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Abstract: The development of a facile approach to simul-
taneously detect and separate Hg(i) ions in an aqueous
solution is a challenging topic in the chemosensing field.
Herein, we focus on constructing the Hg(u)-sensitive
fluorescence “turn-on”-type composite materials by using
halloysite nanotube (HNT) as substrate. Two types of HNTs-
based chemosensors, HNTs-PHT and HNTs-BP, were devel-
oped in this study, which exhibit Hg(u)-sensitive fluorescence
“turn on” behavior by forming interparticle and intraparticle
excimers, respectively. Fortunately, HNTs-PHT is able to
effectively restrict the solvent relaxation of m—m* transition
and make it a better detection tool in aqueous solution than
HNTs-BP. The addition of Hg(n) can trigger a dramatical
increase at 469 nm in emission curves of HNTs-PHT, which
cannot exhibit emission behaviors without the addition of Hg
(m). Furthermore, the formation of interparticle excimers
makes Hg(m) serve as a crosslinker to aggregate HNTs-PHT
into precipitations. Following this way, Hg(n) ions can be
facilely removed from the water via a simple filtration or
centrifugation approach. The as-prepared HNTs-PHT shows
high specificity and precision in simultaneously detecting
and separating Hg(n) without the recourse to energy con-
sumption, which will give a novel insight to deal with heavy
metal pollution.
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1 Introduction

The exceeded hazard of metal salts, especially the heavy
metal ions in water, is an increasingly serious problem in
the environmental protection field around the world in
recent years [1,2]. The nonbiodegradable nature, bioac-
cumulation, and high toxicity give rise to severe health
risks for humans [3,4]. Among the various heavy transi-
tion metals, mercury (Hg) is serving as the main role in
heavy metal pollution, which has been reported to be
usually involved in wastewater [5]. It should be noted
that Hg is highly toxic that even 10™°M can also result
in irretrievable damages to health, even death [6,7]. A
prime challenge for researchers is, therefore, to develop
a facile, versatile, specific and sensitive system for simul-
taneous detection and separation of Hg(m) ions in water.

Up to now, some analytical methods have been built
for detecting Hg(n) ions, including localized surface
plasmon resonance (LSPR) [8], high-performance liquid
chromatography (HPLC) [9] and electrochemistry tech-
nique [10,11]. The fluorescence-based method shows pro-
mising advantages including naked eye visualization
capability, high selectivity and facile operation when
used in the detection of metal ions [12,13]. It is worth
noting that planar-conjugated molecules, the main source
of fluorescent chromophores, often show poor water
solubility and aggregate to form nm—m accumulations in
water [14]. So, some unexpected phenomena usually
take place when dissolving or dispersing the planar-
conjugated molecules in water, e.g. aggregation-caused
quenching, formation of excimers, large fluctuation in
fluorescence intensity, and poor reproducibility [15,16].
At present, the use of planar-conjugated molecules as
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detection tools is mainly limited to organic solvents or
mixing solvents. Very few cases can be used in the pure
water phase, which seriously reduces their practical appli-
cation level. Functionalization of the planar-conjugated
molecules with hydrophilic groups can improve the water
solubility but may be not effective to solve the solvent
relaxation problems of m—mt* transition in water. The amphi-
pathic molecules are easy to form micelles and also con-
tribute to the unexpected influence on fluorescence
behaviors [17,18]. These problems inspired us to explore
novel detection systems with good feasibility in water.

There are some studies reported in the literature
regarding Hg(n) detection and removal based on physi-
cally immobilizing organic ligands onto nanomaterials
aiming to meet the application in an aqueous solution
[19,20]. However, the physical immobilization usually
suffers from serious stability problems. Our hypothesis
is to covalently functionalize the chemosensor on the sur-
face of nanoparticles with good water dispersion and sur-
face charge repulsion [21], which is quite beneficial to
overcome the stability problems in physically immobi-
lized nanocomposites.

