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Environmental significance

Biomimetically synthesized luminescent Tb**-
doped fluorapatite/agar nanocomposite for
detecting UO,%*, Cu®*, and Cr** ionst

Hongjuan Liu,?® Xianli Wang,? Thulitha Abeywickrama,? Forough Jahanbazi,?
Zefu Min,” ZhengRong Lee,© Jeff Terry @ <% and Yuanbing Mao @ *@

Radionuclides and heavy metal ions have become the main harmful pollutants in the environment.
Developing sensitive and rapid methods to detect them from natural water or wastewater is important to
reduce their exposure risks. In this study, a novel luminescent Tb**-doped fluorapatite/agar nanocomposite
(Tb-FAP/agar) has been synthesized via a facile and green synthetic route through an environmentally
friendly biomineralization process using agar as a template. This nanocomposite is the first luminescent
fluorapatite for detecting UO,2*, Cu*, and Cr** ions in water with high selectivity and sensitivity based on
luminescence turn-off effects. The detection limits of the Th-FAP/agar for UO,?* (7.95 nM), Cu®* (3.94
nM), and Cr** (1.67 nM) are much lower than the permissible limits in drinking water defined by the United
States Environmental Protection Agency (USEPA). Furthermore, the luminescence detection mechanisms
for UO,2*, Cu?*, and Cr®* ions were speculated. Our study provides insight into developing biodegradable
rare earth doped fluorapatite probes for the detection of both radioactive and nonradioactive ions.

Radionuclides and heavy metal ions have become the main harmful pollutants in the environment. Developing sensitive and rapid methods to detect them
from natural water or wastewater is important to reduce their exposure risks. Here we synthesized a luminescent Tb**-doped fluorapatite/agar

nanocomposite via an environmentally friendly biomineralization process and demonstrated its detection for UO,*", Cu*', and Cr*" ions in water with high
selectivity and sensitivity based on luminescence turn-off effects. Its detection limits for these three ions are much lower than the permissible limits in
drinking water defined by the United States Environmental Protection Agency (USEPA). Our findings indicated that luminescent nanocomposites can be

environmentally friendly designed and explored as potential luminescence sensors for environmental monitoring applications.

1. Introduction

Hydroxyapatite [(Ca;o(PO,)s(OH),), HAP] is the main inorganic
ingredient of vertebrate hard tissues such as bones and
teeth."” It is a biodegradable, eco-friendly material with
excellent biocompatibility and bioactivity. Moreover, HAP is a
good host lattice for doping of rare earth (RE) ions. This is

“ Department of Chemistry, Illinois Institute of Technology, 3101 South Dearborn
Street, Chicago, IL 60616, USA. E-mail: ymaol7@iit.edu; Tel: +1 312 567 3815

b School of Nuclear Science and Technology, University of South China, Hengyang,
421001, China

¢ Department of Physics, Illinois Institute of Technology, 3101 South Dearborn
Street, Chicago, IL 60616, USA

 Department of Mechanical Materials, and Aerospace Engineering, Tllinois Institute
of Technology, 3101 South Dearborn Street, Chicago, IL 60616, USA

+ Electronic supplementary information (ESI) available: Information related to
FTIR, XPS, TGA, XRD, PL lifetime and fitting parameters, PL intensity after and
before treatment with different metal ions, UV-vis spectra, and determination of
the limit of detection (LOD) value. See DOI: 10.1039/d1en00648g

This journal is © The Royal Society of Chemistry 2021

because the ionic radii of RE ions are close to that of Ca*",
enabling their easy substitution for Ca®" in HAP. HAP
materials doped with RE ions such as Tb*" and Eu®* have
potential applications as luminescent probes due to their
excellent luminescence characteristics.>* The fluoride ion
(F7) is usually used for replacing the hydroxyl (-OH) group of
HAP to form calcium fluorapatite [Ca;o(PO,)sF,, FAP] to
further improve the luminescence properties because of the
absence of the OH™ group that has a possible quenching
effect on the luminescence of RE jons."” Meanwhile, the F~
ion generates lower vibration energy and promotes efficient
luminescence conversion.*”

Synthesis methods of HAP mainly include chemical
precipitation,® sol-gel,”'® combustion,"’ hydrothermal,
microemulsion,”® and biomineralization processes.'* Among
these methods, the biomimetic synthesis method operating
under mild environment conditions does not need poisonous
reagents, avoiding relying on high temperature, high
pressure, strong acids and alkalis and harsh reaction
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conditions. This method has excellent advantages of simple
operation, low energy consumption, environmental
friendliness and good material tuning, thus arousing
widespread attention.”>™® The biomimetic synthesis is a
process mimicking the formation of inorganic materials by
biomineralization under the modulation of organic matter,
such as polysaccharides, proteins, nucleic acids, etc.’®*°
Interaction between polysaccharides and metal ions plays an
important role in the biomineralization of inorganic
materials,”’>* and using agar as a polysaccharide template
to simulate HAP formation could be closer to the
biomineralization process.

