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Abstract: Tramadol is a widely used pain medication detected in wastewater treatment
plants, prompting concerns about its impact on the environment and the effectiveness of
wastewater treatment. Nitrogen-doped carbon quantum dots (NCQDs) can be used to
remove pollutants from the contaminated water sources. However, NCQDs can hardly be
recovered after applications, leading to high regeneration costs. Thus, this study aims to
explore the use of magnetite nitrogen-doped carbon quantum dots (magnetite NCQDs)
fabricated from empty fruit bunches (EFBs) to remove tramadol from wastewater treat-
ment. Various analytical methods were conducted to characterize the magnetite NCQDs.
Magnetite NCQDs showed excellent separation and aggregate-free properties. This study
investigated the effect of the initial concentration of tramadol, the dosage of magnetite
NCQD adsorbent, and the contact time while keeping other parameters constant. Tramadol
was efficiently adsorbed within 40 min with an adsorption efficiency of over 85.9% and
further photodegraded by 4.5% after being exposed to UV light after undergoing pho-
tocatalysis for 50 min. Magnetite NCQDs exhibited outstanding properties in removing
tramadol after undergoing five cycles. This research provides a promising approach for
developing a highly efficient adsorbent for treating tramadol-contaminated wastewater.

Keywords: magnetite nitrogen-doped carbon quantum dot; photocatalyst; fluorescent;
adsorption; photocatalytic degradation; tramadol

1. Introduction

Pharmaceutical contaminants, notably tramadol, have become a major contributor
to water pollution, posing a significant threat to aquatic life [1]. The escalating release of
tramadol, a pain reliever with antidepressant and anxiolytic effects, into water bodies is
primarily attributed to its widespread medical use, improper disposal of pharmaceuticals,
and incomplete removal during wastewater treatment processes. This discharge adversely
affects aquatic lives, leading to altered behavior and brain tissue damage, resulting in
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diminished boldness and sociability. Even small amounts of pharmaceutical pollutants
in wastewater present risks to both human health and aquatic ecosystems. There is an
urgent need to develop a low-cost, efficient, and eco-friendly technique for removing
pharmaceutical pollutants from wastewater, especially at low concentrations.

The advantageous properties of carbon as a support material are due to its chemical
inertness, high electronic conductivity, large surface area, and unique pore architecture [2].
Carbon quantum dots (CQDs), a type of fluorescent nanomaterial, have attracted the inter-
ests of researchers due their stability, water solubility, low cost, and biocompatibility [3].
Nitrogen-doped carbon quantum dots (NCQDs) are specifically noted for their chemically
modifiable amine and hydroxyl groups. By forming composite structures with Fe,O3
(magnetite), NCQDs modify the Fe,O3 surface by forming strong bonds that prevent ag-
gregation, enhance stability, improve dispersibility, and facilitate electron transfer. NCQDs
act as capping agents by attaching to the surface of magnetite nanoparticles, creating a
protective layer that prevents particle agglomeration and oxidation, thereby enhancing the
lifespan of the nanocomposite and improving its overall stability [4]. With quasi-spherical
morphology and customizable photoluminescence, NCQDs are highlighted as excellent
fluorescent nanomaterials, showing significant potential in various applications, including
interacting with chemical pollutants in the environment.

Recognizing their abundance and their status as a natural source of carbon, this study
focuses on using empty fruit bunches (EFBs) to produce nitrogen-doped carbon quantum
dots (NCQDs) [5]. In Malaysia, where the palm oil industry generates approximately
95 million tons of EFBs annually, there is a growing interest in the valorization of the
EFBs [6]. EFBs, composed of solid lignocellulosic wastes, contain various functional groups,
making them a rich source of carbon, hydrogen, and oxygen [7]. EFBs can be used to
produce NCQDs, potentially reducing waste production from the palm oil mill industry
and contributing to a zero-waste discharge goal. Magnetite NCQDs could be used as
adsorbents due to the presence of abundant functional groups such as hydroxyl, carboxyl,
and amine groups on the NCQDs.

Adsorption is an effective and low-cost treatment for pharmaceutical pollutants,
with a focus on nanoadsorbents. Magnetite nanocomposites produced from biomass
can be highlighted as efficient and recyclable nanoadsorbents due to their magnetic and
biocompatible properties, ease of tuning, functionalization, and ease of separation [8].
However, there is a need for surface modification of bare magnetite nanocomposites to
prevent aggregation and oxidation, thus ensuring their optimal performance and their use
for wider applications.

A two-step process is proposed in this study to remove tramadol. In the two-step
process, an adsorption process is conducted, followed by photocatalysis utilizing light
energy and a photocatalyst. Magnetite NCQDs are highlighted for their efficient light-
trapping, charge carrier separation, and visible light absorption, making them a potential
photocatalyst for tramadol degradation [9]. However, the potential recombination of
electron/hole pairs is noted as a factor that could reduce photocatalytic efficiency. Thus,
the current study evaluated the performance of tramadol removal from aqueous solution
through adsorption and photocatalysis in a sequential manner.