In this way, the self-aggregation behavior and solvent
relaxation of the m—n* transition can be effectively sup-
pressed. Otherwise, the formation of interparticle excimers
makes the Hg() ions act as crosslinking points and drive
the nanoparticles into precipitation, meeting the require-
ment of Hg() separation. Halloysite nanotube (HNT) [22,23],
a natural tubular nanomaterial, was selected as the sub-
strate for the construction of the smart tool for simultaneous
detection and separation of Hg(n) ions. Benefiting from the
hollow tubular structure, HNTs exhibit lower relative density
and thereby better water dispersion than other commonly
used nanopatrticles such as silica [24,25]. The self-aggrega-
tion behavior, usually taking place in nanopatrticles, is effec-
tively suppressed based on the external charge distribution
[26]. Other favorable merits including good biocompatibility
[27,28], nontoxicity [29], non-degradation [30], hydrophilic
[31] and low-cost [32] also make HNTs promising materials
in the field of environmental protection [33-36], biomaterial
[37-40], catalyst [41-43], battery [44], sensor [45,46], and
coating [47]. Herein, the HNTs-based smart tool for the
simultaneous detection and separation of Hg(n) ions was
facilely developed by anchoring the pyrene-containing che-
mosensor on the surface of HNTs, which exhibit an obvious
“turn on” response on fluorescence after the addition of
Hg(n) in water. Moreover, the Hg(n)-chelated aggregation
would enlarge the particle sizes and result in macroscopic
precipitations, which can serve as a facile separation
approach without the recourse to energy consumption.
As a result, a smart tool for simultaneously detecting
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and separating Hg(n) in aqueous media was developed,
which may pave a new path for managing metal ions
not merely Hg(i1). Further studies will focus on exploiting
more HNT-based detection systems with more simplified
processes.

2 Experimental

2.1 Materials

HNTSs were obtained from GuangZhou Shinshi Metallurgy
and Chemical Co., Ltd., and purified before use [48]. Ami-
nated HNTs (HNTs-NH,) and acyl chloride-bearing HNTs
(HNTs-COCl) were prepared according to our previous
work [49,50]. 4-Bromothiophene-2-carbaldehyde (A1), hydra-
zine hydrate, o-nitrophenol (B1), 1,3-dibromo-2-propanol (B2),
1-pyrenealdehyde (A3) and anhydrous SnCl, in the analytical
grade were purchased from Shanghai Aladdin Bio-Chem
Technology Co., Ltd. 4-(Formylphenyl)boronic acid (A5) was
purchased from Soochiral Chemical Science & Technology
Co., Ltd. Oxalyl chloride and KH550® were obtained from
Energy-Chemical.

2.2 Synthesis and preparation
2.2.1 Synthesis of A2

4-Bromothiophene-2-carbaldehyde (A1, 1.00 g, 5.24 mmol),
MgSO, (1.26 g, 10.48 mmol) and hydrazine hydrate (1.00 mL)
were dissolved in ethanol (30 mL) and heated at 80°C under
N, atmosphere for 6 h. Then, the solution was cooled to room
temperature and extracted three times with dichloromethane
and saturated NaCl solution. After removal of the solvent
in a vacuum, the residue was chromatographically puri-
fied on silica gel eluting with dichloromethane to afford A2
as a white solid (1.05 g, 98%). 'H NMR (400 MHz, CDCl;)
6 (ppm): 7.80 (s, 1H), 7.11 (s, 1H), 6.94 (s, 1H), 5.55 (s, 2H).
13C NMR (100 MHz, CDCl3) § (ppm): 181.84, 144.04, 137.97,
132.26, 111.51. MS (ESI): m/z: calcd for CsHsBrN,S: 205.07
[M]*; found: 206.86 [M + 2H]*

