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To prepare nitrogen doped carbon dots (NCDs) with excellent luminescence efficiency, a facile
hydrothermal method was developed using cabbage juice as the carbon source and poly ethylene
polyamine (PP) as the nitrogen source. Then, as-prepared NCDs were grafted onto calcium alginate to
produce calcium alginate film (CA-NCDs), and the CA-NCDs were used as a fluorescent probe. The
significant quenching effect of Fe** was established. The ratio of fluorescence intensity (F/Fo) of the
CA-NCDs had a linear relationship with the concentration of Fe** within the range of 0 to 48 uM (R? was
0.9947) and the detection limit was 1.4 nM. In addition, the recovery of spiked samples ranged from
98.6% to 103.1%. Most importantly, the amino-functionalized CA-NCD fluorescent probe can be
successfully applied for the detection of trace Fe3* in water samples.

The ferric ion (Fe**) is one of the most essential metal ions in
immune systems, playing a significant role in many patholog-
ical and physiological processes including oxidation reactions,
cellular metabolism, electron transfer, as well as RNA and DNA
synthesis."” Therefore, it is significant to establish effective
analytical methods for highly sensitive and selective detection
of Fe*" in aqueous solutions.* Recently, a variety of detection
methods, such as atomic absorption/emission spectroscopy,
atomic fluorescence spectrometry (CV-AAS),>” and inductive
coupled plasma atomic emission spectroscopy (ICP-MS),**°
have been developed to measure the level of Fe**. However,
most of these methods usually suffered from expensive instru-
mentation, complicated operation and the use of toxic and
expensive reagents, which limited their practical applications in
the routine monitoring of Fe®*.***? It is necessary to develop an
economical, simple, and green strategy to synthesize optical
probes. Thanks to its ease of operation, fast response and high
efficiency, the fluorescent probe has been one of the most
feasible and promising methods to solve the aforementioned
problems.****

Carbon quantum dots (CDs) have attracted much attention
due to their unique properties,’>" including high quantum
yield,” low cost, low toxicity, good biocompatibility,*® good
dispersibility in aqueous solution,* ease of functionalization,*
etc. Meanwhile, CDs have been applied in various fields such as
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bioimaging,***” medical diagnosis, analytical chemistry,® etc.
However, the fluorescence quantum yield of CDs is relatively
low.>>*° But recently, some research reported that the fluores-
cence properties of CDs were improved by doping nitrogen into
the carbon nanoparticles.*** The reason is probably that the
large conjugated carbon structure of CDs is broken and the
surface defects of CDs was passivated.*® Furthermore, CDs in
aqueous solution are not easy to recycle.

Herein, green NCDs have been synthesized with cabbage
juice as the carbon source and polyethylene polyamine as the
nitrogen source. Moreover, the as-prepared NCDs were grafted
onto calcium alginate and a calcium alginate thin film was
obtained. Due to the fluorescence quenching effect of Fe’" on
CA-NCDs, CA-NCDs were used as a fluorescent probe and
applied to the Fe*" detection.

1 Experimental
1.1 Chemicals and instruments

Cabbage was purchased from the local market. Poly ethylene
polyamine (PP), HgCl,, AlCl;, CuCl,, CaCl,, FeCl;, NaCl, MgCl,,
AgCl, KNO;, MnSO,-H,0, Zn(NO,),, Ba(NO;),, Zn(NO;), and
Ni(NOj3), were purchased from Tianjin Chemical Reagent Co.
All reagents were of analytic grade and used as received without
any further purification. Doubly distilled water was used in all
experiments. Tap water samples were collected from our labo-
ratory, and lake water samples were obtained from the Fen River
in Taiyuan City, Shanxi Province, China. All water samples were
used without any further pretreatment.

All fluorescence measurements were performed using a Cary
Eclipse fluorescence spectrophotometer (Varian, American),
Fourier transform infrared (FTIR) spectra were recorded on
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a Fourier-transform infrared spectrometer (8400S, Daojin,
Japan). Absorption spectra were recorded using a UV-vis double-
beam spectrometer (UV-2450, Purkinje Daojin, Japan).

