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ABSTRACT

Currently, seawater is seriously polluted by Cu2+, thus the development of safe and efficient Cu2+
removal materials is important for maintaining the safety of marine ecology. In this study, we utilized
reed and urea as raw materials, synthesizing carbon quantum dots (CQDs) and nitrogen-doped
carbon quantum dots (N-CQDs) through the hydrothermal method. Then, we analyzed their
performance in Cu2+ detection and absorbance. Both the CQDs and N-CQDs exhibited excellent
fluorescent properties, with maximum excitation wavelengths at 325 nm and corresponding emission
wavelengths at 400 nm. Nitrogen doping enhanced the fluorescence intensity and stability of CODs.
Various metal ions were tested for their fluorescence-quenching effects on CQDs and N-CQDs. The
results indicated that the N-CQDs exhibited strong adsorption capacity towards Cu2+, showing a
good linear relationship at Cu2+ concentrations ranging from 0 to 50 umol/L with a detection limit
of 1.081 pmol/L. Additionally, we prepared a CQDs-biofilm using 3% chitosan as raw material and
evaluated the adsorption of Cu2+ by the N-CQDs biofilm. The findings revealed that the Cu2+
adsorption rate of the N-CQOD biofilm ranged from 28% to 67%. This CQD-biofilm is significant for
trace detection and pollution control of Cu2+ in aqueous media.
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Highlights of this paper
e  We utilized reed and urea as raw materials, synthesizing carbon quantum dots (CQDs) and
nitrogen-doped carbon quantum dots (N-CQDs) through the hydrothermal method.

e N2-CODs exhibited excellent fluorescence properties for Cu?*detection.
e N2-CODs functionalised biofilm is significant for Cu®* removal under seawater conditions.

1. INTRODUCTION

Heavy metals are a class of environmental contaminants that are widely distributed, readily bioconcentrated,
highly toxic, and poorly biodegradable (Malik, Bashir, Qureashi, & Pandith, 2019). With the rapid development of
industry, a large amount of heavy metal pollutants has entered the marine environment through surface runoft and
coastal wastewater. Simultaneously, as human activities have increased, the effect of anthropogenic pollution on the
accumulation of heavy metals in seawater has become more pronounced (Lim, Liu, Kim, & Son, 2018; Pooja, Singh,
Thakur, & Kumar, 2019). More importantly, heavy metals such as Pb, Cd, As, and Hg. Seawater also poses a serious
threat to terrestrial organisms and human health through the accumulation of biological enrichment and
amplification in the food chain (Devi, Rajput, Thakur, Kim, & Kumar, 2019; Junaid, Batool, Harun, Akhter, &
Shabbir, 2022). Therefore, it is important to remediate and remove heavy metals from seawater.

CQODs are a new class of carbon nanoparticles consisting mainly of carbon spheres with sizes below 10 nm
(Athika et al., 2019). Compared with traditional semiconductor quantum dots, CQDs have many unique advantages,
such as good biocompatibility, low toxicity, stable chemical properties and good water solubility. Therefore, CQDs
have been widely used in various fields, including bioimaging, fluorescent probes, drug delivery, optoelectronic
devices, water purification technology and heavy metal ion detection (Ye et al., 2017).

Chitosan (CS) is an alkaline natural polysaccharide and has been widely used in recent years, due to its
advantages such as non-toxic, degradable, widely available, and film-forming properties (Athika et al., 2019; Cui,
Ren, Sun, Liu, & Xia, 2021; Ye et al,, 2017). In this study, we used inexpensive reed leaves as a carbon source to
prepare CQDs and CQDs-functionalized biofilm, which is important for the remediation of Cu?* in seawater and

pollution prevention.

2. MATERIALS AND METHODS
2.1. Materials

Reeds were collected near the Fork River (Dezhou, China). Analytical-grade chemical reagents were purchased
from Tianjin Kemiou Chemical Reagent Co. Ltd (Tianjin, China). Standard solutions of heavy metal were obtained
from the National Reference Material Center (USA). Artificial seawater was purchased from Tangshan Municipal

Yard (Tangshan, China).