2.2.2 Synthesis of A4
Compound A2 (0.70 g, 3.41 mmol), 1-pyrenealdehyde (A3,

0.86 g, 3.75mmol) and MgS0O, (0.82g, 6.82 mmol) were
dissolved in absolute ethanol (30 mL) and stirred at
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80°C under N, atmosphere for 15h. Then, the solution
was cooled to room temperature and extracted for three
times with dichloromethane and saturated NaCl solution.
After removal of the solvent, the residue was chromato-
graphically purified on silica gel eluting with petroleum
ether/dichloromethane (3:1, v/v) to afford A4 as a faint
yellow solid (0.98 g, 69%). 'H NMR (400 MHz, ds-DMSO)
6 (ppm): 9.67 (s, 1H), 9.14 (d, J = 6.4 Hz, 1H), 9.04 (s, 1H),
8.69 (d, ] = 5.6 Hz, 1H), 8.42-8.35 (m, 4H), 8.32 (d, ] =
6.0 Hz, 1H), 8.25 (d, J = 6.0 Hz, 1H), 8.15 (t, ] = 10.4 Hz,
1H), 7.96 (s, 1H), 7.75 (s, 1H). *C NMR (100 MHz, d,-
DMSO) 6 (ppm): 161.96, 155.98, 155.60, 140.41, 140.01,
135.98, 135.82, 133.57, 131.28, 130.63, 130.42, 129.73, 129.66,
129.14, 128.91, 127.91, 127.34, 127.26, 126.97, 126.72, 126.62,
125.66, 124.60, 124.11, 123.82, 110.29. MS (ESI): m/z: calcd for
C,H3BrN,S: 417.32 [M]*; found: 418.72 [M+H]".

2.2.3 Synthesis of A6

Compound A4 (0.30 g, 0.72 mmol), (4-formylphenyl)boronic
acid (A5, 0.13 g, 0.86 mmol), K,CO; (0.6 g, 4.34 mmol) and
Pd(PPhs), (8 mg, 0.007 mmol) in H,0 (4 mL) and tetrahydro-
furan (THF) (30 mL) were carefully degassed. The mixture
was heated by microwave reactor at 65°C and stirred under
N, atmosphere for 2.5 h. After cooling to room temperature,
saturated NaCl solution and dichloromethane (2:1, v/v) were
added. The organic layer was separated and then stirred
with anhydrous Na,SO,. After filtration and removal of the
solvent in vacuum, the residue was chromatographically
purified on silica gel eluting with petroleum ether/dichlor-
omethane (2:1, v/v) to afford A6 as a faint yellow solid
(302mg, 95%). 'H NMR (400 MHz, d,-DMSO) 6 (ppm):
10.05 (s, 1H), 9.73 (s, 1H), 9.16 (d, J = 9.6 Hz, 1H), 9.13 (s,
1H), 8.74 (d, ] = 8.4 Hz, 1H), 8.42 (m, 5H), 8.33 (s, 1H), 8.27 (d,
J=8.4Hz, 2H), 8.17 (t, ] = 15.6 Hz, 1H), 8.01 (s, 4H). MS (ESI):
my/z: calcd for C,oH;gN,OS: 442.54 [M]*; found: 442.86 [M]*;
FTIR: 3,447, 3,103, 3,039, 3,955, 2,921, 2,848, 2,760, 1,918,
1,875, 1,685, 1,600, 1,308, 1,294, 1,249, 1,231, 1,225, 1,211,
1,187, 1,171, 937, 901, 849, 830, 785, 716, 681, 660, 624, 612,
547, 535, 509, 499.

2.2.4 Synthesis of B3

O-Nitrophenol (B1, 3.00 g, 21.56 mmol), 1,3-dibromo-2-pro-
panol (B2, 1.90 g, 8.72 mmol) and KOH (3.00 g, 17.86 mmol)
were dissolved in dimethyl sulfoxide (15 mL) under N, atmo-
sphere. The solution was heated at 90°C for 4 h. After cooling
to room temperature, the solution was extracted three times
with dichloromethane and saturated NaCl solution. The
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organic layer was collected and then stirred with anhydrous
Na,SO,. After filtration and removal of the solvent in a
vacuum, the residue was chromatographically purified on
silica gel eluting with dichloromethane to afford B3 as a faint
yellow solid (85%). "H NMR (400 MHz, CDCL;) § (ppm): 7.88
(d, J=8.0Hz, 2H), 7.56 (t, ] = 16.0 Hz, 2H), 7.16 (d, ] = 8.0 Hz,
2H), 7.06 (t, ] = 16.0 Hz, 2H), 4.43 (m, 2H), 4.34 (m, 2H), 3.04
(br, 1H). C NMR (100 MHz, CDCl;) & (ppm): 151.98, 139.60,
134.73, 125.95, 121.11, 115.06, 69.56, 68.01. MS (ESI): m/z: calcd
for C;sHy4N,05: 334.28 [M]*; found: 335.00 [M+H]*.

