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Abstract The authors describe the synthesis of a multi-
functional nanocomposite with an architecture of type
Fe;0,@Si0,@graphene quantum dots with an average diam-
eter of about 22 nm. The graphene quantum dots (GQDs)
were covalently immobilized on the surface of silica-coated
magnetite nanospheres via covalent linkage to surface amino
groups. The nanocomposite displays a strong fluorescence
(with excitation/emission peaks at 330/420 nm) that is fairly
selectively quenched by Hg2+ ions, presumably due to
nonradiative electron/hole recombination annihilation. Under
the optimized experimental conditions, the linear response to
Hg”* covers the 0.1 to 70 1M concentration range, with a
30 nM lower detection limit. The high specific surface area
and abundant binding sites of the GQDs result in a good
adsorption capacity for Hg** (68 mg-g~"). The material, due
to its superparamagnetism, can be separated by using a mag-
net and also is recyclable with EDTA so that it can be repeat-
edly used for simultaneous detection and removal of Hg**
from contaminated water.
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Introduction

Mercury is considered as the most toxic nonradioactive metal,
and leads to adverse environmental and health problems such
as bioaccumulation by numerous organisms and severe phys-
iological problems, including neurological, neuromuscular, or
nephritic disorders originating from its presence in water re-
sources [1]. As a consequence, mercury-indicating methodol-
ogies, which are developed to provide critical information for
mercury hazard assessment and mercury pollution manage-
ment, have received much attention. The fluorescence assays
display unique advantages of high sensitivity, great simplicity,
easy monitoring, and rapid response, providing a better choice
for the detection of Hg”* [2]. The typical fluorescent sensing
system based on organic dyes exhibits high sensitivity and
relative versatility. However, these organic fluorescent probes
are mostly synthesized through several steps as well as the
structures of the probes are complicated; limit their reliable
application in the real sample assay [3]. Therefore, new
nanomaterial-based fluorescent probes with a few synthesis
steps, high sensitivity and selectivity for Hg** measurement
is of vital importance.

Graphene quantum dots (GQDs), as a member of carbon-
based photoluminescent nanomaterial, have increasingly
drawn research interests on account of their fascinating phys-
ical and chemical properties, chemical inertness, low toxicity,
excellent biocompatibility, good dispersibility in water, and
stable photoluminescence (PL) [4]. GQDs are graphene nano-
sheets in the form of one, two or more layers all less than
10 nm thick and 100 nm in lateral size. Compared to graphene
sheets with the zero band gap electronic state, GQDs have
discrete band-gaps and show typical semiconducting proper-
ties [5]. Their band gap and optical properties can be manip-
ulated by reducing their size to nano-level [6]. GQDs are
attracting considerable attention as they may gradually replace
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traditional semiconductor quantum dots due to their supe-
riority in chemical inertness, low toxicity, biocompatibil-
ity, high fluorescent activity and excellent photostability
[7]. Moreover, compared to the common carbon-based
photoluminescent nanomaterials (carbon dots), GQDs exhibit
some excellent characteristics such as higher surface area and
better surface grafting by using the 7=t conjugated network or
abundant surface functional groups (carboxyl, hydroxyl, car-
bonyl, epoxide) [8, 9]. By taking advantages of their unique
chemical and optical properties, various GQDs-based fluores-
cent probes for the detection of metal ions (Fe**, Cu**, Pb**
and Hg®*) [10-15], anions (S*") [16], organic molecules
(paranitrophenol) [17] and biomolecules (urea, glucose) [18,
19] have been explored. However, most of these reports have
been focused on homogeneous systems as the solution state,
which is not recyclable and separable. Since, GQDs have ultra-
high specific surface area due to the nature of nano-sized single
layer graphene sheets, they have the potential not only for sen-
sitive detection of pollutants, but also for effective separation
and removal of them from environments. It means that novel
sensing structures based on GQDs which can firstly detect and
then remove pollutants from samples should be developed.

It seems that multifunctional magnetic composite mate-
rials, which combines magnetic sorting feature and additional
characters from each component, can satisfy above require-
ment. Fe;04 nanoparticles have been proved promising in
site-specific targeting, sample sorting and isolating [20, 21]
To improve their performance, Fe;O,4 nanoparticles are usual-
ly covered by silica shell to prevent aggregation and provide
sites for surface modification [22].

