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Abstract: The research on rapid and efficient detection of microplastics in water is still in its early
stages. Fluorescence feature recognition represents an important and innovative approach to mi-
croplastic detection. While carbon quantum dots have been widely used in various environmental
detection methods, their use for detecting microplastics in water environments has been rarely re-
ported. In this study, N and Cl co-doped carbon quantum dots were synthesized via a hydrothermal
method. The heteroatom doping process endowed them with blue luminescence properties, and
their adsorption for microplastics was improved through the introduction of positive and negative
charges and intermolecular forces. By utilizing a combined mechanism of fluorescence and Rayleigh
scattering, the detection of polystyrene microplastics with three different particle sizes was achieved.
In the detection process, it exhibits excellent light stability. Notably, the nano-polystyrene exhibited a
good nonlinear relationship within the range of 0.01 g/L to 0.001 g/L, with R2 values of 0.923 and
0.980 and a detection limit of 0.4 mg/L. These findings provide a novel approach for the detection of
nano microplastics.

Keywords: lignin; carbon quantum dots; co-doping; microplastic detection

1. Introduction

Plastics have played a pivotal role in the advancement of human society by offering
several benefits, including their light weight, low cost, and durability. However, their
non-biodegradable nature has also presented significant environmental challenges, and
microplastics are one of the consequences [1]. Microplastics, defined as plastics with a
particle size less than 5 mm [2], are ubiquitous in the global environment [3–5] and can
be found in various organisms, causing detrimental effects on their growth and develop-
ment [6–8]. Moreover, microplastics can adsorb heavy metals, dyes, antibiotics, and other
pollutants, serving as a carrier of these harmful substances in the environment, further
promoting their accumulation in the food chain [9,10]. Hence, the detection and tracing
of microplastics are of utmost importance for ecological conservation. Visual methods,
infrared spectroscopy, and Raman spectroscopy are commonly used techniques for the
detection of microplastics, while thermal analysis and chromatography are also emerging
as promising methods [11–13]. The application of dyes to microplastics and the fluores-
cent analysis of dyed microplastics have also gained considerable attention. Nile red, a
fat-soluble dye, was initially used to detect microplastics, while Bengal red, with good
water solubility, is now a commonly used fluorescent dye [14,15]. However, both dyes
have limitations, with Nile red being unsuitable for the detection of microplastics in water
environments, and Bengal red exhibiting poor light and acid resistance [16]. The search for
convenient and stable fluorescent materials for detecting microplastics is still an ongoing
process with much progress yet to be made.

Carbon quantum dots (CQDs) represent an emerging fluorescent material with signifi-
cant advantages over traditional fluorescent materials, including a wide range of materials
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and synthesis methods, low toxicity, easy preparation, adjustable fluorescence, and stabil-
ity [17]. Since their discovery in 2004, they have found widespread applications in chemical
sensing [18,19], bioimaging [20,21], drug delivery [22], and other fields [23,24]. However,
the process of preparing CQDs often involves aromatization, which makes the preparation
process complicated and costly [25]. Lignin, an aromatic biomass material found in various
trees, has the ability to emit fluorescence without requiring aromatization, which simplifies
the preparation process and reduces energy consumption [26,27]. Furthermore, lignin as
a carbon source for CQDs offers numerous advantages, including a rich source, low cost,
good biocompatibility, and reduced environmental impact [28,29]. Currently, lignin CQDs
are widely used to detect and identify heavy metal ions, antibiotics, and residual pesticides
in water [26,30,31]. Lignin CQDs are increasingly being utilized in environmental detection
and have a promising future for applications [32,33]. By using lignin CQDs instead of
traditional fluorescent dyes to detect microplastics, the detection process can be simplified,
and good tolerance to light and acid-base environments can be demonstrated.