2. Materials and Methods
2.1. Materials and Reagents

The raw material for lignin extraction, EFB fibers, was obtained from the Seri Ulu
Langat Palm Oil Mill. Urea with 99% purity (Merck Sdn. Bhd., Kuala Lumpur, Malaysia)
was used as the doping element in the fabrication of NCQDs. Hydrochloric acid (37-38%)
and sodium hydroxide pellets (97%) (Merck Sdn. Bhd., Kuala Lumpur, Malaysia) were
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used to extract lignin from EFBs. Tramadol (Duopharma (M) Sdn. Bhd., Kuala Lumpur,
Malaysia), a common type of painkiller, was purchased and used to prepare the synthetic
solution in this work. Iron (III) chloride hexahydrate (FeCls-6H,0O) with 99.9% purity
(Merck Ltd., Mumbai, India) and iron (II) sulfate heptahydrate (FeSO4-7H,O) with 99.9%
purity (Merck Ltd., Mumbeai, India) were used to prepare the magnetite composites. The
hydrothermal synthesis of NCQDs was conducted in a 100 mL Teflon-lined autoclave made
of stainless steel. In addition to this, deionized water was used to prepare all aqueous
solutions unless otherwise specified.

2.2. Pre-Treatment of EFBs and Synthesis of NCQDs

Based on the review of the existing research, lignin was identified as a suitable material
for creating NCQDs due to its biocompatibility and biodegradability characteristics, using a
hydrothermal method [9]. A mixture of 20 g of EFB fibers and a 10 wt% sodium hydroxide
solution was heated at 150 °C for 2 h in an autoclave reactor. After cooling to room
temperature, the mixture was filtered using filter paper (20-25 um pore size) to separate
the solid residue, leaving a black liquor [10]. The black liquor was left to stand for 12 h,
after which its pH was adjusted to 3.0 using 2.0 M of hydrochloric acid.

The mixture was kept at room temperature for 24 h to precipitate the lignin. The
precipitate was filtered using filter paper (20-25 um pore size) and washed thoroughly with
distilled water to remove residual chemicals. The resulting residue was dried in an oven
at 70 °C for 24 h to produce dry lignin powder [11]. To synthesize NCQDs, the dry lignin
powder was dissolved in deionized water and mixed with urea in a 1:4 molar ratio. The
solution was transferred to a stainless-steel Teflon-lined autoclave reactor and heated at
180 °C for 8 h. After cooling to room temperature, the resulting dark brown substance was
filtered using filter paper. NCQDs were synthesized in the presence of urea, while carbon
quantum dots (CQDs) were produced using the same procedure but without urea. Finally,
the liquid NCQDs were freeze-dried for 24 h to yield powdered NCQDs, as depicted in
Figure 1.
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Figure 1. Fabrication process to produce NCQDs in powder form.

2.3. Synthesis of Magnetite NCQDs

A co-precipitation method was used to produce magnetite NCQDs by adding 1.1127 g
of FeCl3.6H,O and 0.5708 g of FeSO,.7H,0 to 100 mL of distilled water [4]. The process,
depicted in Figure 2, was carried out in a 250 mL three-neck round-bottom flask, which was
filled with an aqueous solution containing a 2:1 molar ratio of FeClz.6H,O and FeSO4.7H,0O
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and stirred continuously for one hour at 80 °C under a nitrogen atmosphere to initiate the
reaction. An inert nitrogen atmosphere is necessary to prevent the oxidation of ferrous ions
(Fe?*) to ferric ions (Fe3*) by oxygen, thus ensuring that the reaction maintains a proper
redox balance. The synthesis of magnetite NCQDs was carried out using Fe?* and Fe3* salts
in a 1:2 molar ratio to facilitate the co-precipitation reaction necessary for the formation
of Fe304. The presence of Fe3* is critical for achieving the stoichiometric composition
of magnetite and preventing the formation of other undesired iron oxide phases. This
approach ensures the successful synthesis of magnetite NCQDs with the desired magnetic
and structural properties.

FeCls-6H>0 FeSOs4-7H20

s Q o NCQDs o

=
— o — — o —
W W
e ———————————————  ———————————
Deionized water Shaking Incubator Shaking Incubator

2.0M NaOH

Shaking Incubator

Figure 2. Fabrication process to obtain magnetite NCQDs in powder form.

After one hour of stirring, a 25 mL solution of 10 mg/mL of diluted NCQDs was
added to the flask, and the reaction continued for 30 min. Then, 20 mL of 2M NaOH was
gradually added dropwise to the solution to enhance mixing, resulting in the formation
of a black precipitate. The reaction was allowed to stir for an additional 2 h until the
black precipitate was fully formed. External magnets (permanent magnets) were used to
separate the black precipitate from the mixture through decantation. Finally, the black
precipitates were washed with deionized water and dried at room temperature under
vacuum conditions. The process flow to produce magnetite NCQDs in powder form is
shown in Figure 2.