Radionuclides and heavy metal ions have become the
main harmful pollutants in the environment. Uranium
contamination has aroused global concern because it could
be readily caused by nuclear accidents and various nuclear
industries such as nuclear power stations, uranium mining
and processing, etc. The ingestion or inhalation of uranium
could lead to urinary system disease, disruption of bioactive
molecules, irreversible kidney damage, and DNA or immune
system damage due to the chemotoxicity and radiotoxicity of
uranium.*

Cr** and Cu®" are essential trace elements for human
health. Their excess or deficiency may cause several
abnormalities in human health. Chromium deficiency
increases the risk factors associated with diabetes and
cardiovascular diseases. Excessive Cr’" exposure and intake
lead to mutations or malignant cells.>**” Exposure to
excessive Cu®>" could cause serious liver or kidney damage,
gastrointestinal disorders, and various neurological diseases,
such as Parkinson's disease, Alzheimer's disease, and
Wilson's disease.*®*° Hence, developing sensitive methods to
detect UO,", Cu?', and Cr’" from natural water or wastewater
is important to reduce the risk of exposure.

View Article Online
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Current sensing techniques for metallic ion detection,
such as inductively coupled plasma mass spectrometry (ICP-
MS),*° atomic absorption spectroscopy (AAS),*" and capillary
electrophoresis,®® usually require complicated sample
preparation, expensive instrumentation, and/or sophisticated
operation, making them difficult for real-time and on-site
detection. Hence, luminescence detection has become a very
popular analytical method for metal ion detection due to its
high sensitivity and selectivity and real-time and rapid
response.**® Luminescent sensors, such as MOF-based
sensors,””° carbon dot-based sensors,>*' and polymeric
sensors,’> have been developed for metallic ion detection
with good detection performance. RE-doped FAP, as an eco-
friendly material with outstanding luminescence properties,
is envisaged by us to have the potential to be developed as a
luminescent probe for metallic ion detection, although at
present there is no relevant research about RE-doped FAP for
metallic ion detection as far as we know.

Herein, a novel luminescent Th*"-doped fluorapatite/agar
nanocomposite (Tb-FAP/agar) for detecting UO,>", Cu®*, and
Cr’" ions was synthesized by an environmentally friendly
biomimetic process (Scheme 1). To the best of our
knowledge, this luminescent fluorapatite nanocomposite for
detection of metal ions has never been reported before. In
this work, the detection of UO,**, Cu*", and Cr*' ions was
systematically studied. Furthermore, the luminescence
quenching mechanisms of the Th-FAP/agar sample for UO,>",
Cu**, and Cr*" ions were studied by FTIR, XPS, UV-vis
absorption spectroscopy, luminescence excitation and
emission  spectroscopy, and luminescence lifetime
measurements. This work not only paves a way but also
provides a valuable basis for RE-doped FAP luminescent
probes for the detection of both radioactive and
nonradioactive ions in water.
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Scheme 1 Schematic for the biomimetic process of the Tb-FAP/agar sample and the subsequent detection of UO,2*, Cu?*, and Cr®" ions in

aqueous solution.
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2. Experimental section

2.1. Chemicals and materials

Terbium nitrate [Tb(NO;);-5H,0], aluminum nitrate [AI(NO3);
-‘9H,0], sodium nitrate (NaNO;), sodium hydroxide (NaOH)
and agar were purchased from Sigma Aldrich. Potassium
nitrate (KNOj), cerium nitrate [Ce(NO3);:6H,0], lanthanum
nitrate [La(NOj3);-6H,0], strontium nitrate [Sr(NOs),], zinc
nitrate [Zn(NO3),-6H,0] and absolute ethanol were obtained
from Alfa Aesar. Gadolinium nitrate [Gd(NO;);-6H,0] and
chromium nitrate [Cr(NOs);-9H,0] were purchased from
Acros Organics. Calcium nitrate [Ca(NOj;),-4H,0], copper
nitrate [Cu(NO;),-3H,0] and sodium fluoride (NaF) were
obtained from Fisher Scientific. Monobasic ammonium
phosphate (NH,H,PO,) and uranyl nitrate (UO,)(NO;), were
received from Fluka and United Nuclear Corporation,
respectively. All chemicals of analytical grade were used
without further purification. All the solutions in this work
were prepared with deionized water.