2.2.5 Synthesis of B4

Compound B3 (1.50 g, 4.49 mmol) was dissolved in an
ethanol/THF mixed solution (5:1, v/v) with the addition
of an HCl solution containing anhydrous SnCl,. The
system was carefully degassed and heated at 80°C for
8h under a nitrogen atmosphere. After cooling to room
temperature, saturated NaCl solution and dichloromethane
(2:1, v/v) were added. The organic layer was separated and
then stirred with anhydrous Na,SO,. After filtration and
removal of the solvent, the residue was chromatographi-
cally purified on silica gel eluting with dichloromethane
to afford B4 as a brown viscous liquid (1.11g, 90%). 'H
NMR (400 MHz, CDCl;) 6 (ppm): 6.89-6.75 (m, 8H), 4.41
(m, 1H), 4.17 (m, 4H), 3.86 (s, 5H). °C NMR (100 MHz,
CDCls) 6 (ppm): 148.98, 135.76, 122.02, 118.99, 115.19, 111.35,
70.02, 68.89. MS (ESI): m/z: calcd for CisHigN,O5: 274.32
[M]*; found: 275.04 [M+H]".

2.2.6 Synthesis of B5

Compound B4 (0.60 g, 2.19 mmol), 1-pyrenealdehyde (A3,
1.11g, 4.81mmol) and MgSO, (3.87 g, 8.76 mmol) were
dissolved in absolute ethanol (50 mL) and stirred at
80°C under N, atmosphere for 15 h. Then, the solution
was cooled to room temperature and extracted for three
times with dichloromethane and saturated NaCl solution.
After removal of the solvent, the residue was chromato-
graphically purified on silica gel eluting with petroleum
ether/dichloromethane (2:1, v/v) to afford B5 as a yellow
solid (0.92 g, 60%). 'H NMR (400 MHz, ds-DMSO) 6 (ppm):
9.52 (s, 2H), 9.27 (d, ] = 9.2 Hz, 2H), 8.64 (d, ] = 8.0 Hz, 2H),
8.36 (d, ] = 7.6 Hz, 2H), 8.28 (d, ] = 7.6 Hz, 6H), 8.20-8.16
(m, 4H), 8.10 (t, J = 15.2Hz, 2H), 7.28 (d, J = 9.2 Hz, 2H),
7.11-6.99 (m, 6H), 5.47 (d, ] = 4.0 Hz, 1H), 4.35-4.26 (m,
5H). >C NMR (100 MHz, d¢-DMSO) 6 (ppm): 163.65, 155.25,
144.64,134.36, 131.24, 130.24, 129.40, 129.33, 129.03, 127.86,
127.65, 127.03, 126.68, 126.35, 125.40, 124.51, 124.13, 123.77,
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122.33, 121.62, 116.86, 116.24, 115.27, 72.90, 68.33. MS (ESI):
m/z: calcd for C,oH3,N,05: 698.82 [M]"; found: 698.49
[M]*; FTIR: 3,351, 3,044, 2,923, 2,868, 1,922, 1,801, 1,674,
1,610, 1,595, 1,579, 1,538, 1,506, 1,486, 1,448, 1,382, 1,241,
1,188, 1,111, 1,033, 898, 847, 819, 747, 712, 679, 607.

2.2.7 Preparation of HNTs-PHT

Compound A6 (80 mg, 0.18 mmol) and anhydrous MgSO,
(65 mg, 0.54 mmol) were dissolved into 20 mL of ethanol.
Then, 200 mg of HNTs-NH, was added to the solution.
The mixture was refluxed for 8 h and then centrifuged
to collect the residue. The residue was purified by washing
with water, ethanol and dichloromethane. After drying in
a vacuum, the pyrene-functionalized product HNTs-PHT
was achieved as a yellow solid (160 mg).

2.2.8 Preparation of HNTs-BP

HNTs-COCI (270 mg), compound B5 (80 mg) and triethyl-
amine (800 pL) in 5 mL of DMSO were vigorously stirred
at 50°C under an N, atmosphere. After cooling to ambient
temperature, the suspension was centrifuged to collect
the residue. The residue was then purified by washing
with water and ethanol. After drying in a vacuum, the
bispyrene-containing product HNTs-PB was achieved as
a yellow solid (260 mg).