Bearing the above statement in mind, we synthesized a mul-
tifunctional nanocomposite material (Fe;O0,@Si0,@GQDs)
(Scheme 1). This nanocomposite was successfully prepared
by coating of the GQDs onto the surface of amine functional-
ized Fe;0,@8Si0, nanospheres through acylamide binding in
the presence of EDC as the activator. The synthesized nano-
composite exhibited high performance not only for detection,
but also the removal of Hg”* from aqueous solution.

Scheme 1 Illustration for the
formation process of

Fe;0,@Si0,@GQDs
nanocomposite
Fe Oy
0. OH
j
0)\ on OH
Citric Acid
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Additionally, the mercury deposited magnetic nanocomposite
can also be recovered and reused without significant loss of its
activity. The Fe;0,@SiO, @GQDs nanocomposite was easily
separated from solutions by adding an external magnetic field,
so the nanospheres with Hg** were quickly removed. The suc-
cessful application of the Fe;0,@Si0,@GQDs in the detec-
tion of Hg”* ions in real water samples is also demonstrated.
The dual application of Fe;0,@Si0,@GQDs as sensing plat-
form and adsorbent can be potentially extended to other envi-
ronmental systems and biological samples.

Experimental
Reagents

Citric acid, ferric chloride hexahydrate (FeCl;.6H,0, 97%),
ferrous chloride tetrahydrate (FeCl,.4H,0, 98%), ammonium
hydroxide (NH4OH, 25%), 1-(3-dimethylaminopropyl)3-
ethylcarbodiimide hydrochloride (EDC) and Hg(NOs),.H,O,
were purchased from Sigma-Aldrich (Chemical Co.,
Milwauke, WI, USA, www.sigmaaldrich.com). Tetraethyl
orthosilicate (TEOS) and 3-aminopropyltriethoxysilane
(APTES), was obtained from Merck (Darmstadt, Germany,
www.merck.de). 10 mM phosphate buffer solutions were
prepared by mixing stock standard solutions of NaH,PO,
and Na,HPO,. All abovementioned materials were used
without any further purification. The deionized water was
used in all procedures.

Apparatus

The Fourier transform infrared (FT-IR) spectra of samples
were recorded using a Bruker Equinox 55 apparatus (www.
bruker.com). Transmission electron microscopy (TEM) was
performed using a Zeiss EM10C instrument (www.zeiss.
com) at an accelerating voltage of 80 kV. X-ray diffraction
(XRD) measurements were carried out using a Bruker, D8-
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advance diffractometer (www.bruker.com) with Cu K«
radiation (A = 1.541874 A) at a generator voltage of 40 kV
and a generator current of 30 mA. Raman spectrum was
recorded using an Almega Thermo Nicolet Dispersive
Raman Spectrometer (USA) with a 532 nm laser. The mag-
netic property was analyzed by using a vibrating sample mag-
netometer (VSM) (Meghnatis Daghigh Kavir Co., Kashan,
Iran). Fluorescence spectra were determined by using a
Varian Cary Eclipse Fluorescence Spectrometer (www.
varianinc.com). Absorption spectrum was determined on a
Perkin Elmer, Lambda 25 Spectrophotometer. The
concentration of mercury was analyzed by a Varian 710ES
Inductively Coupled Plasma Atomic Emission Spectrometry
(ICP-AES) (www.varianinc.com).

Preparation of core—shell structured magnetic
nanospheres

Synthesis of the GQDs

The GQDs were produced with the use of a simple “bottom-
up” method in which citric acid was incompletely pyrolyzed
[23]. Briefly, 2 g of citric acid transferred to a 25 mL round
bottom flask, and heated to 200 °C by a heating mantle for
about 30 min, until the citric acid changed to an orange liquid.
This liquid was then dissolved by dropwise addition of a so-
dium hydroxide solution (10 mg mL ™' NaOH) and vigorous
stirring until the pH of the GQD solution was neutral
(pH = 7.0). This solution was stored at 4 °C.

