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The increasingly serious problem of heavy metal ion pollution has caused great harm to human health and
the environment. It is urgent to develop a simple and feasible method to remove heavy metal ions in
wastewater. In this paper, we prepared blue-green fluorescent carbon nanoparticles (chi-CNPs) with
chitosan as the raw material, which realized the efficient removal of heavy metal ions. In addition, the
removal effect of heavy metal ions can be evaluated by the fluorescence changes of chi-CNPs. Finally,

we applied chi-CNPs to the treatment of industrial wastewater. The value of the total dissolved solids
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Accepted 17th March 2021 was used to evaluate the treatment effect. The removal rate of heavy metal ions by chi S was

54.6%, which was much higher than that of other carbon dots or semiconductors. Because of its

DOI: 10.1039/d1ra00692d simplicity, safety and cleanliness, it is suitable for large-scale production and is expected to become
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1. Introduction

Pollution of heavy metal ions has become one of the important
problems in the field of environmental sanitation." Excessive
heavy metal ions in domestic water will seriously threaten
human health.? It is well known that mercury pollution, such as
the Minamata disease in Japan, has caused great damage to
property and health.** In addition, excess metal ions such as
iron, copper, lead, cadmium and other metal ions in the human
body will destroy bones and kidneys, cause hypertension,
nervous system diseases and brain diseases.>” For the detection
of heavy metal ions, mass spectrometry,®® electrochemical
detection® and X-ray fluorescence spectrometry'* are commonly
used. However, most of these methods are difficult to be widely
used due to economic factors. As is known, carbon dots (CDs,
encompassing carbon nanoparticles, C-dots, carbon quantum
dots and graphene quantum dots) have been treated as having
a carbon core with an sp® domain and surface functional
groups.” CDs from biomaterials*® have good biocompatibility,
stable fluorescence properties, non-toxic and great prospects in
this field.**"” Chitosan,'®*® as a linear polysaccharide linked by
B-glucoside bond, is the product of deacetylation of chitin
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a general method to solve the pollution of heavy metal ions in wastewater.

widely distributed in nature.*® Because of its easy availability
and good biocompatibility, chitosan was widely used in drug
delivery,” wound healing,*® antibacterial treatment,”® food
manufacturing,®** biochemical analysis® and other fields.
Also, chitosan-based carbon dots were mostly used for
biosensor*~*' and bioimaging.**** Pawar et al. have reported
functionalized chitosan-carbon dots as a probe to detect trace
amount of water.* Damera et al. have synthesized a full-color
fluorescence nanoprobe using Eucalyptus Twigs as the carbon
source for detecting Brilliant Blue and bioimaging.*

Herein, chitosan was used as raw material to prepare a kind
of blue-green fluorescent carbon nanoparticles (chi-CNPs) to
achieve the efficient removal of heavy metal ions (Scheme 1).
The chi-CNPs were synthesized by one-step hydrothermal
method, which is simple, cheap, environmentally friendly and
suitable for large-scale production. In addition, the chitosan
branched chain structure of chi-CNPs is easily hydrolyzed to
form a cross-linked network structure (Scheme 1), which can
effectively collect and adsorb heavy metal ions. At the same
time, the rich hydroxyl and amino groups on the surface of chi-
CNPs can also form a stable complexation with heavy metal
ions, and then the metal ions were dragged away from the water
and removed by sedimentation. Such similar swelling-induced
reticular crosslinking was more effective than the single nano-
spheres or microspheres in removing heavy metal ions,**” and
the removal efficiency of chitosan to heavy metal ions reached
54.6%, much higher than other carbon quantum dots and
semiconductors.***® In addition, the fluorescence intensity of
chi-CNPs quickly decreased or even quenched after complexa-
tion with heavy metal ions, due to the combined action of
electron transfer and aggregation. Through the fluorescence
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Scheme 1 Removal of heavy metal ions by carbon nanoparticles
synthesized from chitosan.