2.3 Characterizations

Transmission electron microscopy (TEM) observations
and energy-dispersive spectrometer (EDS) mapping were
performed on a field emission transmission electron micro-
scope (Tecnai G2 F20 S-TWIN, FEI). Attenuated total refrac-
tion FTIR spectra were recorded on a Thermo Fisher Scientific
NICOTET IS10 FTIR spectrophotometer in the region of
4,000-400 cm™. NMR data were recorded on a WNMR
spectrometer or a Bruker Advance III spectrometer (400 MHz).
X-ray photoelectron spectroscopy (XPS) data were collected
via a Thermo Scientific ESCALab 250Xi XPS equipped with
200 W monochromated Al Ka radiation. Thermogravimetric
analysis (TGA) was performed on a Pyrisl TGA instrument
under the nitrogen atmosphere. MS analyses were obtained
by using a Bruker Daltonics Autoflex III. Turbidity test and
fluorescence experiments were conducted on a Shimadzu
UV-Vis spectrometer model UV-2550 and a Shimadzu RF-
5301PC photometer, respectively.
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3 Results and discussion

3.1 Synthesis and structural
characterization

Two types of HNTs-based chemosensors were developed
for simultaneously detecting and separating Hg(u) ions
(Scheme 1). As for Type I, HNTs-PHT was prepared by
anchoring aldehyde-containing pyrene derivative (A6)
on the surface of aminated HNTs (HNTs-NH,) via a typical
Schiff base reaction, in which “P” represents “pyrene,”
“H” represents “hydrazone” and “T” represents thio-
phene. The pyrene—hydrazone—thiophene moiety in obtained
HNTs-PHT can serve as an ionophore to Hg(u) ion and trigger
a “turn on” fluorescence by the formation of interparticle
excimer. As for the other type of HNTs-based chemosensor,
HNTs-BP was synthesized by treating acyl chloride-bearing
HNTs (HNTs-COCl) with bispyrene-based chemosensor (B5)
via the reaction between —COCl and —OH groups, in which
the “BP” is abbreviated for bispyrene. The nitrogen and
oxygen atoms in the backbone of B5 moiety are able to chelate
with Hg(n) ions with the formation of intraparticle excimer.
The reactants were kept in high concentrations in the above-
mentioned Schiff base reaction and esterification reaction
aiming to afford desirable grafting degrees. The as-obtained
HNTs-PHT and HNTs-BP were carefully characterized by
FTIR, TGA, solid-state NMR and XPS.

The FTIR spectrum of HNTs features three distinct
peaks at 3,701, 3,625 and 1,030 cm™ in Figure S18. The
stretching vibration around 1,030 cm™ should be attrib-
uted to the in-plane Si-O-Si. Owing to the curly and
multilayer character of HNTs, the A1-OH groups are cate-
gorized into two different kinds. As a result, the band in
the FTIR spectrum of HNTs divides into two peaks. The
peak at 3,701 cm ™! should be attributed to the stretching
vibrations of AI-OH on the lumen surface, meanwhile,
the peak at 3,625cm™ can be ascribed to the Al-OH
groups inside the multilayered structure. It should be
noted that the peaks assigned to Al-OH groups and
Si—0-Si groups can also be detected after the amination
approach, Schiff base reaction and esterification reaction,
suggesting that the aluminosilicate composites did not
undergo serious damage in the modification processes.

13C solid-state NMR spectra of HNTs-PHT and HNTs-
BP are shown in Figure 1, in which the peaks have been
completed and interpreted. Original HNTs cannot display
signals in the C solid-state NMR spectrum, which has been
evidenced in our previous study [51]. So, the peaks in HNTs-
PHT and HNTs-BP should be caused by the carbons in A6
and B5 moieties, respectively. As for HNTs-PHT, the carbons
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Scheme 1: Synthetic approaches to HNTs-PHT and HNTs-BP.

in —C=N- units give the signals in high-frequency regions,
e.g. 159.90 and 148.46 ppm. The strong peaks located at
131.11, 128.27 and 122.38 ppm should be assigned to the car-
bons in pyrene groups and partly carbons in thiophene
moiety. The peaks less than 40 ppm should be attributed
to the carbons in saturated alkyl chains. The C solid-state
NMR spectrum of HNTs-BP also displays the peaks at
159.42, 153.86, 14.54, 128.75, 124.47 and 108.88 ppm, which
should be assigned to carbons in unsaturated groups,
including benzene unit and pyrene groups. The weak
peak at 64.01 ppm is caused by the carbons in saturated
units near oxygen atoms. The NMR results match well with
the >C NMR data in Figure S11.