2.2. Characterisation of CQDs and N-CQDs
2.2.1. Preparation of CQDs and N-CQDs

Reed leaves were thoroughly rinsed three times with deionized water to remove dust particles, dried, and
pulverized. 2.5 g of powder was mixed with 60 ml of deionized water and boiled for 2 hours to obtain the reed
solution. Afterwards, 10 ml of the reed solution was heated at 200 °C for 12 hours. At the end of the reaction, the
solution was centrifuged at 12,000 rpm for 10 minutes and filtered with a 0.22 pm filter membrane to purify the
product. The filtered solution was therefore the stock solution of CQDs, which was stored at 4 °C (Cai et al., 2018).
As indicated in Table 1, the N-CQDs were prepared similarly to CQD fabrication technique but with the addition of

urea.
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Table 1. Naming of CQDs with different urea content.

Treatments 1 2 3 4
Urea addition (g) 0 0.1 0.5 1.0
COD designations CODs N,;-CODs No-CODs N;s-CODs

2.2.2. Analysis of the Properties of CQDs and N-CQDs

The particle size distribution and the zeta potential were determined using dynamic light scattering (DLS).
The Ultraviolet—visible spectroscopy (UV-Vis) spectra of CQDs and N-CQDs were analyzed in the range of 300—
600 nm. The detection of the fluorescence (FL) properties was carried out using the following method: the slit
widths of the incident wavelength and the emission wavelength were 2.5 nm and 5.0 nm, respectively, and the
photomultiplier voltage was 400 V. The emission spectra were measured at different excitation wavelengths to
determine the optimal excitation wavelength (Dragan & Geddes, 2012; Mindivan & Goktas, 2023). The

fluorescence quantum yield was determined using quinine sulfate as a reference (Lin, Deng, & Li, 2022).

2.3. Detection of Heavy Metal Ions by CQDs and N-CQDs

At room temperature, the stock solutions of CQDs and N-CQDs were diluted 100-fold with deionized water,
and the fluorescence emission spectra were acquired at the optimal excitation wavelength, and the fluorescence
intensity was recorded, which corresponds to the initial fluorescence intensity value of CQDs and N-CQDs and was
set to FO. The different metal ion solutions (Co?*, Pb?*, Ni?+, Cd?*, Cu?*, Ba%*, Ag?*, Fe®*, Hg? and As®") were
prepared at a concentration of 400 mg/L. Then, the 50-fold diluted CQDs and N-CQDs were mixed with different
metal cation solutions in equal proportions, and the change in fluorescence intensity was recorded as F. The degree
of fluorescence quenching was calculated using a value of FO-F/F0 (Das et al., 2017).

In the quantitative detection of Cu?* ions, different concentrations of Cu?* solutions (0~1000 pmol/L,
equivalent to 0~17 mg/L) were mixed with the N-CQDs solution in equal proportions, and vortexed and mixed for
10 s at room temperature. The fluorescence intensities of the mixed system at the optimal excitation wavelength

were detected to analyse the detection range of Cu?* and the linear relationship (Xiang-Yi et al., 2020).

2.4. N-CQDs Biofilm Preparation

After dissolving CS at a volume fraction of 10% in acetic acid solution, 100-fold diluted N-CQDs solution was
added, and the mixture was stirred for 80 minutes at 60 °C until it was completely dissolved. Next, 1% glycerol was
added, and the mixture was magnetically stirred for an hour at room temperature until it was thoroughly mixed.
Finally, it was centrifuged for 20 minutes at 6,000 rpm to eliminate any bubbles and create the CS film formation
solution. Following the aforesaid procedure, the film-forming solutions with 1% CS, 2% CS, 3% CS, and 4% CS were
made and designated as N-CQDs-1 to N-CQDs-4. The film-forming solution was distributed in a 90 mm diameter
Petri dish and dried at 45 °C for 12 hours to form a film (Tian, Qin, & Xie, 2023).

