optimized molecular structures
and the energy gap (AE) of HOMO and LUMO of TbCl; and Tb-
BTC. The AE of Tb-BTC was 0.81843 eV, which was narrower
than that of TbCl; (2.99025 eV). Therefore, when illuminated by
an excitation light source of the same wavelength (365 nm in
this work), Tb-BTC was more easily excited and fluoresced than
Tbh*" ions.

3.7 Smartphone-sensing platform for FA sensing

Fluorescent test papers were prepared for real-time and online
detection of FA by smartphone-sensing platform. This portable
platform was composed of a UV lamp (Ax = 365 nm), a smart-
phone and a spectrophotometer connecting with the smart-
phone by bluetooth. Once the camera of spectrophotometer
captured the fluorescence color of test paper, the smartphone
would show a round symbol in same color as the test paper
immediately (Fig. 12a). As could be seen in Fig. 12¢, with the
adding of different FA concentrations, the test papers showed
a series of fluorescence changes from colorless to green. After-
wards, a color-read APP (ColorMeter) installed on the smart-
phone could analyze the fluorescence photos and output the

” .
3 8 AE =2.99025eV

)

TbCl; (HOMO) TbCl; (LUMO)
9 ?
: L
e._0 ?
9 od
AE = 0.81843eV '3 B
29
. ' L 3 . ‘ 9
9 . e ) ®
R J )
Tb-BTC (HOMO) Tb-BTC (LUMO)

Fig. 11 Molecular amplitude plots the HOMO and LUMO of TbClz and
Tb-BTC.
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Fig. 12 (a) The RGB analysis for the fluorescence changes of
Tb3+@Ag-BTC to FA based on the smartphone. (b) The liner relation-
ship between the B/R values to. (c) The fluorescence changes in
different FA concentrations.

corresponding RGB values. Moreover, it was worth noting that
the R/B values were highly correlated to FA concentrations.
Through the linear fit of 10 data collections, there was an good
linear relationship of the R/B values to FA concentrations in 0.1-
1 mM (R® = 0.9956), as shown in Fig. 12b. Lod was calculated to
be 1.6 uM, which was slightly lower than 1.9 pM obtained by
Hitachi F-4500 Flourescence Spectrophotometer. Thus, this
smartphone-sensing platform could realize the real-time and
online detection of FA and was provided with higher sensitivity.

3.8 Applications of Tb**@Ag-BTC@PAN film

The permanent porosity, efficient strong emission and fast
response of Th**@Ag-BTC to FA prompted us to evaluate the
detection of FA in practical application. Herein, we designed
and fabricated a new polymer-MOF of Tb**@Ag-BTC@PAN
which was developed as a luminescent material for FA removal
in aqueous solution and in air. The schematic representation of
Th** @Ag-BTC@PAN treated with FA before and after were
shown in Scheme 3.

In order to explore the absorption abilities of Tb**@Ag-
BTC@PAN film toward FA, the practical applications in some real
samples including pure milk and the wastewater from local
chemical factory were studied. It was worth mentioning that the
ratio of FA concentration and the volume of Th**@Ag-BTC@PAN
film were optimized to obtain the best removal performance
(Fig. S11 and S12+t). According to the device shown in Fig. 13,
three layers of Th**@Ag-BTC@PAN films were filled into a glass
column (5 cm in diameter, 20 cm in height), and the processed
samples were added. After 10 minutes, the effluent solutions
were collected by the 20 mL glass beakers for GC analysis.
According to gas chromatography test results (Tables S2 and S31),

Scheme 3 Schematic representation of Tb**@Ag-BTC@PAN film
treated with FA. (a) SEM of Tb**@Ag-BTC@PAN film morphology; (b)
Tb>*@Ag-BTC@PAN film visible to the naked eyes under natural light.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 (a) Pure milk sample. (b) Factory wastewater sample. (c) Device
for removing FA in real samples.

e

—
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Fig. 14 (a) Device for adsorbing and removing FA gas. FA solution was
0.1 M, 25 °C. (b) and (c) The fluorescence change of the Tb3*@Ag-
BTC@PAN film before and after reacting with FA.

Tbh** @Ag-BTC@PAN film could removal the FA in pure milk and
factory wastewater samples and the removal rate reached 98.52%
and 95.38% respectively. The remaining concentration of FA in
real samples were 1.48 pM in pure milk and 4.62 uM in waste-
water, which were lower than the lethal dose of FA of
800 mg L~ ".** In addition, Tb**@Ag-BTC was used to detected FA
in milk and wastewater. The experimental details and fluores-
cence titration spectra were described in ESI (Fig. S9 and S10%). It
showed that Tb**@Ag-BTC could detect FA in milk and waste-
water and there were the good linear relationships as well.

Besides, in order to explore the feasibility of Tb**@Ag-
BTC@PAN in adsorbing and removing gaseous FA, it was put
inside a quartz cuvette (25 cm x 25 cm x 30 cm) which con-
tained gaseous FA as analyte (Fig. 14). After 10 min, Th**@Ag-
BTC@PAN film was taken out and placed under a UV lamp to
observe the change of fluorescence. It could be seen clearly in
Fig. 14b and c, Tb*>*@Ag-BTC@PAN film produced strong green
fluorescence. This positive result indicated that Th**@Ag-
BTC@PAN film we prepared could be used as a convenient and
sensitive material for FA removal in air atmosphere.

4 Conclusions

In summary, an ultrasensitive and selective fluorescent probe
(Tb**@Ag-BTC) for detecting FA had been developed. As
confirmed by the characterization results, Tb**@Ag-BTC
showed good thermal stability of 278 °C in the air and the BET
surface area was 10.87 m> g '. The proposed MOF sensor

RSC Adv, 2021, 11, 34291-34299 | 34297
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showed good selectivity and rapid enhancement of green fluo-
rescence when exposed to FA. The lowest detection limit
towards FA was 1.9 uM in the dynamic range from 0.1 to 1 mM,
and the response time was 180 s. Moreover, number of other
harmful gases were tested, and none of them gave noticeable
interference. The turn-on fluorescence could be attributed to
the “self-assembly of MOF structure” and “antenna effect of
Tb**”, which confirmed by 'H NMR and mass analysis. For
online and real-time detection of FA, a portable smartphone
platform had been employed to analyze the RGB channel values
of the fluorescence by a color-read APP. In addition, its polymer-
MOF film (Th**@Ag-BTC@PAN) had been designed for
removing the FA in aqueous and gaseous. Surprisingly, the
removal rate could reach 98.52% and 95.38% in pure milk and
chemical factory wastewater. Tb**@Ag-BTC@PAN film also had
the considerable ability for removing gaseous FA. All in all, this
research reported a novel functional MOF probe and a new
smartphone platform for the sensitive, selective and real-time
detection of FA, as well as its removal applications in real
samples.
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