quenching effect, the linear analysis between the concentration
of heavy metal ions and chi-CNPs fluorescence intensity showed
that chi-CNPs could detect Fe**, Hg>", Cu®*, Fe*" and other
heavy metal ions in wastewater, and chi-CNPs with the network
structure could adsorb heavy metals and settle to the bottom,
which was easy to separate. In order to evaluate the removal
level of heavy metal ions in the industrial wastewater, the
content of total dissolved solids (TDS) in wastewater was
measured by the conductivity method. Since chi-CNPs could
combine with multiple metal ions, the indicator method for
single metal ion was obviously inconvenient to evaluate
multiple metal ions. Fortunately, the conductivity method can
solve this problem and evaluate the change of the total heavy
metal ions content in the wastewater. This work shows that chi-
CNPs can effectively capture heavy metal ions in wastewater and
evaluate their removal effect by conductivity changes. There-
fore, the chi-CNPs are expected to be widely used in wastewater
treatment.

2. Experimental section
2.1 Synthesis of chi-CNPs

Highly fluorescent chi-CNPs were synthesized by hydrothermal
methods (Scheme 2). 1 g of chitosan solid was dissolved in
30 mL of deionized water to prepare the aqueous solution,
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which was put into an autoclave (50 mL). The solution was
heated at 200 °C for 10 hours. The autoclave was naturally
cooled to room temperature and the large insoluble particles
were removed by filtration with filter paper. Dialysis was per-
formed for 8 hours with a membrane (M, = 1000), and the water
was changed every four hours. The solution was frozen at
—80 °C and then chi-CNPs powders were obtained in a freeze
dryer.

2.2 The characterization of chi-CNPs was studied by various
analytical methods

Freeze dryers (Scientz-10N, China) was used to obtain chi-CNPs
solid powders. Transmission electron microscopy (TEM, JEOL
Ltd, Japan) was used to characterize the morphology of the chi-
CNPs. Nano ZS/ZEN3690 (Malvern, UK) was used to investigate
the particle size distribution and surface potential of the chi-
CNPs. Fourier transform infrared (FT-IR) spectra was acquired
using an FT-IR spectrometer (Agilent Cary 660, USA). The
conductivity meter (DDS307, China) was used to measure the
conductivity of the solution.

2.3 Fluorescence detection of Hg**, Fe**, Fe**, Cu®" and
mixed metal solution

The concentration of chi-CNPs was 0.2 mg mL ™" in water. To
evaluate the sensitivity of the Hg”*, Fe’*, Fe>*, Cu®" detection,
the metal ions solutions of Hg>", Fe*", Fe**, Cu®" (0.1 M) were
prepared. In order to evaluate the ability of chi-CNPs to remove
mixed heavy metal ions, the mixed metal ions solutions (Al**,
cd?>', co*, cu®', Fe**, Fe**, Hg*, Mg”*, Ni**, and Pb*", total
concentration is 0.1 M) were prepared. The same volume of
heavy metal ions and mixed metal ions were added to the chi-
CNPs solution. The change in value during fluorescence
quenching and the concentration of metal ions were recorded
for linear analysis. All the fluorescence spectra were measured
from 410 nm to 700 nm (A, = 400 nm) at room temperature.

2.4 Electrical conductivity meter was used to indicate the
removal efficiency of heavy metal ions in the solution

The conductivity of a solution is positively correlated to the total
amount of ions contained.***' Therefore, the conductivity value
can be used to assess the changes of ions concentration in
a solution. Since chi-CNPs are capable of scavenging multiple

*]

O Metal ions

Scheme 2 Schematic diagram of synthetic chi-CNPs and chelating heavy metal ions.
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Fig. 1
spectrum of chi-CNPs.

metal ions, it is difficult to characterize the ion scavenging effect
with a single indicator method. After adding of chi-CNPs, the
polymer was synthesized by chelating with heavy metal ions and
settled at the bottom, resulting in the decrease in electrical
conductivity. The electrical conductivity of the mixed metal
solution was measured before and after adding chi-CNPs. The
removal efficiency of heavy metal ions was characterized by the
change of electrical conductivity and the formation of a complex
in the solution.