1.2 Synthesis of NCDs

35 mL cabbage juice were transferred into a 100 mL stainless-steel
teflon lined vessel and heated at 200 °C for 5 h. After the reaction,
the reactor was cooled down to room temperature. Then, poly
ethylene polyamine was added, and the solution was hydrother-
mally treated again at 200 °C for another 5 h. Transparent brown-
yellow solution was gained after the reactors cooled down to room
temperature. The product was centrifuged at a high speed (12 000
rpm) for 10 min to remove the large particles, and then the solu-
tion was dialyzed in a dialysis bag for 3 d (M,, = 3000). Eventually,
pure NCDs were obtained by rotary evaporation.

1.3 Preparation of CA-NCDs

1.8 g calcium alginate was dissolved in 10 mL NCDs and 50 mL
deionized water, the mixture solution was magnetic stirred for
4 h. Then, the solution was statically defoamed. The sodium
alginate sol was poured into the culture dish by tape casting. A
dense crosslinked calcium alginate film (CA-NCDs) was formed
by spraying 1.5 mol L " CaCl, solution to the surface of sodium
alginate sol, and then vacuum dried at 50 °C to constant weight.

1.4 Fluorescence detection of Fe** by CA-NCDs

CA-NCDs was added into 3 mL of Fe** solution, followed by adding
Fe*" ions solution with different concentrations (0, 4, 8, 12, 16, 20,
24,28, 32, 36, 40, 44, 48 uM), then filtered and dried at 50 °C under
vacuum. All samples were incubated for 30 min at room temper-
ature and recorded the fluorescence spectra at the excitation
wavelength of 350 nm. The used films were immersed in
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ethylenediaminetetraacetic acid (EDTA) solution for 5 min, rinsed
repeatedly with deionized water, and vacuum dried to constant
weight. They were used for repeated examinations of Fe*" ions.

2 Results and discussion
2.1 Optical properties of the CA-NCDs

The UV-vis absorption and fluorescence spectra of CA-NCDs
were studied and shown in Fig. 1. As shown in Fig. 1A, the
UV-vis absorption spectrum of CA-NCDs show a broad absorp-
tion band with a strong peak at 350 nm, which could be
ascribed to the n-m* transition of the C=0 bond and m-7*
transition of C=C.*** The peak at 350 nm is due to the trapping
of excited state energy on the CA-NCDs surfaces.***® The CA-
NCDs are yellow color under daylight (Fig. 1A-a) and emits
a bright blue fluorescence under the illumination of 365 nm UV
light (Fig. 1A-b). The fluorescent quantum yield of CA-NCDs is
about 53.3% using quinine sulfate (QY 54% in 0.1 mol L™*
H,S04, Aex = 360 nm) as the reference.

As shown in Fig. 1B, the fluorescence spectra of CA-NCDs
reveal that the maximum excitation wavelength is at 350 nm,
and exhibit a narrow and symmetrical emission peak which
appear at 469 nm. The significantly increase of fluorescence
intensity of CA-NCDs might be attribute to the defects on CA-
NCDs surface and the passivation of functional groups.®**

As shown in Fig. 1C, the fluorescence intensity increases
initially till 350 nm and then decreases gradually with
increasing excitation wavelength, indicating an excitation-
dependent emission. Such a behavior can be explained by the
different sizes of CA-NCDs and the distribution of different
surface states. The excitation wavelength is at 350 nm and the
strongest emission is at 469 nm, which is consistent to most
reports of CA-NCDs.?**
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(A) UV/vis absorption of the CA-NCDs, inset shows the colors of CA-NCDs under visible light (a) and UV light (b), (B) fluorescence

excitation and emission spectra of the CA-NCDs, (C) emission spectra of the CA-NCDs at different excitation wavelengths from 300 to 390 nm in
20 nm increments, (D) the fluorescence intensity of CA-NCDs varying with time.
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Fig. 1D shows the fluorescence intensity of CA-NCDs varying
with time. At a given time, the fluorescence intensity decreases
constantly with time. However, when the incubation time is
above 30 min, the decrease of the fluorescence intensity with
time becomes insignificant. Also, the fluorescence intensity at
30 min is very close to that at 50 min. Therefore, 30 min was
identified as the optimal incubation time.