2.2. Synthesis of luminescent nanocomposites

The Tb-FAP/agar was prepared by a biomimetic synthesis
process. Briefly, 0.912 g of Ca(NO;),-4H,0 and 0.134 g of
Tb(NO3);-5H,0 were dissolved in deionized water to form 25
mL of solution #1. NaOH (1 mol L") was added into solution
#1 to adjust its pH to 10. Also, 0.16 g of agar was dissolved in
deionized water by heating at 100 °C under magnetic stirring
at 500 rpm to form 20 mL of solution #2 of 0.8% agar.
Moreover, 0.2099 g of NaF and 0.288 g of NH,H,PO, were
dissolved in deionized water to form 25 mL of solution #3. 1
mol L' NaOH(aq) was added into solution #3 to adjust its
PH to 10. Then, solution #1 was added dropwise into solution
#2 under stirring at 500 rpm. After mixing solutions #1 and
#2, solution #3 was also introduced into the mixture
dropwise. After adjusting the pH of the entire mixture to 10
using 1 mol L™ NaOH(aq), the mixture solution was
magnetically stirred at 800 rpm at 80 °C for another 4 h.
Finally, the precipitate was separated by centrifugation at
6500 rpm, washed four times with ethanol and deionized
water, and then dried at 70 °C overnight. For comparative
purposes, Tb-doped FAP was also synthesized by following
the same process but without adding agar and named Tb-FAP
agar free, while Tb-doped hydroxyapatite/agar (Tb-HAP/agar)
was prepared without adding NaF during the synthesis.

2.3. Characterization and instrumentation

X-ray diffraction (XRD) measurements were performed on a
Bruker D2 Phaser diffractometer with Cu Ka at a scanning rate
of 1° min" in the 26 range from 10° to 80°. The composition of
the nanocomposites was characterized with a physical electronic
(PHI) model 5600 X-ray photoelectron spectrometer (XPS)
equipped with an Al K, monochromatic X-ray source. The
photon energy was 1486.7 eV and the pass energy used for the
high-resolution core level scans was 11.75 €V, resulting in an
energy resolution of 0.17 eV. The morphology of the sample was

This journal is © The Royal Society of Chemistry 2021
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obtained using a JSM-6701F scanning electron microscope. The
Fourier transform infrared spectra (FT-IR) were obtained with a
Perkin Elmer spectrum two spectrometer in the range of 400-
4000 cm™". Thermogravimetric analysis (TGA) was performed
using a Mettler Toledo TGA instrument under an air
atmosphere with a flow rate of 30 ml min™ at a heating rate of
10° min™". Ultraviolet-visible (UV-vis) absorption was recorded
using a Beckman Coulter DU 800 ultraviolet-visible
spectrophotometer. Photoluminescence measurements were
performed with an FLS1000 spectrofluorometer. All the
emission spectra were recorded using the FLS1000 system from
Edinburgh Instrument with a steady state Xe lamp as the
excitation source. Luminescence lifetime measurements were
performed using the same FLS1000 with a pulsed Xe source.

2.4. Photoluminescence measurements and sensing
properties for metal ions

Emulsions of the Tb-FAP/agar were prepared by dissolving
the Tb-FAP/agar samples in deionized water. The pH of the
emulsions was adjusted by using 1 M NaOH and 1 M HCI
solutions to be in the pH range from 1 to 12. The
luminescence spectra of these emulsions (2.5 mL, 0.1 mg
mL™") in quartz cuvettes were recorded to obtain the
luminescence properties of the Tb-FAP/agar at different pH
values. The emission spectra of the Tb-FAP/agar, Tb-FAP agar
free, and Tb-HAP/agar emulsions (2.5 mL, 0.1 mg mL™") in
quartz cuvettes were measured to compare the luminescence
intensity of these three samples. To investigate its selectivity
properties for metal ions, emulsions of the Tb-FAP/agar
sample (2.5 mL, 0.1 mg mL™") in quartz cuvettes were mixed
with the corresponding aqueous solutions containing various
kinds of metal ions: (10 pL, 0.01 mmol) of Tb(NO;);-5H,0,
Al(NO;);-9H,0, NaNO;, KNO;, Ce(NO5);-6H,0, La(NO;);-6H,0,
Sr(NO;),, Zn(NO;),-6H,0, Gd(NO;);-6H,0, Cr(NO;);-9H,0,
Ca(NO3),-4H,0, Cu(NO3),-3H,0, and (UO,)(NO;),, by means of
a micro-pipette. To further examine the luminescence
response of the Th-FAP/agar sample to UO,>", Cu®*, and Cr**
ions, the Tb-FAP/agar emulsions (2.5 mL, 0.1 mg mL™") were
mixed with UO,**, Cu®**, and Cr*" at different concentrations.
After the metal ions were mixed with the Tb-FAP/agar
emulsions, the emulsions were shaken for 10 min before PL
spectra were taken. The luminescence properties of the Tb-
FAP/agar with different metal ions and the pure Tb-FAP/agar
emulsion were recorded using the FLS1000 and compared.