To further reveal the composition of HNTs-PHT and
HNTs-BP, XPS analyses were conducted and are summar-
ized in Figure 2. Figure 2a shows the XPS curves of HNTs,
HNTs-PHT and HNTs-BP. The XPS spectrum of original
HNTSs shows the existence of aluminum (Al 2s and Al 2p)
and silicon (Si 2s and Si 2p) in the range from 154 to 75 eV,
matching well with the components in aluminosilicate
clays. The strongest peak can be found at 532 eV, which
should be assigned to O 1s signal. Regions from 290 to
280 eV relating to C 1s are expanded in Figure 2b. Original
HNTs display a weak C 1s signal, which may be caused by
the naturally curly process. HNTs-PHT and HNTs-BP
show much stronger intensity for the C 1s peak at 284.8,
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Figure 1: 3C solid-state NMR spectra of HNTs-PHT (a) and HNTs-
BP (b).

which should be attributed to the anchoring of the che-
mosensors onto the HNTs. The presence of unsaturated
groups contributes to the peaks around 288.5eV.

Figure 2c shows the expanded regions from 411 to
394 eV relating to N 1s regions. The N 1s signal is unde-
tected in original HNTs. Because of the presence of
nitrogen in A6 and B5 moieties, both HNTs-PHT and
HNTs-BP display N 1s peaks in the XPS curves. The dif-
ference in peak value and peak pattern can be clearly
found between HNTs-PHT and HNTs-BP. As for HNTs-
BP, nitrogen can be found in -NH- and -N=C- groups.
The presence of -C=N-N=C- gives rise to a more com-
plex peak pattern in HNTs-PHT. Moreover, the presence
of S can be evidenced by the S 2p peak at 164.1eV in
Figure 2d. The XPS observations, as well as NMR findings,
are in agreement with the expected structures of HNTs-
PHT and HNTs-BP. Furthermore, the grafting degrees
were calculated from the TGA curves depicted in Figure 3.
The grafting degrees are 6.2, 9.2 and 9.8% for HNTs-NH,,
HNTs-PHT and HNTs-BP, respectively.

3.2 Optical properties and the detection
properties upon Hg(in)

The fluorescent emission behavior of HNTs-BP was eval-
uated in water, which displayed an unexpected emission
peak at 469 nm (Figure 4a) with the fluorescence quantum
yield (@) at 0.06. Pyrene usually displays its emission peak
at ca. 430 nm, while the emission peak of 469 nm should
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be attributed to the solvent effect rather than the monomer
emission. Generally, pyrene is very sensitive to the polarity
of the solvent [52,53]. In nonpolar solvents, e.g. THF and
CH,Cl,, the fluorescence signal originates from pyrene only
for monomer emission. In addition to the monomer emis-
sion, the formation of intense excimer emission can take
place in polar solvents, due to the solvent relaxation of the
m-m* transition. Hence, the titration of HNTs-BP with
polarity was conducted by preparing the stock solution
of HNTs-BP in only THF and, then, varying the water con-
centration from 0 to 90%. HNTs-BP does not show any
excimer emission in only THF solvent (Figure S20). With
the gradual addition of water, the fluorescence intensity
increases significantly with obvious bathochromic shifts.
The results show that the intramolecular rotation of the
pyrene platform is restricted, which results in the formation
of excimers without recourse to Hg(n). After the addition of
Hg(u), the fluorescence intensity at 469 nm was increased by
ca. 2-fold without any bathochromic or hypsochromic shift,
in which the @ increased to 0.09. In this case, Hg(u) can
chelate with N and O atoms in HNTs-BP and force the pyrene
platform to form more excimers (Figure 4b). However, the
strong background fluorescent emission and the inconspic-
uous difference in fluorescence intensity make HNTs-BP not
a desirable detection tool for Hg(m).