Synthesis of Fe;0,@SiO,

Fe;0,4 nanoparticles were synthesized via the co-precipitation
of Fe’* and Fe** ions (molar ratio 1:2) in alkali solution.
FeCl;.6H,O (3.7 mmol) and FeCl,.4H,O (1.85 mmol) were
dissolved in 30 mL deionized water and the resulting solution
was dropped to a 25% NH4OH solution (10 mL) with precise-
ly constant drop rate under nitrogen gas and vigorous mechan-
ical stirring (800 rpm) to obtain small and uniform particles. A
black precipitate of Fe30,4 was continuously stirred for 1 h at
room temperature and then heated to 80 °C for 2 h. The syn-
thesized Fe;O4 was collected by a permanent magnet after
washing three times with deionized water and ethanol. Then,
it was dried at 100 °C in vacuum for 24 h. A sample of Fe;O4
(1 g) was suspended thoroughly in methanol (80 mL) by ul-
trasonic bath for 1 h at 40 °C. Then, concentrated ammonia
solution was added to the resulting mixture and stirred at
40 °C for 30 min. Afterward, TEOS (1.0 mL) was introduced
to the reaction vessel, and continuously stirred at 40 °C for
12 h. The silica-coated magnetic nanoparticles were collected
simply in few seconds by a permanent magnet and were thor-
oughly redispersed and washed with deionized water three
times and then dried at 60 °C in vacuum for 24 h.

Preparation of Fe;0,@SiO, @GQDs

For the preparation of Fe;0,@ SiO, @ GQDs nanocomposites,
0.1 g of the prepared Fe;0,@SiO, was dispersed in 1.5 mL
APTES solution (4% v/v in dry toluene). The mixture was
stirred under reflux condition at 110 °C for 24 h. After it is
cooled to room temperature, the sample was separated from
the solution by an external magnet, and washed thoroughly
twice with toluene and once with distilled water and the
amino-functionalized Fe;0,@Si0O, nanospheres were obtain-
ed. Then, the amino-functionalized Fe;04@SiO, nanospheres
were dispersed in a mixture of 1.0 mL of the prepared GQDs
and 1.0 mL of EDC (10 mg mL ™). The mixed suspension was
stirred at 4 °C for 12 h. Finally, the Fe;0,@Si0,@GQDs
nanocomposites were collected simply in few seconds by a
permanent magnet and were thoroughly washed with deion-
ized water to remove unbound GQDs.

General procedure for fluorescent detection

All the fluorescence detections were conducted under the
same conditions and the excitation wavelength was set at
330 nm. First, 3 mL phosphate buffered solution of the
nanomaterial (4 ug mL™', pH = 6.0) was added in a quartz
cuvette, followed by the addition of a certain volume of Hg**
solution (1 x 10~ M). The solution was mixed thoroughly and
left at room temperature for 1 min for the reaction to complete.
The PL spectra of the mixed solutions were recorded and all
experiments were performed at room temperature. The con-
centrations of Hg?* used in the sensitivity experiments were 0,
0.1, 5.0, 10.0, 20.0, 30.0, 40.0, 50.0, 60.0, 70.0, 80.0, 90.0,
100.0, 110.0, 120.0 and 130.0 uM, respectively. 100.0 uM of
Hg”* was used in the optimization experiments. Various other
metal ions of 100.0 uM were used in the selectivity experi-
ments. The other metal ions used in the selectivity experi-
ments are as follows: Na*, K*, Mg>*, AI>*, Cr’*, Ca*,
Mn?*, Ni**, Fe**, Fe’*, Pb*", Cu*, Co™*, Cd*, Zn™".

Adsorption studies

To measure the adsorption kinetics of Hg®* ions onto
the Fe;0,@Si0,@GQDs nanocomposite, 10 ml of mer-
cury solution with an initial concentration of 50 mg L™’
was introduced into the flask and mixed with 5 mg of
Fe;0,@8Si0,@GQDs. The solution was stirred continuously
at 25 °C. The Hg*" loaded composite nanospheres were then
isolated from the solution by adding an external magnetic field
at different time intervals. To investigate the equilibrium ad-
sorption isotherms for Hg**, 5 mg of Fe;0,@Si0,@GQDs
was added into 10 mL Hg** solution with the concentration
ranging from 10 to 50 mg L™ and collected until the adsorp-
tion equilibrium was reached. The pH values of the above
systems were maintained at 6.0. The adsorbent was separated
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by an external magnetic field. The amount of the target ion in
the solution was determined by ICP/AES.