2.5. Analysis of the Adsorption of N-CQDs Biofilm

A series of Cu?* solutions with concentration gradients (1-5 mg/L) were configured, N-CQDs biofilms of the
same size were placed in them, and the residual Cu?* content on the solutions after adsorption for different periods
(5 min, 10 min, 15 min and 20 min) was determined using inductively coupled plasma emission ICP spectrometry

(Han et al., 2021).
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3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of CQDs and N-CQDs
3.1.1. Preparation and DLS Particle Size Dustribution and Zeta Potential of CQDs and N-CQDs

As shown in Figure 1, the synthetic CQDs and N-CQDs solutions showed yellow color under visible light, and
the solutions of N-doped CQDs were reddish-brown color. Both CQDs and N-CQDs emitted bluish fluorescence
under UV light, further indicating the successful synthesis of CQDs.

Figure 1. The digital photos of CQDs and N-CQDs under visible and ultraviolet light.

The particle size distributions of CQDs and N2-CQDs are shown in Figure 2(a). The diameter range of CQDs
is 4.8—11.6 nm with an average size of about 7.8 nm and that of N2-CQDs is 5.6—13.5 nm, with an average size of
about 8.4 nm. The zeta potential of CQDs was measured to be -14.5 mV, and that of N2-CQDs was -23.7 mV,
exhibiting high dispersion stability.

As shown in Figure 2(b), both CQDs and N2-CQDs showed absorption in a broader range from 220 to 580 nm,
with CQDs showing absorption peaks at 280 nm and 330 nm and N2-CQDs showing obvious absorption peaks at
285 nm and weak absorption peaks at 815 and 335 nm. The UV absorption of CQDs and N2-CQDs can be
attributed to the n-n* and n-n* jumps of the carbonyl (C= O/C=C) and amino groups in them (Ganguly, Das,
Banerjee, & Das, 2019). The increase in n-n* jumps in the N-doped CQDs increases the absorption in the UV and
visible regions (Rong, Zhang, Wang, & Chen, 2017). The fluorescence quantum yields of the reed-CQDs and N2-
CQODs were also calculated, and the results showed that the fluorescence quantum yield of the prepared CQDs was

5.21% and that of the N2-CQDs was 7.35%, respectively.
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Figure 2. Particle size distribution and UV-Vis absorption spectra.
Note: (a). Particle size distribution. (b) UV-Vis absorption spectra.
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Both CQDs and N2-CQDs display a similar fluorescence behavior, where fluorescence intensity increases

gradually as the excitation wavelength ranges from 285 nm to 325 nm. Conversely, as the excitation wavelength is

further increased from 325 nm to 885 nm, the maximum emission peaks shift towards longer wavelengths and the

fluorescence intensity decreases gradually. This behavior is attributed to variations in the sizes of the CQDs and the

presence of different surface emission sites, which stem from the prevalence of polar functional groups (-OH, -

COOH, and -NH2) on the CQDs' surface. These functional groups facilitate electron transitions that result in

relaxation phenomena in polar solvents such as deionized water, leading to variations in the fluorescence emission

observed at different excitation wavelengths (J. Li et al., 2013). The excitation wavelength-dependent emission

characteristics observed in both carbon quantum dots are a distinctive trait of carbonaceous materials, arising from

the diverse emission sites present in their surface structures (Omer, Toflq, & Ghafoor, 2019).
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Figure 3. Fluorescence emission spectra of CQDs.
Note:  (a) and (b)Fluorescence emission spectra of CQD and N.-CQDs at different excitation wavelengths, respectively. (c¢) Fluorescence emission spectra at
325 nm.
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The fluorescence emission spectra of CQDs and N-CQDs were examined at an excitation wavelength of 325
nm, because this is the optimal excitation wavelength as depicted in Figure 3(a) and 3(b). A comparison of the
fluorescence properties revealed that the N-CQDs exhibited a notably higher fluorescence intensity at the optimal
excitation wavelength compared to the CQDs as illustrated in Figure 3(c). This enhancement in fluorescence
intensity can be attributed to the increased presence of aerobic functional groups (-OH, -COOH, and -NHs) on the

surface of N-CQDs resulting from nitrogen doping, as reported in previous studies (Mao, Xue, & Han, 2021)