In this study, dealkalized lignin was utilized as the carbon source, and polyethyleneimine
was employed to dope nitrogen and enhance the luminescence properties of CQDs. Ad-
ditionally, the surface functional groups of CQDs were modified to impart a positive
charge and improve their ability to bind to PS microplastics with carboxyl groups. Sodium
hypochlorite was added for chlorine doping, similar to the dyeing of polystyrene with
Bengal red, to strengthen the weak interaction between CQDs and PS microplastics through
the aromatic halogen bond between chlorine and benzene rings. The detection of PS
microplastics was achieved via the combined action of CQDs fluorescence and Rayleigh
resonance scattering. The fluorescence detection and analysis of PS microplastics were
conducted to provide simplified and stable means for microplastic detection and a method
to quantify microplastics.

2. Materials and Methods
2.1. Materials

Dealkalized lignin and sodium hypochlorite solution (6–14% active chlorine ba-
sis) were purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China);
polyethyleneimine (M.W.600, 99%), styrene, polyvinylpyrrolidone, potassium persulfate
and sodium hydroxide were supplied by Shanghai Aladdin Biochemical Technology Co.,
Ltd. (Shanghai, China); sulfuric acid (98%) was purchased from Kunshan Xincheng Reagent
Co., Ltd. (Shanghai, China); all reagents were of analytical purity and used without
further purification.

2.2. Fabrication of CQDs

Firstly, 0.03 g of lignin was added to 9 mL of deionized water. Then, 0.4 mL of 1 g/L
polyethyleneimine and 0.6 mL sodium hypochlorite were added into the lignin solution
and stirred for 5 min to achieve even dispersion. Next, the mixture was subjected to thermal
treatment at 180 ◦C for 10 h in 100 mL hydrothermal reactor, followed by dialysis with
distilled water in 1000 Da dialysis bags for 24 h, and finally freeze-dried for 72 h to obtain
the CQDs powder to configure a solution of a specific concentration.

2.3. Synthesis of PS Microspheres

Firstly, polystyrene (PS) microspheres were synthesized via the suspension method.
45 mL styrene and 1.5 g Polyvinylpyrrolidone were added into 300 mL water while stir-
ring. The temperature was heated to 75 ◦C and 0.6 g K2S2O8 was added. The particle
size was regulated by controlling the stirring speed for 24 h at 75 ◦C. Then, the PS mi-
crospheres were washed with ethanol and adjusted to a suspension of 0.01 g/L for the
subsequent experiments.
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2.4. CQDs for PS Detection

CQD solutions with varying concentrations (0.5, 1, 2, 3, 4, 5 g/L) were blended with
the PS suspension at a concentration of 0.005 g/L. The resulting mixed solution was then
subjected to ultrasonic dispersion. Next, the CQDs solution with a concentration of 2 g/L
was utilized to detect PS microplastics with three different particle sizes: nano-, micron-,
and millimeter-scale. The same amount of 2 g/L CQDs solution and 0.01 g/L PS solution
were blended with 14 parts, and then the pH of the solution was adjusted by sulfuric
acid and sodium hydroxide from pH = 1 to pH = 14, respectively. The PS-CQDs solution
was irradiated continuously (2, 4, 6, 8 h) under 365 nm ultraviolet light, in which the
concentration of PS was 0.005 g/L and the concentration of CQDs was 2 g/L.

2.5. Characterization

The morphology of CQDs was observed using transmission electron microscopy
(TEM), JEM-2100 transmission electron microscope, Nippon Electronics; the crystal form of
CQDs was analyzed using X-ray diffraction (XRD), XRD-6100 X-ray diffractometer, Shi-
madzu, Japan; the characteristic absorption peaks of CQDs were analyzed using ultraviolet-
visible spectroscopy (UV-Vis), TU-1901, Beijing Purkinje General Instrument Co., Ltd.
(Beijing, China); the functional groups of CQDs were analyzed using Fourier-transform in-
frared spectroscopy (FTIR), Spectrometer Frontier, PerkinElmer (Shanghai, China); and the
excitation and emission wavelengths of CQDs were tested using fluorescence spectroscopy
(FL), LS-55 Fluorescence Spectrometer, PerkinElmer (Shanghai, China).

