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Abstract: Sugarcane bagasse is an abundant biomass waste and a promising carbon source for
preparing carbon-based materials such as carbon quantum dots (CQDs). Low quantum yield is a
major problem for sugarcane bagasse-based carbon quantum dots. Heteroatom-doped modification is
an efficient approach to improve the quantum yield. A facile hydrothermal carbonization method was
applied to synthesize the nitrogen-doped carbon quantum dot N-CQDs using urea as the nitrogen
source. The synthetic procedure was determined by the single-factor experiments and the response
surface methodology (RSM) based on Box-Behnken design (BBD). The optical properties of optimized
N-CQD-13 were more excellent than those of undoped CQD. Higher quantum yields (both absolute
and relative) were observed in N-CQD-13. Additionally, N-CQD-13 exhibited high stability for
long-time storage and excellent pH tolerance in aqueous solutions. N-CQD-13 were applied to detect
Fe3* in aqueous solutions with a low detection limit of 0.44 uM. The fluorescence lifetime decay of
the N-CQD-13 solutions untreated and treated with Fe3* indicated the probable involvement of a
dynamic fluorescence-quenching mechanism. Thus, this work explored a reliable method for the
high-quality utilization of bagasse.

Keywords: sugarcane bagasse; Box-Behnken design; hydrothermal carbonization; nitrogen-doped;
carbon quantum dot; Fe3* detection

1. Introduction

Sugarcane bagasse is a major by-product of the sugarcane-related industry. How-
ever, most sugarcane bagasse is abandoned as biomass waste in global areas, such as
China [1], Brazil [2], and India [3]. This waste can easily cause environmental issues and
a deterioration of resources [4]. Converting waste sugarcane bagasse to new classes of
nanomaterials is a promising way of high-quality bagasse utilization. Sugarcane bagasse
consists of abundant lignocellulosic materials like cellulose (38%), hemicellulose (28%), and
lignin (18%) [5]. Such components make sugarcane bagasse excellent carbon sources for
carbon-based materials, such as biochar [6], nanocrystal [7], graphene [8], carbon quantum
dots (CQDs) [9], etc.

CQDs are spherical- or quasi-spherical-shaped carbon-based nanomaterials with
sizes less than 10 nm, which have advantages including aqueous solubility, low toxicity,
high stability, and facile modification, exhibiting excellent application potential in energy
conversion [10], fluorescence sensing [11-13], and drug delivery [14]. Different carbon
sources including small organic molecular materials [15,16], biomolecules [17], inorganic
carbon materials [18], and biomass [19] have been applied in preparing the CQDs. With the
advantages of being sustainable, low-costing, and easily doping, biomass drew extensive
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attention for use in CQD preparations [9]. Nevertheless, the main problem of biomass-
based CQDs is that their fluorescence properties are not satisfying, such as low quantum
yields (QYs, ®¢), which would severely limit their applications. Many methods, such as
surface modification, functionalization, and different heteroatom doping [20], have been
developed to improve the QY of biomass-based CQDs.

The nitrogen-doped modification was proven as an efficient method to enhance the
fluorescence properties of CQDs. By the nitrogen-doped modification, nitrogen atoms were
incorporated into the sp? hybridized carbon framework causing large-scale conjugated
structure destruction and more surface defects, which would change the energy bandgap
to improve the fluorescence intensity and QY [21,22]. Nitrogen sources were essential in
preparing nitrogen-doped CQDs (N-CQDs). These nitrogen sources mainly originate from
additional nitrogen-containing compounds, such as ammonia [23], ethylenediamine [24],
amino acid [25], and urea [26]. In the past few decades, different methods were developed
to prepare N-CQDs [27]. Some researchers have prepared N-CQDs using complicated
methods such as laser ablation [28] or arc discharge [29], thereby limiting their practical
application [30]. As a new green synthetic procedure, hydrothermal carbonization is
environmentally friendly, of easy operation and mild, and is widely used in N-CQD
preparation [31-33]. Similar to other biomass-based CQDs, bagasse-based N-CQDs are still
limited by their poor fluorescence properties [21]. Hence, more efficient nitrogen-doped
hydrothermal methods should be developed to achieve better fluorescence properties of
bagasse-based N-CQDs.

Iron is a vital element for living organisms and the environment [34,35]. Fe3* is one
of the most abundant micronutrients, and plays an essential role in many life processes.
However, excess Fe3* might induce severe diseases [36] or environmental pollution [37].
Therefore, developing a reliable and efficient method for Fe3* detection is significant for
human health and environmental protection. Up to now, many Fe3* detection methods,
such as atomic absorption spectrometry (AAS), and inductively coupled plasma mass
spectrometry (ICP-MS), have been developed [38]. However, these methods require skillful
users [39] and face the problems like lacking sensitivity [40]. Many N-CQDs-based nanosen-
sors for Fe3* detection have been developed in the past few years [23-25,41-47] As the
comparison shows in Table 1, most of the reported hydrothermal-prepared biomass-based
N-CQD sensors faced the problem of a narrow linear range of detection concentration and
high LOD. Hence, more wide-range and sensitive N-CQDs should be developed to meet
the demand for Fe®* detection.