3. Results and conclusion
3.1 Characterization of chi-CNPs

The morphology and structure of the chi-CNPs were shown in
Fig. 1A. TEM images showed that the diameter of chi-CNPs was
about 50 nm. The results of Nano ZS90 (inset in Fig. 1A)
confirmed the conclusion of TEM, showing that the diameter of
chi-CNPs mainly distributed in the wide range of 60-100 nm,
with an average diameter size of 79.06 nm. The size of carbon
nanoparticles prepared in this study are larger than the tradi-
tional carbon dots (3-10 nm),**"** which might be due to the fact
that chitosan is a natural polymer and contains a variety of
hydrolysates in the process of forming chi-CNPs. Besides,
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(A) TEM images of chi-CNPs dispersion in water and a Gaussian particle size distribution profile of chi-CNPs is observed. (B) FT-IR

a polymer film was formed on the surface of the chi-CNPs by
dissolving chitosan, which increased the particle size (the
particle size is 54.84 nm, the polymer film is 5.82 nm, and the
polymer film accounts for about one-tenth of the total particle
size). The formation of polymer films promoted the chelation of
chi-CNPs with heavy metal ions. At the same time, larger chi-
CNPs can better adsorb and settle heavy metal ions with
higher removal efficiency. The surface functional groups of chi-
CNPs were determined by FT-IR. As shown in Fig. 1B, the
structure of the absorption peak at 3164 cm™ ' was considered to
be from the stretching vibration of N-H/O-H which is similar to
the functional groups of chitosan. The peak at 1577 cm™ " cor-
responded to the stretching vibration peak of C=0 and the
peaks at 1000-1500 cm ™" were attributed to the presence of
C=C and C-O bond. That the peak at 937 cm ™' was from the
stretching vibration peak of C-C bond. The results show that
there were hydrophilic functional groups on the surface of chi-
CNPs, such as -NH, and -OH, which made chi-CNPs have good
water solubility and binding ability to heavy metal ions, thus
achieving a more thorough removal effect.

The optical absorption spectra of chi-CNPs show intense
peaks in the UV region centered at 265 nm and the emission
peak is located at 478 nm with the excitation of 400 nm (Fig. 2A).
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(A) UV-vis absorption (black line), excitation (red line) and emission spectra (blue line) of chi-CNPs. Inset: highly fluorescent chi-CNPs at

365 nm (left) and visible light (right). (B) Influence of pH (1-12) on the fluorescence intensity of chi-CNPs.
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Therefore, under the excitation light, the chi-CNPs emitted
bright blue-green fluorescence (inset in Fig. 2A). To investigate
the stability, the FL relative intensity of the chi-CNPs toward
extreme pH in solution was measured (Fig. 2B) which gives the
effect of pH on the fluorescence intensity of chi-CNPs. Under
acidic conditions, the fluorescence of chi-CNPs almost did not
change (the relative fluorescence intensity only decreases by less
than 5%). Under alkaline conditions, the fluorescence intensity
changed slightly, but the relative fluorescence intensity
decreased to 70% at pH 12. In the range of pH 1-11, chi-CNPs
show stable fluorescent even under extreme pH conditions,
which can be understood that there are abundant amino and
hydroxyl groups on the surface of chi-CNPs. The fluorescence
stability at different pH values also shows that the chi-CNPs can
work in a wider and more complex water environment.