Results and discussion
Structural characterization

Figure la, b exhibits the FTIR spectra of GQDs and
Fe;0,@8Si0,@GQDs nanocomposite. The broad intense
peaks at 3300 cm ' are assigned to —OH and ~NH groups
stretching vibration. Additionally, the peak at 2939 cm ' in
spectra shows the asymmetric stretching and symmetric vibra-
tions of C — H. The well-defined peak at 1574 cm™ " is related
to bending vibrations of C = C group. The peaks at 1668,
1412, and 1049 cm™"' were assigned to the C = O, C — O
(carboxy), and C — O (alkoxy) functional groups, respectively.
For the Fe;0,@Si10,@GQDs nanocomposite (Fig. 1b), the
characteristic peak at 1070 cm ™' corresponds to the stretching
vibration of Si-O and the peak at 583 cm ™' is due to the
vibrations of Fe—O. The spectrum of the nanocomposite in-
cludes the main characteristic peaks of GQDs (beside peaks of
Fe;0,@8Si0,) that the successful coating of the GQDs onto
the surface of Fe;0,@SiO, nanospheres.

The X-ray diffraction (XRD) patterns of GQDs and
Fe;0,@8Si0,@GQDs samples are shown in Fig. Ic, d. As
shown in Fig. 1c, GQDs exhibited a wide (002) peak at
22.6°, which was in good agreement with the interlayer dis-
tance of graphene sheets, demonstrating the graphitic nature
of the crystalline dots [24]. The XRD pattern of the
Fe;0,@8Si0,@GQDs nanocomposite (Fig. 1d) shows dif-
fraction peaks at 20 = 30.2, 35.5, 43.1, 54.3, 57.1 and 62.8,
which can be assigned to the (220), (311), (400), (422),
(511) and (440) planes of Fe;0y,, respectively, indicating

that the Fe;O,4 nanoparticles in the Fe;04,@Si0,@GQDs
nanocomposite were pure Fe;0,4 with a cubic spinel structure;
these match well with the standard Fe;O4 sample (JCPDS card
no. 85-1436). As shown in Fig. 1d, no diffraction peaks cor-
responding to SiO, were observed because the prepared SiO,
is amorphous. Moreover, no signal about GQDs can be de-
tected, which is explained by the small amounts, high disper-
sion and low crystallinity of GQDs in Fe;0,@SiO, @GQDs
nanocomposite.

Transmission electron microscopy (TEM) was performed
to investigate the structure and morphology of the GQDs and
Fe;0,@8Si0,@GQDs nanocomposite (Fig. 2). From the
TEM image (Fig. 2a), it can be seen that the diameters of
GQDs were 3—7 nm. Coating of the GQDs onto the surface
of Fe3;0,@8Si0, nanospheres was achieved through
acylamide binding in the presence of EDC as the activator.
As shown in Fig. 2b, the resulting composites were spherical
nanoparticles with a diameter of about 20 nm and GQDs are
present at the periphery of nanospheres.

The magnetic property of the Fe;0,@SiO,@GQDs nano-
composite was investigated by VSM (Fig. S1 (Electronic
Supplementary Material, ESM)). The Raman spectrum for
the GQDs is shown in Fig. S2 (ESM). More details are placed
in the Electronic Supplementary Material (ESM).

Optical characterization

The UV-Vis absorption spectrum of the GQDs showed that there
was a shoulder peak at 230 nm and a typical absorption peak at
335 nm (Fig. S3 (ESM)). The peak at 230 nm was attributed to
the 7-7t* transitions of aromatic C = C bonds. The peak at
335 nm corresponds to the n-7t* transition of the C = O bond
[25]. The fluorescence intensity of Fe;0,@SiO,@GQDs nano-
composite is slightly lower than the free GQDs (Fig. S3 (ESM)).
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Fig. 1 FTIR spectra of GQDs (a) and Fe;0,@Si0O,@GQDs nanocomposite (b), and XRD pattern of GQDs (¢) and Fe;0,@SiO,@GQDs
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Fig. 2 TEM images of GQDs (a) and Fe;0,@Si0,@GQDs (b)

The drop in the fluorescence intensity of the nanocompos-
ite can be attributed to the covalent functionalization of the
GQDs with silica-coated magnetite nanospheres contain-
ing NH, groups, which modifies the original moieties in
the GQDs. The GQDs aqueous solution exhibited bright
blue emission under excitation of 365 nm UV light as
shown in Fig. S4a (ESM) inset. The emission wavelength
of GQDs is excitation-independent, with the maximum ex-
citation wavelength and the maximum emission wave-
length at 335 and 450 nm, respectively (Fig. S4a (ESM)).
The excitation-independent emission of the GQDs, implies
that both the size and the surface state of those sp> clusters
contained in GQDs should be uniform, which may contrib-
ute to their strong fluorescence emission [23, 26]. In order
to confirm that GQDs have been immobilized onto the
surface of Fe;0,@SiO, nanospheres successfully, the fluo-
rescence spectra of Fe;0,@Si0,@GQDs nanocomposite at
different excitation wavelengths and photograph under UV
light are shown in Fig. S4b (ESM).