Table 1. Comparison of some reported hydrothermal-prepared biomass-based nitrogen-doped CQDs
for detecting Fe>* ions.

No. Carbon Source Nitrogen Source Linear Range (uM) LOD of Fe3* (uM) Ref.
1 dwarf banana peel aqueous ammonia 5-25 0.66 [23]
2 Poa Pratensis ethylenediamine 5-25 14 [24]
3 rice residue glycine 3.32-32.26 0.7462 [25]
4 rice straw - 0-3 0.20 [41]
5 Matrimony vine polyetherimide 5-60 222 [42]
6 tribute chrysanthemum - 0-100 1 [43]
7 hamburger sandwich leftover - 0-500 32 [44]
8 biomass tar ethylenediamine 0.06-1400 0.06 [45]
9 Citrus Clementina peel arginine 7-50 4.57 [46]
10 Sugarcane bagasse urea 0-1000 0.44 This work

In this work, sugarcane bagasse was used as a precursor carbon source to synthesize
two different carbon dots (CQDs and N-CQDs) using a mild hydrothermal carbonization
method. Additionally, urea was used as the nitrogen source for preparing N-CQDs, ex-
pecting an improvement in the QY against the CQDs by the nitrogen-doped modification.
The single-factor experiments and the response surface methodology (RSM) based on
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the Box-Behnken design (BBD) experiments were performed to optimize the preparation
conditions to yield the optimal N-CQD-13. The N-CQD-13 exhibited excitation-dependent
properties with a relative QY of 12.2%. N-CQD-13 was sensitive in detecting ferric ions in
aqueous solutions with a low detection limit of 0.44 uM, probably involving a dynamic
quenching mechanism.

2. Materials and Methods
2.1. Materials

The raw material of sugarcane bagasse was purchased from a local sugar factory in
Guangxi, China. Chemical reagents were analytical grade (AR). Urea and different metal
salts (MnCl,, FeCl,, BaCly, KCl, NaCl, Cd(NO3)3, Cu(NO3),, Hg(NO3);, and Ni(NOs),)
were procured from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. AICl;
and SnCl, were obtained from Tianjin Damao Chemical Reagent Co., Ltd., Tianjin, China.
Fe,(SO4)3 was purchased from Shanghai Epee Chemical Reagent Co., Ltd., Shanghai, China.
Pb(NO3), was ordered from Xilong Chemical Co., Ltd. Guangzhou, China. Water was
ultrapure unless otherwise mentioned in the experiments.

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

CQD and N-CQDs were synthesized using a procedure similar to a previous re-
port [48].

Sugarcane bagasse pretreatment: The sugarcane bagasse was thoroughly washed with
water and dried at 70 °C in a blowing-type drying oven for 24 h. The dried bagasse was
crushed into powder by a traditional Chinese medicine crusher and passed through a
100-mesh standard sieve. The fine bagasse powder was stored in a dryer for standby.

For N-CQD preparation, pretreated bagasse powder (1 g) and a certain addition of
urea dosage (0-1.0 g) were dispersed with 30 mL distilled water in a 50 mL
polytetrafluoroethylene-lined reactor. Then the mixture reacted at a certain temperature
(180-260 °C) in the mulffle furnace for a certain reaction time (2-10 h). After cooling down to
room temperature, the reaction solution was ultrasonicated for 30 min and then centrifuged
for 10 min at 8000 rpm. The supernatant was collected by passing through the 0.22 uM
mixed fiber microporous membrane. The filtrate was dialyzed in distilled water for 12 h
with a 500 D dialysis bag. The dialysate was collected and freeze-dried to yield the target
nitrogen-doped carbon quantum dots (N-CQDs) as a dark powder.

For CQD preparation, a similar preparation procedure as N-CQDs was applied.
Pretreated bagasse powder (1 g) was dispersed with 30 mL distilled water in a 50 mL
polytetrafluoroethylene-lined reactor. The reaction solution was heated to 220 °C in a
muffle furnace for 4 h. The post-treatments were the same as those for N-CQDs. Carbon
quantum dots (N-CQDs) were obtained after being freeze-dried as a dark powder.