3.2 Fluorescence detection of Fe**, Fe**, Cu®>" and Hg** in
aqueous solution

Iron ions play an important role in human physiological func-
tions.*>** As shown in Fig. S1,T after adding metal ions with the
concentration of 300 pM, the fluorescence quenching of chi-
CNPs by Fe** was the most obvious, followed by Hg>*, Fe>*
and Cu”'. Because the trivalent iron ions have more positive
charges than monovalent and divalent cations and are easier to
combine with groups such as hydroxyl and amino groups on the
surface of the chi-CNPs. In addition, the iron ions in the solu-
tion will easily absorb the fluorescence emission of the chi-
CNPs because the emission energy just matches the d-d elec-
tron transition in the iron ions.*” We have studied the change of
fluorescence intensity of chi-CNPs after adding Fe*" at 478 nm.
As shown in Fig. 3, with the addition of Fe**, the fluorescence
intensity of the chi-CNPs gradually decreased and there was
a good linear relationship (y = —0.977x + 2036.8, R* = 0.991)
between the change of fluorescence intensity and the concen-
tration of Fe’" in the ranging from 600 to 1800 uM. The detec-
tion limit of Fe*" was calculated to be 0.345 uM. Using the same
method, Hg>", Fe* and Cu®" were measured. The detection
limits of Cu**, Fe** and Hg*>" were 1.17 uM (y = —0.421x +
2299.1, R* = 0.991, Fig. $2t), 1.64 uM (y = —0.333x + 1961.9, R
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Fig. 3
Fe3* at the various concentrations of 0.6-2.1 mM.
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Table 1 Performance comparison of different fluorescence probes
for the detection metal ions

Materials Metal ions detected Detection limit (uM) Reference
P,0,* -AuNPs Fe** 5.6 48
Peanut shells Cu*" 4.8 49
Banana juice Cu** 4.7 50
Graphene Fe** 7.22 51
Graphene Hg** 0.1 52
Ag-NPs Hg>" 2.2 53
Chitosan Fe**, Cu**, Hg*" 0.345, 1.17, 0.737 This work

= 0.993, Fig. S31) and 0.737 uM (y = —0.457x + 2079.4, R*> =
0.991, Fig. S47). The change of chi-CNPs fluorescence intensity
showed a good linear correlation with the concentration of the
heavy metal ions added. Further, in order to investigate the
selectivity of chi-CNPs for heavy metal ions, the change of
fluorescence intensity was measured in the presence of various
ions. As shown in Fig. S5, the influence of other ions was
almost negligible. The minimum detection limit of the chi-
CNPs probe toward metal ions is lower than that previously
reported metal ions detection assay (see Table 1). Therefore, the
results show that chi-CNPs can be considered as a good fluo-
rescent probe for detecting the concentration of heavy metal
ions in a certain range.

3.3 Detection and removal of heavy metal ions by chi-CNPs

The mixed metal solutions of AI**, Cd**, Co*", Cu**, Fe**, Fe*",
Hg>", Mg?*, Ni**, Pb* with a concentration of 0.1 M were
prepared and added to the chi-CNPs solution (0.2 mg mL ™).
The fluorescence intensity of chi-CNPs was measured by fluo-
rescence spectrometer under the excitation of 400 nm. As
shown in Fig. 4B, there is a good linear correlation (y = —0.336x
+2753.3, R* = 0.998) between the fluorescence intensity of chi-
CNPs and the concentration of mixed heavy metal ions (900-
3600 uM), and the detection limit of mixed heavy metal ions was
calculated to be 1.787 uM, which indicated that the concen-
tration of heavy metal ions in a certain range could be detected
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(A) Fluorescence quenching curve of chi-CNPs with iron ion (0—3 mM); (B) the correlation between chi-CNPs fluorescence intensity and
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Fig. 4 (A) Fluorescence quenching curve after adding mixed heavy metal ions solution (0—6 mM); (B) the correlation between chi-CNPs

fluorescence intensity and mixed heavy metal ions at the various concentrations of 0.9-3.6 mM. (C) Conductivity change after adding the same
quality chitosan raw material and chi-CNPs solid (Kq is the conductivity of wastewater, and K is the conductivity after adding chitosan or chi-

CNPs).

according to the change of fluorescence intensity of chi-CNPs.
The same amount of the chi-CNPs solid and chitosan was
separately added into the mixed heavy metal ions solution of
the same concentration, and the chelate precipitate was formed
in both solutions. The conductivity of the solution was
measured by conductivity meter, and the conductivity
decreased to 45.4% (Fig. 4C) after adding chi-CNPs, which
indicates that chi-CNPs could remove heavy metal ions in
wastewater. It indicated that the chelation of chitosan with
heavy metal ions was further strengthened after the formation
of chi-CNPs. It is possible that after the formation of chi-CNPs,
the cross-linking action will be enhanced, while the enrichment
of coordination groups such as hydroxyl and amino and the
enhanced solubility caused by hydrolysis will lead to a better
binding effect with heavy metal ions.