3. Results and discussion
3.1. Characterization

The morphology of the Tb-FAP/agar sample was examined by
SEM. The SEM image shown in Fig. S11 indicates that the as-
prepared Tb-FAP/agar is composed of numerous nanoscale
particles. The FT-IR spectrum of the Tb-FAP/agar
nanocomposite is shown in Fig. 1a. The broad band at 3420
em™ and the weaker signal at around 1634 cm™* were due to
O-H vibration and the H-O-H bending mode of water absorbed
in the sample, respectively.>*®> The presence of agar on the
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Fig. 1 (a) The FT-IR spectrum of the Tb-FAP/agar hanocomposite. (b) Survey scan of the XPS spectrum of the Tb-FAP/agar nanocomposite with
the detailed scans for F 1s and Tb 3d as insets. (c) The TGA plots of the Tb-FAP/agar and Tb-FAP agar free nanocomposite samples. (d) XRD pattern

of the Tb-FAP/agar nanocomposite.

surface of the Th-FAP/agar sample was also detected in the FTIR
spectrum of the sample. The weak bands at 1455 cm™* and 2902
em™ (Fig. 1a, magnified in the inset) correspond to the
scissoring vibrations and stretching vibrations of the C-H
groups from agar.>*® The FT-IR spectrum showed the typical
active vibrational bands related to the phosphate groups
(PO,*). Specifically, the bands at 565 cm™* and 604 cm ™" (v, -
the triply degenerate) were associated with vibrational PO,*
groups, the band at 966 cm™ (v; - the non-degenerate) was
assigned to symmetric stretching of PO,*” groups, and the
bands at 1031 ecm™ and 1093 cm™* (v; - the triply degenerate)
were assigned to the asymmetric stretching mode of PO,*”
groups.””** The bands at 1428 and 866 cm ™' were ascribed to
the stretching vibrations of CO;>” groups, indicating the
presence of carbonate ions replacing phosphate ions.>** The
corresponding Tb-HAP/agar and Tb-FAP agar free samples in
Fig. S2t also showed the characteristic peaks of hydroxyapatite
and fluorapatite, respectively. The signals of the OH groups of
the Tb-HAP/agar were stronger than those of the Tb-FAP/agar as
the OH groups of the Thb-HAP/agar were not substituted by F~
ions. The peak at around 2902 cm™" representing the C-H group
did not appear in the spectrum of the Tb-FAP agar free sample
as it contained no agar.

3714 | Environ. Sci.. Nano, 2021, 8, 3711-3721

The XPS spectrum of the Tb-FAP/agar nanocomposite is
shown in Fig. 1b. For this nanocomposite, the characteristic
peaks of C 1s, Ca 2p, P 2p, O 1s, F 1s and Tb 3d were all
detected. The F 1s spectrum of the Tb-FAP/agar (Fig. 1b,
inset) showed a characteristic peak at 684.5 eV. The Tb 3d
spectrum of the Tb-FAP/agar (Fig. 1b, inset) showed two
characteristic peaks at about 1242.35 eV and 1277.15 eV,
which were identified as Tb 3ds, and Tb 3dj;),, respectively.
These results confirmed the existence of F~ and Tb*" ions in
the as-prepared Tb-FAP/agar sample. However, the F 1s peak
was not found in the XPS spectrum of the Tb-HAP/agar (Fig.
S3+).

The TGA plots of the Tb-FAP/agar and Tb-FAP agar free
samples are shown in Fig. 1c. The Tb-FAP/agar free sample
showed a weight loss of 5.2% at 25-250 °C which can be
ascribed to the loss of absorbed water with the increase of
temperature. The loss of water (16.5%) for the Tb-FAP/agar
sample was higher than that found for the Tb-FAP agar free
sample (5.2%). This can be attributed to the agar-
functionalized samples being able to absorb more water due
to the hydrophilicity of agar. The weight loss between 250
and 500 °C for the Tb-FAP agar free sample was just 2.2%,
which is much lower than those for the Tb-FAP/agar (13.6%,

This journal is © The Royal Society of Chemistry 2021
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Fig. 1c) and Tb-HAP/agar samples (15.3%, Fig. S4f). This
should be related to the decomposition of the agar, which
occurs in this range of temperature as shown in Fig. S4.t This
result indicated that agar was grafted onto FAP, which was in
good agreement with the FTIR observations (Fig. 1a). Finally,
the slight weight losses observed at 500-800 °C (2.2% from
the Tb-FAP/agar sample and 1.6% from the Tb-FAP agar-free
sample) should be related to the dehydroxylation and
defluorination of the apatite structures.’