2.2.2. Single-Factor Experiments

The reaction temperature, time, and urea dosage were chosen as the three indepen-
dent variables for optimizing the preparation conditions of N-CQDs. In the experiments,
two factors were kept constant while the third one was changed. The detailed reaction
information is shown in Table 2.

Table 2. Design of single-factor experiments for N-CQD preparation conditions.

Levels
Factors
Temperature Time Urea Dosage
Temperature/°C 180/200/220/240/260 220 220
Time/h 4 2/4/6/8/10 4

Urea dosage/g 0.2 0.2 0.2/0.4/0.6/0.8/1.0
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2.2.3. Response Surface Methodology (RSM) Design

The RSM was based on the Box-Behnken statistical experimental design for optimizing
the preparation conditions of N-CQDs. Three independent factors A, B, and C were
designed at three different levels coded as -1, 0, and +1 (Table 3). The factors were set as
follows: the temperature was A (°C), the time was B (h), and urea dosage was C (g). The
relative fluorescence intensity (a. u.) was the response for evaluating whether the condition
was good or not.

Table 3. Box-Behnken experimental factors and levels design for optimizing preparation conditions
of N-CQDs.

Level
Item Factor
-1 0 +1
Temperature
o 200 220 240
O

B Time (h) 2 4 6

C Urea dosage (g) 0.2 0.4 0.6

2.2.4. Characterization

Atomic force microscopy (AFM) was performed using a MultiMode8 Atomic Force
Microscope (Bruker Corporation, Billerica, MA, USA). The TEM was collected using a
JEM-2100plus transmission electron microscope (JEOL Ltd., Tokyo, Japan). XRD was
studied using a MiniFlex600 X-ray powder diffractometer (Rigaku Corporation, Tokyo,
Japan). The scanning speed was 8.0 °/min, the step width was 0.02°, the voltage was
40 kV, the current was 15 mA, and the scanning angle was 260 = 5-50°. FT-IR spectra were
obtained from a MAGNA-IR550 infrared spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) from 5004000 cm~!. The UV-2600 UV-Visible spectrophotometer (Shimadzu
Corporation, Tokyo, Japan) was used to measure the absorption spectra. The fluorescence
excitation and emission spectra were collected on an F-7000 fluorescence spectrophotometer
(Hitachi High-Tech Corporation, Tokyo, Japan). In general, the fluorescence spectra of
N-CQDs were collected at the following excitation condition unless mentioned otherwise:
excitation wavelength A¢x = 330 nm, emission intensities were obtained at Aery = 417 nm,
slits: ex/em = 5 nm/5 nm, voltage: 400 V. Absolute fluorescence quantum yields and life-
time were collected on an FLS1000 steady-state/transient fluorescence spectrophotometer
(Edinburgh Instruments, Livingston, UK).

2.2.5. Optical Properties

The UV-Vis absorption spectra of the CQD (80 mg/L) and N-CQD (80 mg/L) solutions
were collected in the range of 200-600 nm. In the emission spectra experiments, general
excitation conditions were maintained: Aex = 330 nm, voltage 400 V, and excitation/emission
slits = 5 nm/5 nm. In the excitation-dependent experiments, excitation wavelengths ranged
from 300 to 400 nm, and the intensities were collected at Aemy = 417 nm.

2.2.6. Fluorescence Quantum Yield and Lifetime

(1) Absolute quantum yield and fluorescence lifetime

The absolute QY(P¢4) was measured on the steady-state/transient fluorescence spec-
trometer at Aex = 330 nm and the emission intensities were collected at Aepy = 417 nm
using the integrating sphere. The fluorescence lifetime was collected at Aex = 344 nm and
Aem =417 nm, and calculated according to Formula (1):

. By T%-l—BzT%

= 1
Biti+B 1 ™
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where T represents the fluorescence lifetime; B; (i = 1, 2) and 7; (i = 1, 2) are obtained by a
nonlinear second-order fitting using Formula (2):

I=1Ip + By * exp(—x/71) + By * exp(—x/72), 2)

where I represents the intensity (a. u.); Iy is the maximum intensity; B; indicates the
amplitude (a. u.,i =1, 2); Tj is the decay time (ns,i=1, 2).

(2) Relative quantum yield

The relative QYs (D) of CQD and N-CQD-13 solutions were calculated using quinine
sulfate solution (55% quantum yield under 330 nm excitation, n = 1.33) as the standard
reference from Formula (3):

Is Ag 13
Ys:YR*—S*fR*n%, 3)
IR As NR
where S represents the testing solution and R represents the quinine sulfate standard
solution, respectively. Y indicates the quantum yield. I is the intensity integral of the
emission spectrum. A is the absorbance at 360 nm; n is the refractive index.