3. Result and Discussion
3.1. Characterization of CQDs

As shown in Figure 1a,b, CQDs display a good dispersibility, suggesting that they
possess good hydrophilicity. Furthermore, the morphology of CQDs is nearly circular with
particle sizes ranging from 0.5 nm to 6 nm in red circle. The particle size distribution of
CQDs is shown in Figure 1c, which was analyzed using ImageJ software. The particle size
is normally distributed between 0.5 nm and 3 nm, with an average particle size of 1.673 nm.
The small particle size of CQDs offers a larger contact area with PS microplastics, which can
occupy more adsorption sites on PS, thereby promoting the adsorption of PS microplastics.
In Figure 1d, the elemental composition of the prepared CQDs is demonstrated, revealing
the presence of C, O, N, and Cl elements. This result suggests that polyethyleneimine and
sodium hypochlorite were successfully employed in the synthesis process, leading to the
successful doping of N and Cl into the lignin CQDs. The introduction of positively charged
amino groups and Cl atoms enhances the adsorption of negatively charged PS microplastics.
Figure 1f is the XRD peak of CQDs, 2θ = 30.4 ◦. From the Bragg Equation 2dsinθ = nλ, it
can be concluded that the lattice spacing of CQDs is 0.294 nm, and the doping of Cl reduces
the lattice spacing, corresponding to the similar crystal plane (002), which is consistent with
previous studies, although the lattice spacing is smaller than previous studies [34]. The
reduction in lattice spacing increases the internal molecular force of CQDs and improves
the stability of the CQDs in the detection process.

Figure 2a is the UV absorption spectrum and fluorescence spectrum of the CQDs.
Under the irradiation of 312 nm ultraviolet light, the aqueous solution of CQDs emits blue
fluorescence. It shows that the prepared CQDs have the characteristics of fluorescence
emission, proving that the prepared materials are fluorescent carbon quantum dots, as
reported in previous studies [35]. The UV absorption spectra of the CQDs were tested and
the results are shown in Figure 2a. The CQDs have an obvious characteristic absorption
peak at 231 nm, which is attributed to the π–π absorption band in the aromatic sp2 structure
region of the CQDs. It shows that there is a π–π conjugated structure in the CQDs [36,37].
At the same time, the excitation spectrum and emission spectrum of the CQDs were tested
by fluorescence spectrometer. Under the excitation wavelength of 320 nm ultraviolet light,
the optimal emission wavelength of lignin CQDs is 426 nm. Figure 2b shows that compared
with lignin, the characteristic peak of the CQDs at 935 cm−1 is attributed to the vibration
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of C-Cl. Since lignin does not contain a C-Cl bond, this indicates that Cl is derived from
the reactant sodium hypochlorite. The doping of Cl atoms can improve the fluorescence
characteristics of CQDs and improve the selective adsorption of PS microplastics. The
characteristic peak of C-N appeared at 965 cm−1, and because no C-N absorption peak
appeared in lignin, indicated that polyethyleneimine was the only way to introduce N
atoms. The corresponding peak at 1390 cm−1 is the characteristic peak of C-O. The bending
vibration peak of C-H appeared at 1351 cm−1, and the vibration peak of C=C appeared
at 1591 cm−1. The stretching vibration peak of C-H is at 2821 cm−1, and the stretching
vibration peak of-OH, −N-H is at 3700–3000 cm−1, indicating that the prepared lignin
CQDs contain −COOH, which is the reason that the CQDs have good water solubility [38].

Crystals 2023, 13, x FOR PEER REVIEW 4 of 13 
 

 

 

Figure 1. (a,b) the TEM of the CQDs; (c) the particle size distribution map; (d) the EDS of the CQDs; 

(e,f) the XRD of the CQDs. 

Figure 2a is the UV absorption spectrum and fluorescence spectrum of the CQDs. 