The XRD pattern of the Tb-FAP/agar sample is presented
in Fig. 1d. The characteristic diffraction peaks at 26 (°) =
25.830, 28.026, 28.248, 31.98, 32.010, 32.709, 40.136, 46.970,
and 49.538 can be assigned to the crystal planes of (002),
(102), (210), (211), (300), (202), (310), (222), and (213),
respectively. It was highly consistent with the standard FAP
reference [PDF#71-0881]. The nanocomposite exhibited the
pure hexagonal crystal structure of typical FAP (space group:
P6;/m). No other peaks of additional phases existed,
demonstrating that Th*" was effectively incorporated into the
FAP lattice. Compared to the Tb-HAP/agar sample which
matched the standard HAP reference [PDF#86-0740] (Fig.
S5t), the peaks of the Th-FAP/agar were much sharper than
those of the Tb-HAP/agar. This result indicated that the
crystallinity degree of the Tbh-FAP/agar was higher than that
of the Tb-HAP/agar, which could be caused by the F
substitution of the ~OH group.’

3.2. Photoluminescence properties

The effect of pH on the luminescence intensity of the Tb-
FAP/agar sample was investigated in the pH range from 1 to
12. As shown in Fig. S6,f the luminescence intensity of the
Tb-FAP/agar emulsions is the highest in the sample solution
at pH = 7. The luminescence intensity of the emulsions
decreased with either decreasing pH (pH < 7) or increasing
pH (pH > 7), which demonstrates that the luminescence
intensity of the Tb-FAP/agar emulsions is dependent on the
pH value. The luminescence intensity of the Tb-FAP/agar in

(@
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an acidic environment is weaker than that in neutral and
alkaline environments, which is because the samples could
partially dissolve in an acidic environment.*> Thus, the
sample is more suitable for applications in neutral and
alkaline environments. As the luminescence intensity of the
Tb-FAP/agar was the highest in the sample solution at pH =
7, all the subsequent experiments were performed at a pH
of 7.

The emission spectra of the Tb-FAP/agar, Tb-FAP agar free
and Tb-HAP/agar samples are shown in Fig. 2a. The results
indicated that these samples with Tb*" excited at 377 nm by
UV light can produce characteristic luminescence in the
wavelength range of 450 nm and 650 nm with the maximum
emission wavelength of 543 nm. The peaks at 489 nm, 543
nm, 587 nm, and 621 nm corresponded to D, — F¢, °D, —
’Fs, °D, — 'F4, and °D, — 'F; transitions, respectively. The
emission intensity of the Tb-FAP/agar sample was about five
times higher than that of the Tb-HAP/agar sample. Such a
difference in emission intensity was further confirmed by the
longer luminescence lifetime obtained from the Tb-FAP/agar
sample (1208.37 ps) when compared with that from the Tb-
HAP/agar sample (1056.97 ps) as shown in Fig. S7 and Table
S1.f This could be due to the presence of the OH™ group in
the Tb-HAP/agar sample, which was well known to lead to
high vibrational frequency around activators and reduce
luminescence efficiency or even quench emission, while F~
ions have lower vibrational energy than OH  groups.' This
difference favors luminescence transition from FAP over HAP
to Tb®' ions. Therefore, in the matrix of apatite, the F~
substitution of the OH  group could decrease the
luminescence quenching of Tb*" ions and promote
luminescence conversion."

In addition, the emission intensity of the Tb-FAP/agar
sample was stronger than that of the Tb-FAP agar free
sample. This difference in the emission intensity was further
confirmed by the result that the luminescence lifetime of the
Tb-FAP/agar sample (1208.37 us) is longer than that of the
Tb-FAP agar free sample (1177.91 ps) as shown in Fig. S7 and
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Fig. 2 (a) The emission spectra of the Tb-FAP/agar, Tb-FAP agar free, and Tb-HAP/agar samples. (b) Luminescence intensity of the °D, — Fs
transitions (543 nm) of the Tb-FAP/agar (2.5 mL) with different metal ions (10 uL, 0.01 M).
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Table S1.f This could be because agar played a role as the
template and dispersant in the biomimetic synthesis process,
resulting in higher luminescence of the Tbh-FAP/agar sample.
Similar results reported that the templates of biomimetic
synthesis could enhance the luminescence properties of
Ag,Se quantum dots.’® Therefore, both F~ ions and agar
can improve the luminescence intensity of the Tb-FAP/agar
nanocomposite.

3.3. Sensing properties for metal ions

Due to its high luminescence intensity, we investigated the
Tb-FAP/agar sample's detection properties for metal ions by
exploring its luminescence change upon the addition of
several different metal ions in aqueous solution (Fig. 2b). It
was obvious that the Tb-FAP/agar emulsions exhibited a
luminescence quenching effect on UO,**, Cu**, and Cr’" ions
while they showed only slight weakening or even
enhancement of the luminescence intensity at different
degrees with the other tested metal ions. Moreover,
increasing the amount of the other metal ions (K*, Zn*",
Gd*, ca*, sr**, La**, AI*", Ce®*, Na") by a factor of 10 by
changing the volume of their aqueous solutions from 10 pL
to 100 pL with the same concentration of 0.01 M only slightly
affected the luminescence intensity (Fig. S87).