2.2.7. Sensing of Fe** in Aqueous Solution
(1) Titration of Fe* to N-CQD-13 and detection limit:

Equal volume mixtures of 4 mL Fe®* aqueous solution (concentrations ranging from
20 to 2000 uM) and 4 mL N-CQD-13 aqueous solution (160 mg/L) yielded the final testing
mixture solution containing 10-1000 M Fe3* and 80 mg/L of N-CQD-13, and emission
spectra were collected. Fy and F represent the emission intensities of N-CQD-13 solutions
untreated and treated with Fe3*. The Stern—Volmer plot was based on the ratio Fy/F and
the concentration of Fe3*.

The detection limit (LOD) was calculated using Formula (4):

LOD =30/8, 4)

where o represents the standard deviation of the emission intensities of N-CQD-13
(80 mg/L) solution at Aeyy = 417 nm for detecting 20 times [49]. S is the slope of the
linear regression equation in the Stern—Volmer plot.

(2) Selectivity

Different metal ions stock solutions (1 mM) were prepared from the corresponding
salts as: Pb(NO3)2, MnClz, FeClz, BaClz, KCI, NaCl, SIICIQ, A1C13, Ni(NO3)2, Cd(NOg)g,
Cu(NO3),, FeCly, Hg(NO3),, and Fe;(SOy4)s. Stock solutions of different metal ions (Pb?*,
Mn2*, BaZ*, K*, Na*, Sn2*, AI3*, Cd3*, Ni2*, Cu?*, Fe?*, Hg2+, and Fe3*, 1 mM) were mixed
with 160 mg/L N-CQD-13 solutions in equal volume to obtain the respective mixture
solutions. The emission spectra of mixture solutions were then collected.

(3) pH tolerance

Solutions of different pH values ranging from 1 to 13 were adjusted by acidizing
(with concentrated HCl solution) and alkalizing (with concentrated NaOH solution) PBS
solutions. The emission spectra of the N-CQD-13 (80 mg/L) solutions at different pH
values were tested and the intensities were collected at Aepy = 417.

(4) Long-time storage of N-CQD-13 solution

The N-CQD-13 (80 mg/L) in PBS (pH = 7.40, 10 mM) solution was prepared and stored
at ambient temperature over time under the light. The emission intensities at Aey, = 417 nm
were collected at different time points (0, 2, 4, 6, 12, 24, 36, 48, 60, 72, 96, 120, 144, 168, 192,
and 216 h).
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3. Results and Discussion
3.1. Single-Factor Experimental Analysis

To obtain an optimal synthetic method for the N-CQD preparation, different con-
ditions were evaluated in the hydrothermal synthesis experiments. Three parameters,
reaction temperature (A), time (B), and urea dosage (C), were investigated by setting two
parameters as constants while changing the third one. When the reaction temperature (A)
ranged from 180 to 220 °C (B =4 h, C = 0.2 g, Figure 1a), the intensities of the N-CQD
solutions enhanced gradually until 220 °C and then decreased as the temperature increased.
We supposed that the higher temperature probably promoted the degree of aggregation,
thereby slightly quenching the fluorescence. At this point, 220 °C was selected as the
optimal reaction temperature. The reaction time (ranging from 2 to 10 h, A = 220 °C,
and C = 0.2 g) and urea dosage (ranging from 0.2 to 10 h, A =220 °C, and B = 4 h) were
investigated by similar treatments of temperature experiments. The optimal reaction time
and urea dosage were identified as 4 h and 0.4 g, respectively. In brief, the optimal synthetic
conditions obtained from the single-factor experiments were: the reaction temperature of
220 °C, the reaction time of 4 h, and the urea dosage of 0.4 g.

175 175

150 4 150

1254 125 \
100+ /k\{\i 100 4 \i\{

751

I417
I417

75
5012 . . . , 50 1— : : r T
180 200 220 240 260 2 4 6 8 10
Reaction temperature (°C) Reaction time (h)
175
C
150 4
1254
~
-
=
100
75
501 s : : r
0.2 0.4 0.6 0.8 1.0

Urea dosage (g)

Figure 1. Variations in the emission intensities at 417 nm of the N-CQD solutions (80 mg/L) un-
der different reaction temperatures (a) 2-10 h, reaction times (b) 180-260 °C, and urea dosages
(c)0.2-0.6 g.

3.2. BBD and RSM Analysis

The combined effect on the emission intensities of the N-CQD (80 mg/L) solutions
was investigated using the three independent BBD factors of different synthetic conditions,
including temperature (A: 200, 220, and 240 °C), time (B: 2, 4, and 6 h), and urea dosage (C:
0.2, 0.4, and 0.6 g) at three levels (Table 3) according to the results of the single-factor exper-
iments. Emission intensity at Aem = 417 nm (I417) was the response. Different combinations
of three factors were performed in the experiments (Table 4).
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Table 4. Coded and uncoded BBD of N-CQD preparation conditions.