3.4 Possible mechanism of the FL response of chi-CNPs to
heavy mental ions

The chi-CNPs are rich in hydroxyl and amino groups and have
a good chelating effect on metal ions. As shown in Fig. 5A, on
the one hand, after the formation of chi-CNPs, the water solu-
bility was enhanced and the surface was rich in strong coordi-
nation groups such as hydroxyl and amino, which together
promoted the higher chelating efficiency with heavy metal ions
and a great number of chi-CNPs aggregated to form static
quenching; on the other hand (Fig. 5B), the strong electron
absorption capacity of heavy metal ions caused electron cloud

o chi-CDs

Fig. 5

© 2021 The Author(s). Published by the Royal Society of Chemistry

Q OH and NH,

to be biased towards the metal ions. As a result, the electron
cloud density of the chi-CNPs decreased, which led to the
decrease of the emission fluorescence and even fluorescence
quenching. Combined with chelation at the bottom, it is spec-
ulated that static quenching and dynamic quenching lead to
fluorescence quenching of chi-CNPs. To verify this hypothesis,
time correlated single photon counting experiments were
investigated. As shown in Fig S6,7 the fluorescence lifetime of
the chi-CNPs was displayed no obvious change in the presence
and absence of metal ions and it is different from a dynamic
fluorescence quenching mechanism, implying that the
quenching process involves static quenching.

3.5 Application of chi-CNPs in removing heavy metal ions

Heavy metal ions pollution is harmful to the environment and
human health, in order to explore the practical applicability of
chi-CNPs, 50 mL of industrial wastewater was obtained from
a nearby factory. The conductivity of wastewater was deter-
mined to be 12.48 mS cm ™' by conductivity meter. After adding
0.01 g of chi-CNPs into wastewater, due to the chelation of heavy
metal ions by chi-CNPs and their cross-linking polymerization,
the total dissolved solids (TDS) accumulated at the bottom in
the wastewater and the conductivity decreased to 6.05 mS cm ™"
(Fig. 6A). Under the irradiation of ultraviolet light, the waste-
water added with chi-CNPs would emit bright blue-green fluo-
rescence (Fig. 6B). Then, the wastewater containing chi-CNPs
was allowed to stand for 24 hours and there was chelate

-
0 Metal ions

(A) Schematic diagram of chi-CNPs static quenching. (B) A dynamic fluorescence quenching mechanism of chi-CNPs with metal ions.
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(A) Schematic diagram of conductivity decreases in wastewater. (B) The fluorescence changes under ultraviolet excitation light with

a wavelength of 365 nm and the formation process of solid precipitation under sunlight in different times (1 h, 4 h, 8 h, 16 h, 24 h). (—) represents
wastewater without adding chi-CNPs and (+) represents wastewater with adding chi-CNPs.

precipitation at the bottom. From 1 hour to 24 hours, the
precipitation of heavy metal ions gradually increased, forming
granular solids at first, and then slowly precipitating at the
bottom. At the same time as precipitation formation, the fluo-
rescence intensity changes obviously from bright to dark under
the ultraviolet excitation light with the wavelength of 365 nm.
These results further confirmed the reliability of chi-CNPs in
the removal of heavy metal ions in aqueous solutions.

4. Conclusion

In summary, by using biological macromolecular chitosan as
the only material, bright blue-green chi-CNPs can be obtained
by one-step hydrothermal method and its fluorescence proper-
ties are stable. There is a good linear relationship between the
fluorescence intensity of chi-CNPs and the concentration of
heavy metal ions. The measurement of conductivity before and
after adding chi-CNPs in the solution of heavy metal ions can
indicate the scavenging effect of chi-CNPs on heavy metal ions.
Therefore, the chi-CNPs are an effective indicator and a scav-
enger for heavy metal ions, which have the characteristics of
simple preparation and convenient use, and have the potential
of large-scale application.
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