800

Optimization of conditions for Hg>" detection

To improve the performance of the prepared assay for Hg**,
the following parameters were optimized: (a) sample solution
pH value; (b) reaction time. Respective data and Figures are
given in the Electronic Supplementary Material (ESM). The
following experimental conditions were found to give best
results: (a) sample solution pH value of 6.0 (Fig. S5, ESM);
(b) reaction time of 1 min (Fig. S6, ESM).

Sensitivity of the Fe;0,@Si0,@GQDs for Hg”* detection

The sensitivity of the synthesized Fe;0,@SiO,@GQDs to-
wards the sensing of Hg”* ions was analyzed by fluorescence
titrations. From Fig. 3, it can be seen that the fluorescence
intensity of Fe;0,@Si0,@GQDs is gradually quenched as
the concentration of Hg”* gradually increases from 0 to
130 uM. We found that the fluorescence quenching in this
system followed the Stern-Volmer equation [27].
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Fig. 3 Emission spectra of the Fe;0,@Si0,@GQDs (4 pg mL ™) in the
presence of increasingconcentrations of Hg®* in phosphate buffer

(pH = 6.0), excitated at 330 nm (a) and Stern—Volmer plot for
thefluorescence quenching of Fe;0,@Si0,@GQDs by Hg?* ions

(inset: linear relationship between Io/I within the Hg>* concentrations in
the range from 0.1 to 70 uM. I, and I are the emission fluorescence
intensities of Fe;0,@Si0,@GQDs at 420 nm in the absence and
presence of metal ions, respectively) (b)

@ Springer



1626

Microchim Acta (2017) 184:1621-1629

Io/I =1+ Ksv[0] (1)

Where I and I are the fluorescence intensity in the absence
and presence of Hg?" ions, respectively, Ksy is the Stern-
Volmer constant, and [Q] is the quencher concentration.
Quenching data are usually presented as plots of 1o/l versus
[Q]. The Stern-Volmer plot shown in Fig. 3b does not fit a
linear calibration plots over the whole Hg** concentration
range of 0.1 to 130 uM. In contrast, inset of Fig. 3b reveals
that a linear calibration plot for the quantitative analysis of
Hg”* can be fitted between the Io/I and the concentration of
Hg?* at the range from 0.1 to 70 uM, with a linear regression
equation of Io/I-1 = 0.0101 [Hg>*] + 0.0006 (M) (correlation
coefficient R? = 0.996, n = 10). At higher concentrations of
Hg?* there is a deviation from linearity (Fig. 3b), probably due
to the presence of both static and dynamic mechanisms as
observed by other researchers [28]. The error bars represent
variations among three separate measurements. The detection
limit of 30 nM was obtained based on a 35/m (9 is the standard
deviation of the blank Fe;0,@Si0,@GQDs sample signal
(n=10) and m is the slope of the linear calibration plot), which
was lower than most of the previous reported assays for Hg>*
detection.

A performance comparison of the methods for the analysis
of Hg?* from this work with that from some other studies was
investigated (Table 1). It reveals that this method has high
sensitivity, good linear response range and comparable detec-
tion limit to that found in other studies. The exception are
some functionalized semiconductor quantum dots, which are
highly sensitive. However, these nanomaterials suffer from
intrinsic limitations such as heavy metals potential toxicity
and environmental hazards and are being replaced by less
toxic nanomaterials such as GQDs and carbon dots.

Selectivity of Fe;0,@Si0,@GQDs for Hg2+ detection

To evaluate the selectivity of Fe;0,@Si0,@GQDs for metal
ions, the relative fluorescence intensity changes to different