Quantum Temperature . Urea Dosage Intensit
Run Order Dot (i °Q) Time (B, h) C, g & , a. u.;,

1 N-CQD-1 200 (—1) 2(-1) 0.4 (0) 99.1
2 N-CQD-2 240 (1) 2(-1) 0.4 (0) 122.8
3 N-CQD-3 200 (—1) 6 (1) 0.4 (0) 1174
4 N-CQD-4 240 (1) 6 (1) 0.4 (0) 119.1
5 N-CQD-5 200 (—1) 4 (0) 02 (-1) 109.3
6 N-CQD-6 240 (1) 4(0) 02 (-1) 98.3
7 N-CQD-7 200 (—1) 4(0) 0.6 (1) 90.3
8 N-CQD-8 240 (1) 4(0) 0.6 (1) 121.0
9 N-CQD-9 220 (0) 2(-1) 02 (-1) 103.9
10 N-CQD-10 220 (0) 6 (1) 0.2(-1) 103.4
11 N-CQD-11 220 (0) 2(-1) 0.6 (1) 105.2
12 N-CQD-12 220 (0) 6 (1) 0.6 (1) 1171
13 N-CQD-13 220 (0) 4(0) 0.4 (0) 167.7
14 N-CQD-13 220 (0) 4 (0) 0.4 (0) 159.9
15 N-CQD-13 220 (0) 4 (0) 0.4 (0) 164.1
16 N-CQD-13 220 (0) 4(0) 0.4 (0) 163.2
17 N-CQD-13 220 (0) 4 (0) 0.4 (0) 161.0

The reliability and accuracy of the model were further evaluated by the analysis of
variance (ANOVA). As shown in Table 5, the p-values of the interaction models were below
0.0001, indicating that the model could perform well in the emission intensity prediction
of the N-CQD solutions. The F-value (0.79) and p-value (0.5592) of the model indicated
that the lack of fit was insignificant owing to the relative pure error. On the other hand,
the determination R-squared (R?) of the quadratic regression model was 0.9951, implying
that the model could be used to explain 99.51% of the variability. The adjusted R-squared
(R?,) of 0.9888 was high and close to R?, indicating that the model was significant and had
a good fitness to the experimental data [50]. Moreover, the model had high precision and
reliability due to the low coefficient of variance (CV) (2.29%) [51].

Table 5. ANOVA of the regression model for the emission intensities prediction of N-CQD preparation.

Sum of Mean -Value
Source Squares DF Square F-Value lfrob >F
Model 11,596.21 9 1288.47 157.54 <0.0001 Significant
A 254.25 1 254.25 31.087 0.0008
B 84.50 1 84.50 10.33 0.015
C 43.71 1 43.71 5.34 0.054
AB 121.00 1 121.00 14.79 0.0063
AC 434.72 1 434.72 53.15 0.0002
BC 38.44 1 38.44 4.70 0.067
A2 2769.66 1 2769.66 338.64 <0.0001
B2 2222.045 1 2222.045 271.69 <0.0001
C? 454298 1 4542.982 555.47 <0.0001
Residual 57.25 7 8.178643
Lack of Fit 21.30 3 7.1 0.79 0.5592 . th
Significant
Pure Error 35.95 4 8.99
Cor Total 11653.46 16
determination
R-Squared 09951
Adj R-Squared 0.9888
CV. % 2.29%

According to the RSM model, a second-order polynomial equation was obtained by
Design Expert 8.0.6.1 (Formula (5)). As shown in the equation, the coefficient of A, B, and C
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were 5.64, 3.25, and 2.34, respectively, indicating that the effects on the intensity could be in
the order of A > B > C. In other words, the influence of temperature was the most affected
among the three factors [52]. The contour plot and 3D response surface between the three
factors and the response are shown in Figure 2. In the contour plot, the more elliptical trend
shapes indicated a stronger interaction between the two factors [53]. Therefore, an order for
the degree of the interaction strength between A, B, and C was obtained as AC > AB > BC.

Y =163.22 + 5.64A + 3.25B + 2.34C — 5.50AB + 10.43AC + 3.10BC — 25.65A% — 22.97B? — 32.85C> (5)

Intensity (a. u.)

S5 -

8
5 2
P 2
£ ]
= £
&

A: temperature (°C)
Intensity (a. u.)
C)
()
o,
@©
[}
o
©
©
o
D
O
9( :
A: temperature (°C) 9 &
Intensity (a. u.)