3.2. Fluorescence Stability of CQDs and N-CQDs

The CQDs showed excellent stability, and the fluorescence intensity basically remained stable in 2-24h, which
laid the foundation for its application as illustrated in Figure 4(a). Furthermore, the impact of varying pH levels on
the fluorescence intensity of CQDs and N2-CQDs was explored. Results depicted in Figure 4b demonstrated that
within the pH range of 5 to 8, both CQDs and N2-CQDs exhibited minimal fluctuations in fluorescence intensity,
indicating stability. Conversely, at pH levels below 8 or above 9, the fluorescence intensity of both types of quantum
dots fluctuated more significantly. In acidic conditions, the competition for adsorption sites between hydrogen ions
and metal ions, coupled with a high concentration of H+ ions disrupting ionic equilibrium, led to increased surface
defects and subsequent reduction in fluorescence intensity (Lei et al., 2019). On the other hand, alkaline solutions
induced a decrease in fluorescence intensity due to the presence of excess -OH ions altering the number of surface
C=0 groups such as carboxyl groups. Notably, extreme pH conditions exerted a more pronounced influence on the
fluorescence intensity of carbon quantum dot solutions. Additionally, N2-CQDs exhibited greater stability in

response to pH changes compared to CQDs, as evidenced by the minimal impact on their overall fluorescence

intensity.
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Figure 4. Effect of time and pH on the fluorescence intensity of CQDs and No-CQDs.

3.3. Detection of Metal Ions by CQDs and N2-CQDs

To investigate the ability of CQDs and N2-CQDs to detect different metal ions, ten different metal ions were
used for selectivity assay. The results revealed a substantial disparity between the interactions of CQDs and N2-
CODs with Fe®* and Cu?* compared to blank (Figure 5a). N2-CQDs showed the greatest fluorescence quenching
effect in the heavy metal detection and were therefore selected for subsequent studies (Figure 5b). Notably, Fe®*
and Cu?* exhibited a pronounced quenching effect on the fluorescence of both CQDs and N2-CQDs, surpassing the

impact of other metal ions tested. This quenching phenomenon can be attributed to the strong surface interactions
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of metal ions with functional groups on the CQDs, such as hydroxyl, amino, and carbonyl groups, impeding the
radiative electron transitions within the carbon quantum dots and thereby suppressing their fluorescence emission.
Moreover, the introduction of Cu?* resulted in a more marked distinction between N2-CQDs compared to CQDs,
indicating an enhanced adsorption capacity of N2-CQDs towards Cu?*. This enhanced affinity can be linked to
structural modifications induced by the addition of urea, leading to an increase in functional groups like amino,
hydroxyl, and carbonyl on the N2-CQDs, thereby intensifying the interactions with Cu?* and boosting the
fluorescence quenching effect of Cu?* on N2-CQDs. Under the optimized analytical conditions, based on the
fluorescence quenching effect of Cu?* on N2-CQDs, Cu?* can be quantitatively detected by the prepared CQDs.
Analyzing the fluorescence quenching effect of different concentrations of Cu?* on N2-CQDs, the change of
fluorescence intensity is shown in Figure 5c, and the fluorescence value decreases gradually with the increase of
Cu?* concentration, and the larger the ion concentration is, the more the fluorescence intensity decreases, and the
stronger the bursting effect is. Due to the existence of the passivation groups -OH and -NH, on the surface of
carbon quantum dots interacting with Cu®* in a coordinated manner, leading to the bursting of the fluorescence of
carbon quantum dots, as the concentration of Cu?* increases, the more -OH and -NH. interact with it, further
changing the surface defects of the carbon quantum dots, and thus the better the bursting effect (J. Y. Li, Han, &
Yang, 2021).