metal ions were measured in water (Fig. 4, blue bars). The
results indicated that the fluorescence of Fe;0,@Si0, @GQDs
was highly quenched by Hg®* and slightly quenched by
Fe?* and Fe** ions, whereas the other tested metal ions
induce no obvious changes in the fluorescence intensity
ratio. These results clearly demonstrated that the method
was highly selective for Hg?* over a number of other
metal ions (Fig. 4, blue bar). However, the probe may
be unsuitable to use for complicated sample where Fe**
(100 fold) or Fe** (1000 fold over Hg>*) are exist. Therefore,
Fe;0,@Si0,@GQDs can be an efficient probe for Hg** de-
tection in real water samples with undetectable concentration
of Fe** and Fe®* or after removal of these ions with an appro-
priate masking agent. Furthermore, competition experiments
were conducted in the presence of Hg** and other metal ions
(Fig. 4, green bars). It can be seen that the fluorescence of
Fe;0,@Si0,@GQDs upon binding to Hg** did not signifi-
cantly change in the presence of other metal ions. The out-
standing Hg”* ion selectivity can be ascribed to the strong
affinity between Hg”* and the carboxylic (~COOH) and hy-
droxyl (—OH) functionalities on the GQDs surface over other
metal ions as reported in the literature [37]. The selective
fluorescence quenching of the nanocomposite by Hg?" is pre-
sumably due to the facilitating nonradiative electron/hole re-
combination annihilation via an effective electron transfer
from the GQDs to Hg>* ions [38], i.e. the excited-state elec-
trons transfer to the LUMO of the Hg** cation from the
GQDs, and then, the electrons return to the ground state of
the GQDs in a radiationless transfer. Some other metal ions
may also adsorb on the surface of GQDs, but the ion binding is
weaker and the binding affinity is not as strong as that of Hg**.
Thus, the electron transfer and fluorescence quenching will be
weaker [39].

Analytical application

To monitor the possible application of the fluorescence assay
for real samples, three different water samples, river water

Table 1 Comparison of the

related methods for detection of Materials Method Linear range LOD Ref.
Hg2+ (uM) (nM)
MoS, nanosheets Colorimetric 2-200 500 [29]
Silver@ graphene Colorimetric 10-200 338 [30]
oxide
Chitosan-AuNPs Colorimetric 9-50 1350 [31]
AuNPs@S-C-dots Colorimetric 0.05-1 47 [32]
Carbon dots Fluorescence 4-18 2470 [33]
PDDA/CdTe QDs Fluorescence 0.006—1 5 [34]
Cysteamine/CdTe QDs Fluorescence 0.006-0.45 4 [35]
Silicon nanocrystals Fluorescence 0.05-1 50 [36]
Fe;0,@8Si0,@GQDs Fluorescence 0.1-70 30 This work
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X x

(Babolrud river), well water (Tehran) and tap water (Tehran)
were analyzed and the results were summarizes in Table 2.
River water was filtered using a 0.45 um pore size membrane
filter to remove suspended particular solids. After dispersing
Fe;0,@8Si0,@GQDs in each sample, the fluorescence inten-
sity spectra of the prepared samples were recorded to explore
possible fluorescence quenching. Table 2 shows the results
derived from the recorded fluorescence spectra after the addi-
tion of Hg** with the help of calibration curve. For each sam-
ple, five parallel experiments were conducted, and the recov-
eries from the water samples were excellent and varied from
97.8% to 105.0% with the relative standard deviation (RSD)
ranging from 1.2% to 2.2%. These results indicated that the
fluorescence analytical assay based on the core—shell
Fe;0,@Si0,@GQDs nanospheres has the potential applica-
bility for mercury detection in real samples.

Adsorption performance

Besides the sensing performance, we also investigated the use
of the Fe;0,@Si0,@GQDs nanocomposite as an adsorbent
for the magnetically guided removal of Hg** from water sam-
ples. The amount of Hg** adsorption at equilibrium q. (mg
g ') was calculated by Eq. (2):

(Co—C.)V

= @

qde =

Where Cy and C, (mg L) are the liquid phase concentra-
tions of Hg”* at initial and equilibrium, respectively, V (L) the
volume of the solution, and W (g) is the mass of adsorbent
used. Fig. S7 (ESM) shows the adsorption kinetic curve of
Fe;0,@Si0,@GQDs to Hg*". It can be found that the uptake
of Hg*" by the nanospheres is a very fast process, which
finishes in about 1.5 min. This fast process is attributed to
the strong affinity of the fluorescent probe towards Hg**. To
optimize the design of an adsorption system for the adsorption
of Hg2+, two equilibrium models, i.e., Langmuir and
Freundlich isotherms, have been used to describe the equilib-
rium characteristics of the adsorption [40]. These adsorption
models give a representation of the adsorption equilibrium
between the analyte in solution and the active sites of the
adsorbent. The Langmuir isotherm is based on the monolayer
adsorption model with the homogeneous binding sites on the
adsorbent surface. The linear form of Langmuir isotherm can
be expressed as;