C
o
(=)
©
12
(=}
©
©
o
=)
(&)

B: time (h) ©

Figure 2. Contour plot and 3D response surface between each factor (A = temperature, B = time,
C = urea dosage) and the intensity at 417 nm of the N-CQD solutions: contour plot and 3D response
surface between A and B (a,b), A and C (c,d), B and C (e,f).

The optimal solutions obtained by the Design Expert software were: temperature =
217.75 °C, time = 4.17 h, and urea dosage = 0.40 g. Considering the actual operation effects,
the conditions were adjusted as temperature = 220 °C, time = 4 h, and urea dosage = 0.4 g.
Replication experiments of N-CQD preparation were performed by using the adjusted
conditions three times (Table 6). The average intensity of the three times of replication
experiments was 162.5, while the predictive intensity of the model was 163.7. The error of
the actual and predictive intensity was calculated as 0.73%. Such a slight error indicated
that the model was reliable in intensity predicting. Notably, the N-CQD-13 was prepared
by these adjusted optimal conditions (Table 4). Hence, N-CQD-13 was selected as the
optimized N-CQD in the following experiments.
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Table 6. Replication experiments of actual and predictive intensities of N-CQD preparation.
No. Actual Intensity Average. of Actual Prec.llctlve Error (%)
(a. u.) Intensity (a. u.) Intensity (a. u.)
1 164.2
2 161.3 162.5 163.7 0.73
3 161.9

3.3. Characterizations

With CQD prepared by the optimal conditions and N-CQD-13 in hand, the surface
morphology and spectroscopic properties were studied initially. The surface morphology
of the CQD (Figure 3a) and N-CQD-13 (Figure 3b) were characterized by AFM. The smaller
size was observed in the N-CQD-13 (around 1.5 nm in height) than in the CQD (about 2 nm
in height). TEM experiment results (Figure 3c,d) showed that the diameter of N-CQD-13
was 3.33 & 0.63 nm. The X-ray diffraction (XRD) patterns of CQD and N-CQD-13 showed
broad-band diffraction peaks at 28 = 22° for CQD and 26 = 20° for N-CQD-13, respectively
(Figure 3e), indicating the amorphous carbon phase of the CQD and N-CQD-13 [48].
Fourier Transform Infrared spectra (FT-IR) were performed to investigate the functional
groups on the surface of the CQD and N-CQD-13 (Figure 3f). In the IR spectra, the broad-
band peak at 3410 cm~! was associated with the O-H stretching vibration. Moreover, a
new peak related to the N-H stretching vibration appeared at 3212 cm ! in N-CQD-13 [54].
The peak at 2950 cm~! arose due to the C-H stretching vibration. The C=C stretching
vibration peak was observed at 1597 cm~! [55]. The C-N bending vibration peak was
found at 1400 cm~! [56]. The peak at 1045 cm~! was from the C-O vibration [57]. All
the peaks revealed that both CQD and N-CQD-13 were oxygen-rich, and the N-CQD-
13 had been successfully doped with nitrogen elements. Together with nitrogen-doped
modification, CQD and N-CQD-13 exhibited good hydrophilic properties and had the
potential to interact with metal ions.

3.4. Optical Properties

Subsequently, the UV-Vis absorption and fluorescence spectra (excitation and emission)
of the CQD and N-CQD-13 solutions were studied (Figure 4 and Table 7) The maximum ab-
sorption wavelengths (Amax) of CQD and N-CQD-13 solutions were 268 nm, which could
be associated with the 7t-7t* transition in the sp2 domains of the aromatic structure [58]. A
side peak at 305 nm was found as the n-nt* transition of the C=0 bond [59]. In the fluores-
cence spectra, the maximum excitation wavelength (Aex) and emission wavelength (Aem) of
N-CQD-13 (Aex = 330 nm, Aer = 417 nm) exhibited a slightly hypochromatic shift compared
to COD (Aex = 338 nm, Aem = 428 nm). The general excitation wavelength Aex = 330 nm and
emission wavelength Aep, = 417 nm were chosen in the further experiments of N-CQD-13.
The Stokes shifts of CQD and N-CQD-13 were 90 nm and 85 nm, respectively.