Under the irradiation of 312 nm ultraviolet light, the aqueous solution of CQDs emits blue 

fluorescence. It shows that the prepared CQDs have the characteristics of fluorescence 

emission, proving that the prepared materials are fluorescent carbon quantum dots, as 

reported in previous studies [35]. The UV absorption spectra of the CQDs were tested and 

the results are shown in Figure 2a. The CQDs have an obvious characteristic absorption 

peak at 231 nm, which is a�ributed to the π–π absorption band in the aromatic sp2 struc-

ture region of the CQDs. It shows that there is a π–π conjugated structure in the CQDs 

[36,37]. At the same time, the excitation spectrum and emission spectrum of the CQDs 

were tested by fluorescence spectrometer. Under the excitation wavelength of 320 nm ul-

traviolet light, the optimal emission wavelength of lignin CQDs is 426 nm. Figure 2b 

shows that compared with lignin, the characteristic peak of the CQDs at 935 cm−1 is at-

tributed to the vibration of C-Cl. Since lignin does not contain a C-Cl bond, this indicates 

that Cl is derived from the reactant sodium hypochlorite. The doping of Cl atoms can 

improve the fluorescence characteristics of CQDs and improve the selective adsorption of 

PS microplastics. The characteristic peak of C-N appeared at 965 cm−1, and because no C-

N absorption peak appeared in lignin, indicated that polyethyleneimine was the only way 

to introduce N atoms. The corresponding peak at 1390 cm−1 is the characteristic peak of C-

O. The bending vibration peak of C-H appeared at 1351 cm−1, and the vibration peak of 

C=C appeared at 1591 cm−1. The stretching vibration peak of C-H is at 2821 cm−1, and the 

Figure 1. (a,b) the TEM of the CQDs; (c) the particle size distribution map; (d) the EDS of the CQDs;
(e,f) the XRD of the CQDs.



Crystals 2023, 13, 983 5 of 13

Crystals 2023, 13, x FOR PEER REVIEW 5 of 13 
 

 

stretching vibration peak of-OH, −N-H is at 3700–3000 cm−1, indicating that the prepared 

lignin CQDs contain −COOH, which is the reason that the CQDs have good water solu-

bility [38]. 

 

Figure 2. (a) The UV-Vis and FL of CQDs; (b) the FTIR of CQDs. 

3.2. Detection of PS Microplastics by CQDs 

In the fluorescence spectroscopy characterization, Rayleigh sca�ering occurs due to 

the excitation wavelength of 320 nm, resulting in the appearance of a frequency doubling 

peak at around 640 nm [39]. This study found that the intensity of the frequency doubling 

peak varies with the concentration of PS, which can have an impact on the use of CQDs 

for PS identification. To ensure consistency in the test conditions, no filter was utilized to 

filter out the frequency doubling peak during the test. 

As depicted in Figure 3, the adsorption mechanism of PS microplastics on CQDs in 

water is based on three effects: a�raction of positive and negative charges, the action of 

aromatic halogen bonds, and the action of intermolecular π bonds. These three effects alter 

the conjugated state of CQDs, resulting in increased fluorescence intensity. Additionally, 

the adsorption of CQDs by PS weakens the Rayleigh sca�ering effect of PS, resulting in a 

regular shift, which enables the use of CQDs for the detection of PS microplastics. 

 

Figure 3. Adsorption mechanism of CQDs for PS microplastics. 

Figure 4a illustrates that the fluorescence intensity of CQDs reaches a peak at a con-

centration of 4 g/L and then declines significantly at 5 g/L. This phenomenon occurs be-

cause, as the concentration increases, the color of CQDs gradually deepens, and the inter-

nal filter effect becomes stronger, leading to fluorescence quenching of CQDs [40]. 
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3.2. Detection of PS Microplastics by CQDs

In the fluorescence spectroscopy characterization, Rayleigh scattering occurs due to
the excitation wavelength of 320 nm, resulting in the appearance of a frequency doubling
peak at around 640 nm [39]. This study found that the intensity of the frequency doubling
peak varies with the concentration of PS, which can have an impact on the use of CQDs for
PS identification. To ensure consistency in the test conditions, no filter was utilized to filter
out the frequency doubling peak during the test.