Fig. 3 shows the concentration effect of the UO,>", Cu*',
and Cr** ions on the luminescence response of the Th-FAP/
agar sample. It could be observed that the luminescence
intensity of the Tb-FAP/agar decreased with increasing
concentration of UO,*", Cu?', and Cr’* ions while the
luminescence intensity of the Tbh-FAP/agar emulsion without
adding UO,*", Cu*', and Cr’" ions almost did not change
within 3 days (Fig. S91). These results indicated that the
luminescence properties of the Tb-FAP/agar were stable and
confirmed that the luminescence intensity decrease of the
Tb-FAP/agar was caused by the concentration change of the
U0,*, Cu®" and Cr’" ions, not by the photo-bleaching of the
Tb-FAP/agar sample.

To reveal the luminescence sensitivity of the Tbh-FAP/agar
sample to the UO,>", Cu®*", and Cr*" ions, their luminescence
quenching constants were quantified by the Stern-Volmer
equation:

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

where I, and I are the original luminescence intensity and
luminescence intensity of the Tbh-FAP/agar in the presence of
the UO,*", Cu®", and Cr*" ions, respectively, Kgy is the Stern-
Volmer quenching constant, and [Q] is the molar
concentration of the UO,*', Cu®', and Cr*' ions. Linear
responses were obtained from the plots of the Io/I against the
concentration of the UO,>", Cu** and Cr*" ions (insets of
Fig. 3a-c, respectively), indicating the dynamic nature of the
luminescence quenching.*’

The obtained luminescence quenching constants (Ksy) of
the Th-FAP/agar sample were 2.47 x 10° M"" for UO,*", 6.77 X
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Fig. 3 The concentration effect of (a) UO,%*, (b) Cu?*, and (c) Cr®*
ions on the PL intensity of Tb-FAP/agar (1ex = 377 nm). Insets show the
corresponding fitting curves of the PL intensity of Tb-FAP/agar at 543
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500

10° M* for Cu*", and 1.37 x 10° M™* for Cr*". The limits of
detection (LOD) of the Tb-FAP/agar sample for the UO,*",
Cu**, and Cr’* ions were calculated using the formula 3¢/
slope.®”*8 The details of the LOD determination are shown in
Fig. S10.f The calculated LOD values of the Tb-FAP/agar
sample were 7.95 nM (2.15 pg L) for UO,>", 3.94 nM (0.25
ug L™ for Cu®', and 1.67 nM (0.087 pg L™) for Cr**, which
were much lower than the contamination limits of uranium
(30 pg L™),” copper (2 mg L™)," and chromium (100 ug
L7)° in drinking water defined by the United States
Environmental Protection Agency (USEPA). The LOD values of
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the Tb-FAP/agar sample for the UO,>", Cu®*", and Cr*" ions are
also lower than those of most reported luminescent sensors
as shown in Table 1. The large Ksy and low LOD values
indicated the excellent selectivity and sensitivity of the Tb-
FAP/agar sample, which would become an effective
luminescent sensor for detecting UO,>", Cu®", and Cr** ions.
Moreover, the calculated sensing repeatability of the Tb-FAP/
agar to Cu®’, Cr’", and UO,*" ions is 2.09%, which indicates
its desirable luminescence response stability.

3.4. Luminescence quenching mechanism for ion detection

The luminescence quenching mechanism of the Tbh-FAP/agar
sample for the UO,*", Cu**, and Cr’* ions was expounded by
FTIR, XPS, UV-vis absorption spectroscopy, luminescence
excitation and emission spectroscopy, and luminescence
lifetime measurements. As shown in Fig. S11;f the
characteristic UO,>* peak appeared at 891 cm™* in the FTIR
spectrum of the Tb-FAP/agar sample treated with UO,*"
ions.”>** The -OH peak located at 3420 cm™ in the FTIR
spectrum shifted to 3395 cm ' after the Tb-FAP/agar sample
was treated with UO,**. The C-H peak located at 1455 cm™*
almost disappeared. Moreover, the intensity of the PO,*”

Table 1 Comparison of the LOD values of the Tb-FAP/agar
nanocomposite with some reported sensors for UO,2*, Cu®*, and Cr**

Metal
ions  Sensors LOD Ref.