2.2 Characterization of the CA-NCDs

The morphology of CA-NCDs was characterized by transmission
electron microscopy (TEM). As shown in Fig. 2A, these CA-NCDs
are mostly spherical shape that are uniform, highly mono-
disperse and no aggregation emerged, with an average diameter
of about 1.8 nm.

Fig. 2B shows FTIR spectra of NCDs and CA-NCDs. For NCDs
(Fig. 2B-a), the peak at 3455 cm ' is correspond to the
stretching vibrations of O-H and N-H, which reveals that the
amino and hydroxy groups of NCDs, and demonstrate the good
water-solubility of NCDs. The FTIR spectrum also exhibits
stretching vibration absorption band of C-H at 2923 cm™'.4**
Furthermore, peaks at 1712 cm ™', 1397 cm ™', 1184 cm ™' and
1500 cm ™' are originated from C=0, N-H, C-N and C-O,
respectively suggesting that NCDs have been successfully ob-
tained. For CA-NCDs (Fig. 2B-b), the absorption peak at
3439 cm™ ' is similar to those of the carbon dots. In comparison
with Fig. 2B-a, the peaks at 1098 cm™ ' come from the stretching
vibrations of C-O in calcium alginate molecule. The C-O-Ca-O-
Ca group is formed due to the cross-linking of calcium ions, so
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the stretching vibration absorption of C-O is enhanced. The
peaks around 1633 cm™ " and 1410 cm ™' are attributed to the
symmetric stretching vibration and asymmetric stretching
vibration of C-H, respectively. Peak at 786 cm ™" corresponds to
the stretching vibration of C-C in calcium alginate molecule.

2.3 Selectivity of the CA-NCDs for Fe** detection

To evaluate the selectivity and specificity of CA-NCDs as a fluo-
rescent probe for Fe** detection, the fluorescence responses of
CA-NCDs were investigated in the presence of different metal
ions under same concentrations, including Hg”*, Cu®*, Pb*,
Mg>", AI*, K, Na*, Ni**, Zn*", Ba>", Fe’", Ca®', Mn*" and Ag". As
shown in Fig. 3A, a strong fluorescence quenching is observed in
the presence of Fe**, while other metal ions show only a slight
quenching effect on the fluorescence of CA-NCDs. This may be
because the formed CA-NCDs-Fe** complexes would facilitate
non-radiative electron/hole recombination annihilation through
an effective electron transfer process, leading to the distin-
guished fluorescence quenching effects.*** The results indicate
that the obtained CA-NCDs possess excellent selectivity towards
Fe®" and can serve as fluorescence probe for Fe** detecting.
Fig. 3B shows the interference tests, it is seen that the fluo-
rescence intensity of CA-NCDs remains almost unchanged after
mixing with any one of the interference metal ions. However,
the significant fluorescence quench is observed on further
addition of Fe*" even in the presence of each interfering metal
ion, while the other metal ions shows only a slight quenching
effect. The results indicate that these metal ions do not interfere
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(A) TEM image of the CA-NCDs. Inset shows the distribution of particle sizes (B) FTIR spectrum of NCDs (a) and CA-NCDs (b).
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Fig. 5 Fluorescence intensity change for the hydrogel films after
alternate treatment with an aqueous solution of Fe®* (2 x
10> mol L™) and EDTA (2 x 10~ mol LY.

with the detection of Fe*". Since Fe*" ions have strong affinity
toward hydroxyl, carboxyl and amino groups of CA-NCDs than
the other metal ions to form stable chelate complexes, it is
reasonable to observe the outstanding selectivity and specificity
of CA-NCDs to Fe*". This suggests that the obtained CA-NCDs
have high selectivity towards Fe’" ions.