As depicted in Figure 3, the adsorption mechanism of PS microplastics on CQDs in
water is based on three effects: attraction of positive and negative charges, the action of
aromatic halogen bonds, and the action of intermolecular π bonds. These three effects alter
the conjugated state of CQDs, resulting in increased fluorescence intensity. Additionally,
the adsorption of CQDs by PS weakens the Rayleigh scattering effect of PS, resulting in a
regular shift, which enables the use of CQDs for the detection of PS microplastics.
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Figure 3. Adsorption mechanism of CQDs for PS microplastics.

Figure 4a illustrates that the fluorescence intensity of CQDs reaches a peak at a
concentration of 4 g/L and then declines significantly at 5 g/L. This phenomenon occurs
because, as the concentration increases, the color of CQDs gradually deepens, and the
internal filter effect becomes stronger, leading to fluorescence quenching of CQDs [40].
Additionally, the position of the fluorescence peak of CQDs is red-shifted with the increase
in concentration, indicating that the intramolecular or intermolecular hydrogen bonds of
CQDs were affected [41,42]. Figure 4b displays the fluorescence intensity of the CQDs
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solution after blending with the PS solution, with the concentration of PS microplastics set at
0.005 g/L. These findings demonstrate the potential of CQDs as a promising material for the
detection of PS microplastics, providing important insights into the development of efficient
and effective methods for microplastic detection. The fluorescence intensity increased
gradually from 0.5 g/L to 2 g/L, but decreased from 2 g/L to 5 g/L. This phenomenon
occurs because after the addition of PS microplastics, the CQDs in the solution are adsorbed
onto the surface of the PS microplastics. The surface of PS microplastics contains carboxyl
groups, which can electrostatically interact with the surface functional group amino of
CQDs in the solution. Furthermore, weak interactions such as intermolecular hydrogen
bonds and chlorine and benzene rings contribute to the increased conjugation of CQDs
and enhance the fluorescence intensity of the solution. However, with the increase in the
concentration of CQDs, the number of CQDs accumulated on PS microplastics increases,
and the internal filtration effect and aggregation-induced quenching behavior occur [43].
Therefore, the comprehensive result is a decrease in fluorescence intensity. Figure 4b
displays a frequency doubling peak at 659 nm caused by resonance Rayleigh scattering.
The intensity of the frequency doubling peak gradually decreases with the increase in
the concentration of CQDs, indicating that the addition of CQDs inhibits the frequency
doubling peak [44]. This phenomenon occurs because the adsorption of CQDs on PS
reduces the light scattering of PS, including positive and negative charge adsorption, the
aromatic halogen bond between the chlorine and the benzene ring on the CQDs, and
the π-π and van der Waals forces between the benzene rings, resulting in a continuous
decrease in the intensity of the peak. Figure 4c analyzes the influencing factors in the water
environment by comparing the fluorescence intensity changes of CQDs and PS-CQDs at
the same concentration. These results demonstrate that CQDs can selectively adsorb and
detect PS microplastics in water and provide important insights into the development of
efficient and effective methods for microplastic detection. At a concentration of 1 g/L,
the interaction between intermolecular forces and hydrogen bonds was the main factor
affecting the fluorescence intensity of CQDs. The presence of PS microplastics changed
the surface state of CQDs under the same conditions. As the concentration increased
from 2 g/L to 5 g/L, the color of the CQDs solution deepened, and the internal filtration
effect and aggregation-induced quenching on the fluorescence intensity gradually emerged,
causing a continuous decrease in the fluorescence intensity of PS-CQDs. The internal
intensity of pure CQDs was higher than that of PS-CQDs. At 5 g/L, the internal filtration
effect was the main factor affecting the fluorescence intensity. In Figure 4d, the scattering of
excitation light in the solution containing CQDs was weak, and there was no significant
difference with the change of concentration. In PS-CQDs, the intensity of the frequency
doubling peak gradually decreased with the increase in the concentration of CQDs, and
finally approached the fluorescence intensity of only CQDs. This phenomenon occurred
because the adsorption of CQDs by PS microplastics gradually increased with the increase
in the concentration of CQDs, and the CQDs adsorbed on the surface of PS affected the
scattering of excitation light by PS microplastics. When the concentration of CQDs was
large enough, the surface of the PS microplastics was completely wrapped, thereby losing
the scattering effect on excitation light. Thus, the fluorescence peak intensity continuously
decreased and finally approached the peak intensity of CQDs.