UO,>" Co(u) metal-organic framework 700 nM 38

ESF-1-Eu 292 pg L 51
Co-Zn isomorphous metal-organic 24700 nM 25
frameworks

HNU-50 20 nM 52
HOPO-CQD 6.53 ug Lt 34
CP1 5540 ug L' 53
Zn(u) metal-organic framework 400 nM 54
[EuL] 12000nM 55
[Euy(MTBC)(OH),(DMF)(H,0),4] 309.2 ug L' 49
-2DMF-7H,0

[In,(OH),(H,TTHA)(H,0),], 420pugLt 37
Eu-MOF 900 nM 56

Fluorescent polydopamine 2100 ug L' 57
nanoparticles (FPD)

[Zn(HBTC)(BMIOPE)-DMF-H,0],, 24700 nM 25

Tb-FHP/agar 7.95 nM This

(215 ug L") work
cu**  YVO,:Eu NPs 570 nM 58
Ce**'Tb**-doped SrF, nanocrystals 2.2 nM 59
Eu’®-doped KZnF; nanoparticles 480 nM 60
CDs/HAP-20 19890 nM 61
Probe CS 120.2 nM 62

PVP@Gd,05:Eu’*" NPs
[Eu,(MTBC)(OH),(DMF);(H,0),]
-2DMF-7H,0

Tb-FHP/agar

3330 ug L' 27
172 ug L™ 49

3.94 nM This
(0.25 ug L") work

cr’' PVP@Gd,05:Eu®’ NPs 1660 ng L' 27

Zn-MOF-1 2440 nM 26
Zn3(bpdc)2(pdc)(DMF)-6DMF 25100 nM 63
[Zn (HBTC) (BMIOPE)-DMF-H,0],, 9700 nM 25
Tb-FHP/agar 1.67 nM This

(0.087 ug L") work
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peaks located at 565, 604, 996, 1031 and 1093 cm ' was
sharply decreased. These changes could be attributed to the
-OH, C-H, and PO,*” groups being chemically coordinated
with UO,?".** The -OH peak located at 3420 cm™ in the FTIR
spectrum shifted to 3392 cm™ and 3394 cm™' after the Tb-
FAP/agar sample was treated with Cu** and Cr’" ions,
respectively. Moreover, the peaks related to the PO,*” group
were shifted a little and the intensity decreased. These
changes could be attributed to the ~OH and PO,*” groups
being chemically bound to Cu*" and Cr*". The XPS spectra of
the Tb-FAP/agar (Fig. 4a—c, respectively) showed the existence
of U, Cu, and Cr on the Tb-FAP/agar sample after being
treated with UO,**, Cu®’, and Cr’" containing aqueous
solutions, while no U, Cu, and Cr peaks were seen from the
Tb-FAP/agar sample before being treated with UO,>", Cu*",
and Cr*" containing solutions (Fig. 1b). The SEM images
show the morphology of the Tb-FAP/agar sample being
treated with UO,**, Cu®*", and Cr’" ions (Fig. $12 a-c,
respectively). The surface morphology of the Tb-FAP/agar
sample was more compact and rougher than before being
treated with UO,>", Cu**, and Cr** ions (Fig. $1f) with some
fluffy substances attached to the surface of the Tbh-FAP/agar.
This finding indicated the formation of precipitates or
complexes of uranium-, copper-, and chromium-based
compounds on the surface of the Tb-FAP/agar. This result
was supported by the XPS spectra of the Tb-FAP/agar (Fig. 4).
The SEM images and FTIR and XPS spectral results
confirmed the adsorption and coordination of UO,*", Cu*"
and Cr’" ions onto the Tb-FAP/agar sample. Thus, the
observed luminescence quenching (Fig. 2b and 3) could be
due to these adsorbed and coordinated ions.

The UV-vis absorption spectra of (UO,)(NO;), and Cr(NOs);
‘9H,0 aqueous solutions (Fig. S13t) indicated that they can
absorb excitation light at 377 nm, which caused competition
of U0, and Cr** with the Tb-FAP/agar sample for optical
excitation. These results indicated that the competition for
excitation light absorption could contribute to the
luminescence quenching of the Tb-FAP/agar by UO,*" and
Cr’* ions. Meanwhile Cu®" did not absorb light at 377 nm,
which indicated that the competition for excitation light
absorption by Cu®*" did not occur. In addition, no overlap was
observed between the absorption spectrum of UO,>" and the
emission spectrum of the Tb-FAP/agar, which revealed that
the re-absorption of the emitted light by UO,** did not
happen. In contrast to UO,>", the overlap existing between
the absorption spectra of Cu®?" and Cr*" ions and the
emission spectrum of the Tbh-FAP/agar sample demonstrated
that the re-absorption of the emitted light may contribute to
the luminescence quenching effect of the Tb-FAP/agar by
Cu*" and Cr*" ions.