2.4 Fluorescence detection of Fe*" using CA-NCDs

To further explore the interaction between Fe** and CA-NCDs. A
series of Fe’" ions solutions with the concentration range from
0 to 48 uM were added into the CA-NCDs with a fixed concen-
tration. The fluorescence emission spectra was excited at the
wavelength of 350 nm. As shown in Fig. 4A, the fluorescent
intensity of CA-NCDs is gradually decreased with increasing the
concentration of Fe**. This is presumably due to the binding of
Fe** on CA-NCDs surface accelerates the non-radiative recom-
bination of the excitons through an effective electron transfer
process,* leading to a substantial decrease of the fluorescence

Table 1 Determination results of Fe>* in water samples

of CA-NCDs.* Fig. 4B clearly shows the linear relationship
between fluorescence intensities and Fe*" concentration, the
calibration curve can be expressed as F/F, = 1.0069 — 0.0109¢
with correlation coefficient (R*) of 0.9947 (F, and F are the
fluorescent intensities of the CA-NCDs without and with added
Fe*", respectively). The detection limit (3¢/s) for Fe*" is 1.4 nM,
where ¢ is the standard deviation of ten blank measurements,
and s is the slope of the calibration curve, which is comparable
or even better than those reported parameters in the literature.

2.5 Repeatability study of Fe** detection

The fluorescence of CA-NCDs was quenched when Fe** was
added, and recovered when the treated CA-NCDs were
immersed in EDTA solution. As shown in Fig. 5, no. 1, 3,5and 7
are fluorescence intensity of CA-NCDs treated with Fe®" ions
solutions, and no. 2, 4 and 6 are that after recovered with EDTA
solution. The results show that the fluorescence intensity of CA-
NCDs changed regularly, leading to reproducible changes in
fluorescence intensity over three cycles. Thus, the CA-NCDs
could be serving as a reusable fluorescent probe for Fe**
detection in water samples.

2.6 Fe’" measurement in real water samples

To test the feasibility in real water samples, the CA-NCDs was
further used to quantify the Fe** in mineral water, tap water and
Fen River water by using UV-vis sensor. Fen River water was
obtained from the Fen River water Taiyuan, Shanxi province,
China. Wahaha mineral water was purchased from the local
market. Tap water was obtained from the laboratory. The water
samples were first filtered with medium speed filter paper, and
then centrifuged at 12 000 rpm for 10 min to remove the large
suspended particles. The relative standard deviation values of
Fe*" and the recoveries were obtained. As shown in Table 1, the

Samples Found (uM) RSD (%) (n = 6) Added (uM) Total found (uM) Recover (%) (n = 6)
Mineral water 0.362 1.26 0.5 0.855 98.6%

Tap water 0.380 1.98 0.5 0.886 101.2%

Fen River water 0.573 2.03 0.7 1.295 103.1%
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result demonstrated that the recovery is ranged from 98.6% to
103.1%. The results also show that the prepared CA-NCDs may
be a potential sensing platform for the detection of Fe** in real
water samples.

3 Conclusions

In this work, a green, facile and low toxicity hydrothermal
method has been developed and used for the preparation of
water-soluble fluorescent N-doped carbon quantum dots. The
obtained NCDs were grafted onto calcium alginate to form CA-
NCDs. The CA-NCDs show a high fluorescence intensity and
excitation-dependent emission behavior. Meanwhile, the CA-
NCDs emitted strong blue fluorescence and their fluorescence
can be quenched by Fe*'. There is a good linear relationship
between the Fe*" concentrations within 0-48 pM and the fluo-
rescence quenching rates of CA-NCDs. Furthermore, the inter-
action of Fe*" ions with CA-NCDs can be observed through the
fluorescence quenching effect with EDTA. The CA-NCDs have
good hydrophilic properties for ion detection in water and
a higher recovery rate in practical water application.
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