By summarizing the figures in Figure 4, a concentration of 1 g/L of CQDs was selected
as the detection concentration of PS microplastics in the subsequent experiment. This
concentration exhibited strong fluorescence intensity and was less affected by the internal
filtering effect. Furthermore, PS microplastics had a certain amount of adsorption on CQDs,
which allowed for distinguishing them from the fluorescence intensity of a pure CQDs
aqueous solution. There was also an obvious frequency doubling peak at 659 nm. These
findings provide a better understanding of the relationship between the concentration of
CQDs, PS microplastics, and fluorescence intensity, which is critical for improving the
detection sensitivity and accuracy of microplastics in water environments.
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Figure 4. (a) Emission spectra of CQDs with different concentrations; (b) emission spectra of CQDS
with different concentrations added to PS; (c) changes in fluorescence intensity of CQDs and PS-CQDs
at 426 nm; (d) changes in fluorescence intensity of CQDS and PS-CQDs at 659 nm.

As shown in Figure 5a, the detection law of PS microplastics by CQDs solution was
investigated by changing the concentration of PS microplastics. Figure 5b shows that the
fluorescence emission peak of CQDs at 426 nm is generated by the irradiation of excitation
light. At the same time, as the concentration of PS microplastics gradually increases, the
fluorescence intensity decreases continuously. The reason is that the adsorption of CQDs
by PS microplastics reduces the concentration of CQDs in the solution. With the increase in
the concentration of PS microplastics, the adsorption amount of CQDs by PS microplastics
in the system becomes larger, so that the concentration of CQDs in the system decreases,
and finally the fluorescence intensity decreases. Figure 5a shows that the peak intensity
also increases with the increase in PS microplastics concentration at 659 nm. The reason
is that the increase in PS microplastics concentration enhances the scattering of excitation
light. For nano-scale PS microplastics, the fluorescence intensity of CQDs decreases with
the increase in the concentration of PS microplastics. The peaks of 426 nm and 659 nm are
fitted, and the fitting curve satisfies the nonlinear relationship. In the range of 0.01 g/L to
0.001 g/L, the model conforms to the exponential decay equation Expdec1 equation.

y = y0 + A1e−
x
t (1)

where y is the reciprocal of the fluorescence intensity of PS-CQDs, x represents the concen-
tration of PS microplastics, e is the natural number, and y0, A1, and t are the corresponding
constants at this particle size. The peak value of 426 nm was fitted, and the fitting curve
was shown in Figure 5c, where y0 = 0.00209, A1 = 0.00000737, t = −0.00388, R2 = 0.923. The
fitting of the 659 nm peak is shown in Figure 5d, where a = 0.0517, b = −0.0313, t = −0.0239,
R2 = 0.980. Additionally, the detection limit of CQDs for nano PS microplastics could reach
0.4 mg/L, which broadened the detection of nano-microplastics [45]. Figure 5e shows that
the fluorescence intensity is constant with the increase in concentration, indicating that
the concentration of PS microplastics is the main factor affecting Rayleigh scattering. The
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peak at 659 nm was taken for data fitting, and the fitting result was shown as Figure 5f.
The curve

y = ax + b (2)

described the linear relationship between the concentration and fluorescence intensity of
PS microplastics. Where y is the reciprocal of the fluorescence intensity of PS at 659 nm,
x represents the concentration of PS microplastics. The parameters of the formula are
a = 52,745.6, b = 36.6, R2 = 0.992. Through the ratio fluorescence relationship between the
CQDs and PS, it is possible to develop a kind of fluorescent sensor to detect microplastics
and achieve quantitative detection. However, the detection was only discussed in the
laboratory environment to explain the detecting mechanism. More exploration needs to be
conducted for its future applications.
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spectra of different concentrations of PS; (f) fitting curve of PS at 659 nm.