To further explore the luminescence quenching
mechanism of the Tb-FAP/agar sample, its luminescence
lifetime decay was recorded in the absence and presence of
Cr’*, cu*", and UO,*" ions (Fig. 4d). The decay curves were
fitted well by biexponential lifetime decay functions with the
fitting parameters shown in Table S2.F The average

Environ. Sci.: Nano, 2021, 8, 3711-3721 | 3717
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Fig. 4 XPS spectra of the Th-FAP/agar after treatment with (a) UO,%*, (b) Cu?*, and (c) Cr** accompanied with the insets showing the detailed
XPS spectra of U 4f, Cu 2p, and Cr 2p, respectively. (d) The luminescence lifetime spectra of the Tb-FAP/agar sample recorded in the presence and

absence of Cu?*, Cr®*, and UO,%* ions (fex = 377 Nnm and Jem = 543 nm).

luminescence lifetime of the Tb-FAP/agar sample was 1208.37
us, while it dropped to 670.59 ps, 539.26 ps, and 70.55 ps in
the presence of Cu®**, Cr*', and UO,*, respectively. The
reduced luminescence lifetimes of the Tb-FAP/agar loaded
with Cu®**, Cr**, and UO,*" ions indicate that the electron
transfer or energy transfer process from the Tb-FAP/agar to
Cu*", Cr’", and UO,*, causing faster exciton decays and
shorter luminescence lifetimes, leads to the luminescence
quenching. In the case of energy transfer, an overlap is
needed between the emission spectra of donors and the
absorption spectra of acceptors.®® For UO,*" ions, no overlap
was observed between the absorption spectrum of UO,>" and
the emission spectrum of the Tb-FAP/agar (Fig. S137), which
shows that it is not energy transfer but rather the electron
transfer process from Tb-FAP/agar to UO," that occurred. For
Cu** and Cr’*", an overlap was observed between the
absorption spectra of Cu®' and Cr** and the emission
spectrum of the Th-FAP/agar (Fig. S13t), which indicated that
the energy transfer process occurred between the Tb-FAP/agar
sample and Cu®** and Cr*" ions, leading to the luminescence
quenching phenomenon.®®®” Contrastingly, little change in
the average luminescence lifetime of the Tb-FAP/agar sample
was observed in the presence of the other tested metal ions
(Table S37). These results indicated that no electron transfer

3718 | Environ. Sci.. Nano, 2021, 8, 3711-3721

or energy transfer occurred between the Tbh-FAP/agar sample
and the other metal ions, and thus no luminescence
quenching phenomenon occurred.

Based on the above results, the luminescence quenching
mechanisms of the Th-FAP/agar in the presence of Cu*", Cr*",
and UO,>" ions were different from each other. The
luminescence quenching mechanism of the Th-FAP/agar with
UO0,>" involved the competition of excitation light absorption
and the electron transfer between the Tb-FAP/agar sample
and UO,*" ions. The luminescence quenching mechanism of
the Tb-FAP/agar with Cu®" involved the re-absorption of the
emitted light from the Tb-FAP/agar sample and the energy
transfer between the Tb-FAP/agar sample and Cu®" ions.
Meanwhile the luminescence quenching mechanism of the
Tb-FAP/agar with Cr’" ions included the competition of
excitation light absorption, re-absorption of the emitted light
from the Tb-FAP/agar sample, and energy transfer occurring
between the Tb-FAP/agar sample and Cr*" ions.

4. Conclusions

In summary, we developed a simple and green biomimetic
route for the synthesis of a Tb-FAP/agar nanocomposite
sample. The successful synthesis was confirmed by FT-IR,
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XPS, TGA and XRD analysis. Both the F~ ion and agar can
improve the luminescence intensity of the Tb-FAP/agar
sample. The luminescence quenching constants Kgy of the
Th-FAP/agar sample were 2.47 x 10° M™* for UO,**, 6.77 x 10°
M for Cu*', and 1.37 x 10° M for Cr*". The detection
limits of the Tb-FAP/agar sample were 7.95 nM for UO,",
3.94 nM for Cu**, and 1.67 nM for Cr**. The large Ksy and
low detection limit values of the Tb-FAP/agar sample
indicated its excellent selectivity and sensitivity for detecting
U0,*, Cu**, and Cr*" ions, which made it a promising
luminescent sensor. The detection mechanism for UO,*"
involved the competition of excitation light absorption and
the electron transfer between the Tb-FAP/agar and UO,**
ions. For the Cu®' detection, the quenching mechanism
involved the re-absorption of emitted light and the energy
transfer between the Tb-FAP/agar and Cu** ions. For the Cr’**
detection, the quenching mechanism included the
competition of excitation light absorption, re-absorption of
the emitted light from the Tb-FAP/agar, and energy transfer
occurring between the Tb-FAP/agar and Cr’' ions. Our
findings indicated that luminescent RE-doped fluorapatites
can be environmentally friendly designed and explored as
potential sensors  for  environmental
monitoring applications.

luminescence
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