For the other case, when HNTs-PHT dispersed into
water, non-fluorescent emission behavior can be observed
(@ < 0.001) (iii in Figure 4c). The solvent relaxation of the
m—7t* transition was effectively reduced. The N and S atoms
in HNTs-PHT are able to chelate with Hg(i) and force the
pyrene moieties to afford interparticle excimers, which can
cause a dramatical enhancement of fluorescence. Fol-
lowing this way, a remarkable fluorescence “turn on”
behavior from nonfluorescent to strong fluorescent (iv in
Figure 4c) can be found with the addition of Hg(n) with an
increased @ value at 0.07. The remarkable fluorescence
enhancement at 469 nm matches well with the proposed
mechanism in Figure 4d. As a result, HNTs-PHT shows a
much better detection performance in an aqueous solution
than HNTs-BP.

To evaluate the detection accuracy and sensitivity of
HNTs-PHT to Hg(u), an aqueous solution with different
quantities of Hg() was added to HNTs-PHT aqueous sus-
pension to reveal the relationship between fluorescence
intensity and the concentration of Hg(i). Plot of fluores-
cence intensity (I,) of HNTs-BP aqueous suspension vs the
concentration of Hg(u) ([Hg(i)]) was recorded. The fitting
results indicate that the linear regression for I, and [Hg(i)]
exhibit a good linear correlation coefficient (R > 0.99). A
good linearity relationship was achieved within the range
from 1.0 x 10~ to 1.0 x 107*M (Figure S21).
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Figure 3: TGA curves of HNTs, HNTs-NH,, HNTs-PHT and HNTs-BP.

Some studies have shown that some other metal ions
are also able to chelate with O, N or S atoms [54-57].
Therefore, the specificity of HNTs-PHT to Hg(u) over com-
monly used ions, including Zn**, Pb*", Ni*, Na*, Mn*",
Mg?*, K*, Fe?', Cu®", Ba®* and AI’>*, was also investigated
(the concentration is equal to 1 x 10> M, details are
shown in Figure 5). Upon individual addition of a wide
range of the abovementioned metal ions as their SO;~ or
Cl” salts, only Hg(u) raised a conspicuous fluorescence
enhancement at 469 nm with the I, value higher than
1,800 a.u. The fluorescence ratio “r” of the fluorescence
intensity at 469 nm with and without the addition of ion
was employed to evaluate the specificity upon Hg(i).
Except for Hg(u), the r-value was found less than 5.0
for all cases. The addition of Hg(n) raised a much higher
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r-value at 81.88. These results indicate that the as-obtained
HNTs-PHT exhibits highly specific, precise and sensitive
responses to Hg(n) in an aqueous system.

3.3 Absorption studies

The absorption behaviors of HNTs-based chemosensors
on Hg() were confirmed by TGA curves. The weight (%)
at 790°C for HNTs-PHT and HNTs-BP in TGA curves is
75.8 and 75.3%, respectively. After treating with excess
Hg(Cl0,),, the Hg(m)-chelated products, HNTs-PHT-Hg (1)
and HNTs-BP-Hg(i), were also examined by TGA. The
weight (%) at 790°C for HNTs-PHT-Hg(1) and HNTs-BP-
Hg(m) in TGA curves increased to 78.2 and 77.5%, respec-
tively, suggesting the absorption of Hg(u). The absorption
capacity of HNTs-PHT and HNTs-BP toward Hg(u) is
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Figure 5: Fluorescence spectra of HNTs-PHT in aqueous solution
([c] = 1.0 mg/mL) with the addition of Hg?", Zn?*, Pb?*, Ni*, Na*,
Mn2*, Mg2*, K*, Fe?*, Cu?*, Ba%* and A** (the concentration of each
ion is equal to 1 x 107> M).
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calculated as ca. 110 and 95 mg/g. HNTs-PHT shows a
higher absorption capacity than that of HNTs-NP. Otherwise,
the dynamic adsorption behaviors of HNTs-PHT and HNTs-BP
displayed distinct differences. The interaction of HNTs-
based chemosensors and Hg() was investigated based
on a turbidimetric assay method, which is widely used to
evaluate the interactions of carbohydrates with proteins in
the literature [58]. Plots of absorbance at 550 nm vs the
time after the addition of Hg(u) were recorded and are
shown in Figure S22. A completely different behavior can
be tracked between HNTs-PHT and HNTs-BP, which should
be caused by the difference in the formation between inter-
particle and intraparticle excimers. The intraparticle
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excimer cannot give rise to the changes in particle sizes.
So, the chelation of HNTs-BP with Hg(i) cannot raise any
significant changes in the absorbance values. The removal
efficiency of HNTs-PHT toward Hg() in an aqueous solu-
tion was evaluated by adding 5.0 mg of HNTs-PHT into
1.0 mL of Hg(n) solution with different concentrations at
1x1073,1x 10 and 1 x 107> M. The removal efficiency
follows a concertation-dependent manner, which was cal-
culated ad 72, 85 and 91%, respectively.