At the same time, PS microplastics with particle size of micron and millimeter were
tested. The fluorescence curve was similar to that of nano PS microplastics. The fitting
results are shown in Tables 1 and 2.
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Table 1. Fitting equation parameters of microplastics of different particle sizes after adding CQDs.

Nano PS Micro PS Mm PS

426 nm 659 nm 426 nm 659 nm 426 nm 659 nm

y0 0.00209 0.0517 0.00205 0.00222 0.00201 0.0231
A1 7.374 × 10−6 −0.0313 1.342 × 10−5 0.0273 7.862 × 10−5 0.0695
t −0.00388 −0.0239 −0.00499 0.00299 −0.00468 0.00269

R2 0.923 0.980 0.792 0.994 0.579 0.985

Table 2. Fitting equation parameters for microplastics with different particle sizes at 659 nm.

Nano PS Micro PS Mm PS

a 52,745.613 206,260.436 15,256.532
b 36.640 −74.569 27.695

R2 0.992 0.939 0.963

By comparing the scattering behaviors of three PS microplastics with different particle
sizes, it is clear that PS microplastics have different scattering abilities for excitation light
in water environment. It is observed that micron-sized PS microplastics have a stronger
scattering ability for excitation light than nano-sized PS microplastics, and millimeter-
sized PS microplastics have the weakest scattering ability for excitation light at the same
concentration. This can be attributed to the fact that the number and particle size of PS
microplastics in the water environment affect the scattering. Using mass fraction as the
measurement unit is still a simple and direct method. However, it should be noted that
the number of PS microplastics per unit volume will decrease with the increase in particle
size; hence, the number of millimeter-scale microplastics per unit volume is the smallest,
and the fluorescence intensity collected after scattering is also the smallest. Therefore,
particle size is a greater influencing factor than concentration. Furthermore, the recognition
effect of CQDs on PS microplastics with different particle sizes is not the same. It has a
good recognition effect on low-concentration PS microplastics at the nanometer and micron
levels, while the recognition effect on millimeter-scale PS microplastics is poor and the
fitting correlation is weak. This experiment also reveals a problem with the simple use
of mass fraction or the number of particles per unit volume for the quantitative use of
microplastics. The small number of particles does not necessarily indicate that the quality
of microplastics in the water environment is small, as low quality microplastics with small
particle sizes can also exist.

In Figure 6a,b, the effect of pH on the fluorescence peak intensity of CQDs and the fre-
quency doubling peak intensity were studied. As pH increases from 1 to 7, the fluorescence
peak intensity of CQDs decreases gradually, while the intensity of the frequency doubling
peak increases. This can be explained by the fact that under acidic conditions, −COOH
groups on the surface of PS microplastics are difficult to ionize, and thus the electrostatic
adsorption between PS and CQDs is greatly inhibited. Moreover, the hydrogen bonding
between PS and CQDs is affected by the presence of hydrogen ions in the solution. The
anion SO4

2− in the acidic environment competes with the −COO− ionized on the surface
of PS and the -NH3 on the surface of CQDs, which reduces the adsorption of CQDs by PS
microplastics. This in turn increases the specific surface area of PS microplastics exposed
to the excitation light source, resulting in stronger light scattering and, consequently, an
increase in the intensity of the frequency doubling peak. Under alkaline conditions, the
fluorescence peak of CQDs increases as pH increases from 7 to 12, and the intensity of
the frequency doubling peak also increases. This can be explained by the deprotonation
reaction of CQDs due to the low concentration of OH−. This results in an enhancement of
the fluorescence intensity. At the same time, cations such as sodium ions bind to −COO−
on the surface of PS microplastics, reducing the binding sites between PS and CQDs. As
pH increases from 12 to 14, the deprotonation effect of CQDs occurs, resulting in a decrease