The fluorescence emission spectra of CQD and N-CQD-13 exhibited excitation-
dependent behaviors (Figure 5, Table 8), which is general in fluorescent carbon mate-
rials [48]. When excited by various excitation wavelengths, the emission wavelengths
displayed a bathochromic shift upon increasing the excitation wavelengths. For CQD, the
intensity enhanced up to 340 nm and decreased at longer excitation wavelengths. A similar
trend was found in N-CQD-13, which exhibited a maximum intensity at Aex = 320 nm.
Additionally, the emission intensity of N-CQD-13 was stronger than that of CQD when
excited at the same excitation wavelength, revealing that the nitrogen-doped modifica-
tion could enhance the optical property to some degree. Quantum yields of CQD and
N-CQD-13 were also investigated (Table 6). The absolute and relative QY of N-CQD-13
were 1.69% and 12.2%, respectively, which were higher than CQD (0.53% for absolute QY
and 2.56% for relative QY). Hence, N-CQD-13 was chosen as the more proper probe in
further application studies.
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Figure 4. UV-Vis absorption spectra (a) and fluorescence excitation and emission spectra (b) of CQD
(80 mg/L) and N-CQD-13 (80 mg/L) in aqueous solutions.
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Table 7. Optical properties of CQD and N-CQD-13.
Carbon Amax 1 1 Stokes Absolute Relative
Dot m)1 M@ Aem (M) T gl ) QY (%) QY (%) 2
CQDb 268 338 428 90 0.53 2.56
N-CQD-13 268 330 417 85 1.69 12.2

1. Wavelengths of 80 mg/L of CQD and N-CQD-13 in aqueous solutions. 2. The standard was quinine sulfate
solution.
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Figure 5. Fluorescence emission and normalized fluorescence spectra of the CQD (a) 80 mg/L and
N-CQD-13 (b) 80 mg/L collected at different excitation wavelengths ranging from 300 to 400 nm.

Table 8. Maximum emission wavelengths (Aem) and intensities of CQD and N-CQD-13 excited at
different excitation wavelengths.

CcQDb N-CQD-13
Aex (nm)
Aem (nm) Intensity (a. u.) Aem (nm) Intensity (a. u.)
300 386.0 21.32 409.0 156.90
320 424.6 24.09 417.0 164.09
340 437.8 25.90 417.6 143.20
360 437.8 13.58 431.0 106.40
380 464.0 6.88 437.2 72.37
400 495.0 3.31 463.4 29.70

To confirm whether the intensity of N-CQD-13 was concentration-dependent, the
emission intensities of different concentrations of N-CQD-13 aqueous solutions were
investigated. As shown in Figure 6, the intensities enhanced along with the increment of
concentrations of N-CQD-13 below 80 mg/L, and reached a plateau till the concentration of
160 mg/L. Intensities began to decrease when the concentrations were above 160 mg/L. At
high concentrations, absorbers can absorb the excitation or emission light of fluorophores,
inducing the inner filter effect (IFE) [60]. We suppose that when the concentration was
above 80 mg/L, N-CQD-13 particles start to act as the absorbers, absorbing the excitation
or emission light of other particles nearby, terminating the intensity enhancement [61]. With
the further increase of concentrations, IFE enhances remarkably, leading to fluorescence
quenching. Hence, 80 mg/L was used as the suitable concentration in further applications.
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Figure 6. Emission intensities at 417 nm of N-CQD-13 solutions in different concentrations
(0—200 mg/L).

3.5. Stability of N-CQD-13 in Aqueous Solution

To verify the stability of N-CQD-13 in different conditions, the pH tolerance and
long-time storage stability were studied. Intensities of N-CQD-13 solutions with different
pH values ranging from 1 to 13 were investigated (Figure 7a). The 1417 of N-CQD-13 was
maintained at a stable level at pH values ranging from 2 to 12. Nevertheless, the reduction
in the intensities at the extremely acidic (pH = 1) and alkaline (pH = 13) conditions might
be due to an electron transition disruption by excess H" or OH" [62]. Moreover, the
intensity stability of N-CQD-13 for long-time storage was also studied. When the N-
CQD-13 solution was placed at ambient temperature under the light for 30 h, the intensity
decreased by about 10%. Even though the time was extended to 216 h, no significant change
(less than 15% decrement) was observed as time progressed (Figure 7b). Therefore, the
N-CQD-13 displayed excellent stability under different conditions.

300 1.2
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Figure 7. (a) Fluorescence intensities at 417 nm of the N-CQD-13 solutions under different pH values
(1-13). (b) Relative fluorescence intensities at 417 nm of the N-CQD-13 solutions at different time
points (0-216 h).

3.6. Detection of Fe3*

The FT-IR results indicated the presence of many oxygen and nitrogen atoms in
N-CQD-13. These atoms were excellent coordination centers for interacting with metal
ions [63]. The intensity responses of N-CQD-13 to different metal ions were further studied
(Figure 8). When treated with different kinds of metal ions (500 uM, including Pb%*, Mn?",
BaZ*, K*, Na‘t, Sn2*, A3+, Cd3*, Ni?*, Cu?*, Fe?", Hg2+, and Fe?*), no responses were
observed in N-CQD-13 solutions except for Hg?* and Fe**. When N-CQD-13 (80 mg/L)
was treated with Fe** (500 uM), a dramatic quenching of fluorescence emission intensity
was observed. The intensity decrement caused by Hg?" (40%) was slighter than that by
Fe3* (80%).
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Figure 8. Fluorescence emission spectra (a) and relative intensities at 417 nm (b) of N-CQD-13 treated
with different metal ions (500 uM).