As for HNTs-PHT, the formation of interparticle exci-
mers makes Hg(i1) ions serve as crosslinkers to aggregate
the particles. As a result, a dramatic increase in absor-
bance values can be clearly found in HNTs-PHT after the

aggregation ‘ig; 'Hg
Hé 5 iiig ".

HNTs-PHT-Hg
HS \/\NHZ

Cysteamine (Cys)

Figure 6: Absorption studies. [(a) TGA curves of HNTs-PHT, HNTs-BP, HNTs-PHT-Hg(i) and HNTs-BP-Hg(i); (b) TEM image of HNTs-PHT; (c)
TEM image of HNTs-PHT-Hg(11); (d) EDS mapping of Al; (e) EDS mapping of Hg; (f) EDS mapping of O; (g) EDS mapping of Si; (h) mixture of the
above-mentioned elements; and (i) aggregation and recycling mechanism for as-obtained HNTs-PHT-Hg(i).
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formation of interparticle excimers, suggesting the for-
mation of precipitations. Therefore, the separation of
Hg(m) was achieved by a simple precipitation approach
without power consumption, when using HNTs-PHT as
the adsorbent. TEM observations were conducted to further
characterize the as-obtained precipitations. Figure 6b reveals
that the HNTs-PHT is the monodisperse cylindrical-shaped
nanotube with an open-ended lumen. After chelating with
Hg(m), the aggregates can be clearly observed in the TEM
image (Figure 6c) of HNTs-PHT-Hg(u). The corresponding
elemental maps displaced in Figure 6d-g illustrate the dis-
tribution of the detected elements in EDS analysis, including
Al (blue in Figure 6d), Hg (yellow in Figure 6¢e), O (purple in
Figure 6f) and Si (green in Figure 6g). The mixture of distri-
bution of the abovementioned elements is shown in Figure 6h.
The signals from Al, O and Si mappings show their elemental
distribution in the nanotube-based aggregation, which is con-
sistence with the chemical composition of HNTs. The presence
of Hg and the highly coincided distribution with the Al, O and
Si indicate that the aggregates should be caused by Hg(n) and
thereby results in the macroscopic precipitations. Moreover,
the Hg(n) ions can be dissociated from HNTs-PHT-Hg(u) with
the addition of cysteamine, which endow HNTs-PHT a poten-
tial recyclable material for detecting and separating the Hg(u)
(Figure 6i).

4 Conclusion

We have developed two types of HNTs-based chemosen-
sors, HNTs-PHT and HNTs-BP, for simultaneously detecting
and separating Hg(m) ions. The structural characterizations,
including FTIR, solid-state NMR, XPS and TGA, demon-
strated the successful modifications. The chemosensors
have been covalently linked onto HNTs with good stability.
Both HNTs-PHT and HNTs-BP are able to detect Hg(u) ions
via a “turn on” behavior on fluorescence, in which HNTs-
PHT can effectively restrict the solvent relaxation of m—m*
transition and make it a better detection tool in aqueous
solution than HNTs-BP. The aqueous solution of HNTs-PHT
displayed no emission behavior (@ < 0.001), while a sig-
nificant increase in emission behavior (@ = 0.07) can be
detected. HNTs-PHT shows highly specific, precise and sen-
sitive responses to Hg(i) in an aqueous system as compared
to the literature. Moreover, HNTs-PHT exhibited a high
absorption capacity upon Hg(n) at ca. 110 mg/g, in which
the Hg(n) ions serve as crosslinking agents to aggregate
HNTs-PHT into macroscopical precipitations. The estab-
lished simultaneously detecting and separating approach
upon Hg(m) ions by HNTs-PHT gives a novel insight on

Pyrene-functionalized halloysite nanotubes =— 2047

dealing with a mercury pollution problem in water and
widen the insight of environmental remediation.

NMR data, FTIR spectra, fluorescence spectra of HNTs-
PB as a function of increasing water content, linear
regression data and turbidity results are included in
the Supporting information.
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