Crystals 2023, 13, 983 10 of 13

in the fluorescence peak intensity and an increase in the intensity of the frequency doubling
peak. Sodium ions dissolved in water as cations are attracted by positive and negative
charges and combine with −COO− on the surface of PS, thereby reducing the binding sites
between PS and CQDs.
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The results presented in Figure 6c,d demonstrate that the fluorescence intensity of
PS-CQDs remains relatively stable during light irradiation, indicating that the detection
process using CQDs has excellent light stability, and the fluorescence intensity does not
decrease significantly due to long-term light exposure. Additionally, the fluorescence
remains after a week in daylight. Compared with photobleaching of Bengal red in a
short time [46], CQDs has excellent light stability. This suggests that the use of CQDs
is a more stable method that can effectively prevent photobleaching and ensure reliable
detection results.

Table 3 is a comparison of three fluorescent reagents. The use of Nile red requires
organic solvents, while the other two can be used in the water environment. Rose Bengal
has poor light stability. Among the three, CQDS is the most sensitive to PS and also has the
ability to ordinarily dye PS. Considered comprehensively, CQDs are more suitable for the
detection of PS microplastics in water environment. Carbon quantum dots are suitable for
the detection of nano polystyrene microplastics, while the first two have not been reported.
Although carbon quantum dots have a good performance on detecting PS, this work only
discusses the detection of PS in a laboratory environment; real water samples need to be
tested and the detection of other microplastics remains to be studied.
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Table 3. Comparison of three fluorescent reagents.

Nile Red [14,39] Rose Bengal [15,46] CQDs

applicable environment organic solvent water water
light stability good poor good

sensitivity poor ordinary good
pre-processing need need need

Detecting of particle size mm, µm mm, µm mm, µm, nm
Dyeing ability to PS good poor ordinary

4. Conclusions

In summary, N and Cl co-doped lignin CQDs with good water solubility and stability
were synthesized from dealkalized lignin, polyethyleneimine, and sodium hypochlorite.
The average particle size of the CQDs was 1.673 nm, and they emitted blue fluorescence
under 320 nm ultraviolet light with an emission wavelength of 426 nm. By combining
fluorescence and Rayleigh scattering, CQDs were used as fluorescent reagents to detect
microplastics and achieved good performance for the first time. CQDs with 1 g/L lignin
were used to successfully detect polystyrene microplastics with different particle sizes in
water. The nano PS microplastics exhibited a good nonlinear relationship at a concentration
of 0.001 g/L to 0.01 g/L, with a detection limit of 0.4 mg/L. In acidic conditions ranging
from pH = 7 to pH = 1, the fluorescence peak intensity of CQDs gradually decreased, while
the intensity of the frequency doubling peak gradually increased. Under alkaline conditions,
the fluorescence peak of CQDs increased from pH = 7 to pH = 12, with the fluorescence
intensity of the second harmonic peak becoming stronger. However, from pH = 12 to
pH = 14, the fluorescence peak intensity decreased with increasing alkalinity, while the
fluorescence intensity of the second harmonic peak became stronger. The light stability
remained good under 8 h of ultraviolet light irradiation, indicating that the detection of
PS microplastics using CQDs could be maintained for a long time. CQDs are particularly
suited for the detection of micro-nano particle-sized PS microplastics, as their ability to
adsorb and scatter light is influenced by the size of the microplastic particles. Finally,
compared with the fluorescent dyes in previous studies, CQDs are more convenient and
stable, the sensitivity is also higher and has the ability to detect nano size of PS. At the same
time, CQDs were used for the first time to quantitatively analyze PS microplastics, which is
of great significance for the quantitative detection of microplastics in the future.
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