C, 1 1
e (e
9o GmaxD  \dmax
Where C, (mg L") is the equilibrium solute concentration,
e (mg g ") the equilibrium adsorption capacity, and qmax (mg
g ) and b (L mg ") are Langmuir constants related to maxi-

mum monolayer adsorption capacity and energy change in
adsorption, respectively. The Langmuir constants ¢, and b

3)

Table 2 Determination of Hg”*

in water samples Sample Added (uM) Found (uM) Recovery (%) RSD (n =5, %)

Tap water 0.0 - - -
2.0 1.97 98.50 1.6
5.0 5.21 104.2 1.5
10.0 10.24 102.4 12

Well water 0.0 - - -
2.0 2.10 105.0 1.4
5.0 4.89 97.8 22
10.0 10.12 101.2 1.8

River water 0.0 - - -
2.0 1.98 99.0 2.1
5.0 5.10 102.0 1.6
10.0 991 99.1 1.3
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were calculated from the slope and intercept of the linear plot
of C./q. versus C,, and their values are listed in Table S1
(ESM).

The Freundlich isotherm describes the multilayered ad-
sorption on a heterogeneous surface and is expressed in the
linear form as;

1
Ing, = Ink; + (—) InC, (4)
n

Where Ky and n are the Freundlich constants which repre-
sent the adsorption capacity (mgH/ nptn g_l) and adsorption
intensity, respectively. K¢ and n values were calculated from
the intercept and slope of the linear plot between In g, and In
C., and their values are listed in Table S1. The fit of a model to
the experimental data are usually evaluated in terms of linear
regression analysis where the R” value is used as an indi-
cation for the goodness of model fit. With respect to R?
values (Table S1, ESM), the adsorption of Hg2+ on the
Fe;0,@8Si0,@GQDs can be evaluated as a process that fol-
lows the Langmuir model. Therefore, the maximum adsorp-
tion capacity of mercury ions is found to be 68.027 mg per
gram of Fe;0,@Si0,@GQDs adsorbent.

Recycling sensing performance

An important requirement for the solid multifunctional probe
for detection and removal of Hg** ions is its reusability. To
investigate its reusability, 5 mg of Fe;0,@Si0,@GQDs
nanosphere was used to complex Hg" in a repeated adsorp-
tion—desorption fashion. In this test, EDTA solution (in deion-
ized water) was used as a stripping agent for removal of Hg**
from the composite nanospheres. Fig. S8 (ESM) indicates the
change of fluorescence intensity of Fe;0,@SiO,@GQDs in
five repeated experiments. This process involves the follow-
ing steps: (1) washing Fe;0,@8Si0,@GQDs with EDTA
(2 mL of 0.01 M EDTA for 5 mg of the nanocomposite) for
2 min, (2) washing Fe;0,@SiO,@GQDs with water and eth-
anol for 3 times, respectively, (3) fluorescent detection of
Hg**. As shown in Fig. S8 (ESM), the recovered nanospheres
was successfully used for at least four consecutive cycles and
a very negligible loss of sensing ability was observed (which
might be due to the loss of Fe;0,@8Si0,@GQDs in the re-
generation experiment).

Conclusions

In summary, we designed and synthesized a multifunctional
fluorescent probe based on Fe;0,@Si0,@GQDs nano-
spheres for simultaneously detecting and removing of Hg**.
These multifunctional nanospheres exhibited high selectivity
and sensitivity for targeting Hg>* over a number of other metal

@ Springer

jons. Since, fluorescence was slightly quenched by Fe**
and Fe** ions, the Fe;0,@Si0,@GQDs can be an effi-
cient probe for Hg”* detection in real water samples with
undetectable concentration of Fe** and Fe’* or after removal
of these ions. Moreover, by the method of ICP-AES, the used
nanocomposite proved that they can efficiently remove Hg**
in aqueous solution and be easily separated from the mixture
by adding an external magnetic field. More importantly, the
Fe;0,@Si0,@GQDs can also be regenerated by treating
with EDTA solution and maintain high efficiency upon repeat-
ed use for at least four times. This means that the
Fe;0,@8Si0,@GQDs can be reused and will cause little ad-
ditional environmental pollution each use compared to the
amount of pollution caused by using non-renewable materials.
The sensing method has been successfully applied for the
detection of Hg”* in real water samples.
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