The relationship between the relative fluorescence intensity FO/F of N2-CQDs and the concentration of Cu2*
was investigated in Figure 5d, and the results showed that there was a good linear relationship between Cu?* in the
range of 10-50 umol/L and the relative fluorescence intensity Fo/F of the N2-CQDs, with the standard curve
equation of y = -0.0042x + 0.859, R* = 0.9977, and the detection limit was The above results showed that N2-

CQODs can be used as a fluorescent probe for the detection of Cu?+.
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Figure 5. Performance of CQDs and N2-CQDs detecting heavy metals.
Note: a) Quenching effect of different metal ions (100 mg/L) on the fluorescence of CQDs and N,-CQDs.

(

(b) Effect of different urea additions on the effect of CQDs on the action of Cu2*.

(c) Fluorescence quenching of N,-CQDs by different concentrations of Cu?* (inset shows fluorescence comparison of No-CQDs before and after Cu2+
addition under UV light).

(d) Relationship curve between FL emission intensity as a function of different concentration of Cu2+-
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3.4. Preparation of N2-Cqds Functionalized Chitosan Biofilms

The biofilms with the best film-forming effect were selected according to their thickness, hardness and
viscosity. The results showed that the biofilm containing 8% chitosan was moderate thickness, smooth and easy to
tear, so the N2-CQDs biofilm prepared with 3% chitosan was selected for the subsequent experiments. As shown in
Figure 6(a), the N2-CQDs coated membrane emitted a yellowish-brown color under visible light irradiation. Under
UV irradiation, , it emitted a blue color in the absence of Cu?* ions (Figure 6b). When the Cu?* ions were dropped
into the N2-CQDs biofilm, the spectrum tended to become darker, i.e. fluorescence quenching (Figure 6c¢).

Then, the adsorption of Cu?* by N2-CQDs biofilm was investigated, and the results showed that the adsorption
and removal effect of biofilm on Cu?* in artificial seawater was related to the adsorption time and concentration of
Cu?*. With the increase of the adsorption time of Cu®* by biofilm, the Cu?* content in artificial seawater showed a
decreasing trend. The Cu?* content of the artificial seawater with an initial content of 1 mg/L Cu?* was 0.565
mg/L after 20 min of adsorption with an adsorption rate of 43.5%. For the seawater with an initial content of 2
mg/L Cu?*, the Cu?* content was 0.656 mg/L after 20 min of adsorption, with an adsorption rate of 67.2%. In the
case of seawater containing 5 mg/L Cu?*, the Cu?* content decreased to 3.604 mg/L after 20 min of adsorption,
with an adsorption rate of 28%. Due to the small and thin area of the N2-CQDs biofilm (Figure 6), the total amount
of N2-CQDs was limited, and the adsorption capacity reached near saturation, and with the release of N2-CQDs,

the adsorption capacity decreased after 5 min.

—a— Img/l

Cu2+ (mg/l)

0 L 1 1 1 1
0 5 10 15 20

Time (Min)

Figure 6. Fluorescence effect of copper adsorption by N.-CQDs biofilm.

4. CONCLUSION
In conclusion, the N-CQDs were synthesized by hydrothermal method using cheap and renewable biomass reed
leaves as a carbon source. The prepared N-CQDs had excitation wavelength-dependent emission properties and
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emitted strong blue fluorescence under UV lamp irradiation, with an optimal excitation wavelength of 325 nm.
Nitrogen doping improved the fluorescence intensity and storage stability of CQDs, and the N2-CQDs had high
adsorption capacity of Cu?*. The N2-CQDs biofilm was prepared using 3% chitosan, while its Cu?* adsorption rate
was 28%~67%. This study developed a fluorescence analysis method for heavy metal ion content in adsorbed
seawater to realize the rapid detection of Cu?* ions in seawater, which is of great significance for trace detection and

pollution prevention of Cu?* in aqueous media.
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