Together with the more significant fluorescence quenching phenomenon, further
studies of the interaction between N-CQD-13 and Fe®* were carried out. When dealing
with different concentrations of Fe3* (0-1000 uM), the emission intensity of the N-CQD-
13 (80 mg/L) solutions decreased gradually with an increment in Fe** concentration
(Figure 9a). Moreover, the Stern-Volmer plot between the concentrations of Fe** and the ra-
tio Fy/F (Fp and F represented the intensity at 417 nm of N-CQD-13 solutions untreated and
treated with different concentrations of Fe3*) were plotted (Figure 9). The F(/F increased
with the addition of Fe3*, exhibiting a good linear relationship with the concentration of
Fe3* ranging from 0 to 1000 uM with R? = 0.99368 (Figure 9b). Under this condition, the
detection limit calculated by the Formula (4) was 0.44 uM.
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Figure 9. (a) Fluorescence spectra of the N-CQD-13 (80 mg/L) solutions treated with different

concentrations of Fe?*. (Inset: Intensity changes at 417 nm with the different concentrations of Fe3*).

(b) The Stern—Volmer plot of adding different concentrations of Fe3* (01000 M) to the N-CQD-13

(80 mg/L) solutions.

3.7. Sensing Mechanism

In general, dynamic quenching (species interacting by molecular collision) and static
quenching (species interacting by complexation and binding on the ground state) were
used to explain the fluorescence intensity quenching phenomena [63]. A linear plot based
on Stern—Volmer implied a dependent dynamic or static quenching [64]. However, the
binding curves of the Stern—Volmer equation (Fy/F vs. [Fe3*]) exhibited a good linear rela-
tion (R? = 0.99368). Yet, it was challenging to identify whether the quenching mechanism
was dynamic or static quenching, because both dynamic or static quenching progresses
displayed a linear plot [64]. Fortunately, fluorescence lifetime was widely used in describ-
ing the type of quenching mechanism [57]. To clear the quenching mechanism, fluores-
cence lifetimes of the N-CQD-13 solutions before and after adding Fe3* ions were studied
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(Figure 10a). According to Formula (2), the fluorescence lifetime of the N-CQD-13 solution
without Fe3* ion was 7.75 ns, while the fluorescence lifetime of the N-CQD-13 solution
treated with Fe®* ion was 7.19 ns. Fluorescence lifetime decay observed in N-CQD-13
between treated and untreated with Fe** possibly indicated a mainly dynamic quenching
mechanism with a fast electron transfer process [65]. In the dynamic quenching process,
the excited electrons of N-CQD-13 would transfer to the empty 3D orbits of Fe3* through a
nonradiative relaxation pathway of electron/hole recombination, blocking the transition of
the electrons from the excited state to the ground state and inducing remarkable fluores-
cence quenching [66]. The probable interaction model for the quenching process is shown
in Figure 10b.

Counts
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Figure 10. (a) Fluorescence lifetime of N-CQD-13 (80 mg/L) solutions untreated (red) and treated
(blue) with Fe3* (500 uM). (b) The probable interaction model between N-CQD-13 and Fe3+.

4. Conclusions

In summary, sugarcane bagasse-based nitrogen-doped carbon quantum dots, N-CQDs,
were prepared by using the hydrothermal carbonization method with urea as the nitrogen
source. The single-factor experiments and Box-Behnken design-based response surface
methodology experiments were used to optimize the synthetic conditions as a reaction
temperature of 220 °C, a reaction time of 4 h, and a urea dosage of 0.4 g, respectively,
yielding the optimal quantum dot N-CQD-13. N-CQD-13 was characterized by AFM,
XRD, and FT-IR, exhibiting the successfully nitrogen-doped modification with a size of
1.5 nm. N-CQD-13 indicated a large Stokes shift around 87 nm and an intrinsic excitation
wavelength-dependent property. The N-CQD-13 was stable and pH-tolerant in the aqueous
solution, which ensured that N-CQD-13 can be applied in different conditions. A more
obvious fluorescence emission intensity quenching was observed when the Fe®* ion was
added to the N-CQD-13 solution among different metal ions, and the detection limit was
0.44 uM. The probable quenching mechanism might be a mainly dynamic quenching
process induced by the collision between the N-CQD-13 particles and Fe3*. These results
indicated that N-CQD-13 can be a suitable material for Fe?* detection applications and
provide a reliable way for the high-quality utilization of bagasse.
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