2.4. Characterization of CQDs, NCQDs, and Magnetite NCQDs

The properties of CQDs, NCQDs, and magnetite NCQDs produced through hydrother-
mal reaction from EFBs were evaluated. Various characterization techniques and instru-
ments were used to investigate their functional groups, atomic percentage, fluorescent and
optical properties, surface morphology, particle size distribution, electrostatic repulsion
strength, and magnetic property.

Fourier Transform Infrared Spectroscopy (FTIR) (Nicolet iS10, Thermo Fisher Scientific,
Waltham, MA, USA) was employed to examine the functional groups and energy dispersive
X-ray (EDX) spectroscopy (Hitachi S-3400 N, Hitachi High Technologies America, Inc.,
Tokyo, Japan) was used to determine the atomic percentage of all samples. Photolumines-
cence spectroscopy (PL) (model Edinburgh Instrument FLS920, Edinburgh Instruments,
Livingston, UK) and UV-Vis spectrophotometry (UV-2600, Shimadzu, Kyoto, Japan) were
used to analyze the fluorescent and optical properties of all samples. Transmission electron
microscopy (TEM) (Thermo Fisher, Waltham, MA, USA; Talos 120 C) was employed to
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determine the particle size distribution of NCQDs and magnetic NCQDs. The particle
size was further analyzed using Image] software Version 1.54m (National Institutes of
Health, Bethesda, MD, USA; https:/ /imagej.net/ij/index.html, accessed on 7 December
2024) to ensure accurate and consistent measurements. Finally, a zeta potential analysis
was performed to examine the surface charges of the samples. The zeta potential of the
NCQDs was measured using a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) in
distilled water at a solution pH of 6.5 to determine the surface charges of the nanoparticles.
The magnetic properties of the magnetite NCQDs were evaluated using a vibrating
sample magnetometer (VSM). Thermogravimetric analysis (TGA) and Differential Thermal
Analysis (DTA) (using a Shimadzu DTG-60H Thermal Analyzer, Kyoto, Japan) were em-
ployed to assess the thermal properties of magnetite NCQDs. Thermal measurements were
performed under the flow of nitrogen atmosphere with a flow rate of 100 mL min~"! in the
temperature range of ambient to 250 °C. The heating rate was 20 °C per minute.

2.5. Adsorption of Tramadol

The adsorption experiments were conducted to evaluate the performance of magnetite
NCQDs for the removal of tramadol. A stock solution of tramadol was prepared with
initial concentrations ranging from 2 to 10 mg/L. Adsorbent doses varying from 0.01 g to
0.1 g were tested, and the contact time was investigated over a range of 0 to 60 min. The
adsorption process was initially carried out to determine the optimal contact time, followed by
assessments of the adsorbent dosage and the initial concentration of tramadol in the solution.

To evaluate the effectiveness of magnetite NCQDs in adsorbing tramadol from a
tramadol solution (100 mL), standard batch adsorption experiments were conducted in
250 mL covered conical flasks under continuous stirring, and the results are presented as the
average of data from three replicates. The study investigated several variables, including
the initial tramadol concentration, the magnetite NCQD dosage, and the contact time,
while keeping all other parameters constant. Kinetic experiments were performed using
a selected dosage, and the tramadol solution concentrations were measured at fixed time
intervals. After the specified adsorption period, an external magnet was used to separate the
adsorbent from the solution. The remaining tramadol concentration was determined using
a UV-Vis spectrophotometer at a wavelength of 271 nm, corresponding to its maximum
absorption peak. This wavelength was chosen to ensure optimal sensitivity and accuracy
in quantifying the tramadol concentration during the adsorption process. Tramadol uptake
and the adsorption percentage were calculated using Equations (1) and (2), respectively.

Qe = (Co - Ce) x V/m (1)

Absorption (%) = [(Co — Ce)]1/Co x 100 (2)

where Q, is the amount of solute adsorbed per unit mass of adsorbent at equilibrium
(mg/g), C, is the initial concentration of the solute in solution (mg/L), C, is the equilibrium
concentration of the solute in solution (mg/L), V is the volume of the solution (L), and m is
the mass of the adsorbent (g).

Two adsorption kinetics models, namely the pseudo-first-order model and the pseudo-
second-order model [12], were used to investigate the adsorption kinetics. A linearized
mathematical form of the pseudo-first-order model is shown in Equation (3):

k
log(Qe — Q) =log Qe — 52z X ¢ (3)

where kj is the pseudo-first-order rate constant (min~1), t is the time (min), and Q; is the
amount of adsorbate on the adsorbent surface at time ¢ (mg/g).
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The linearized mathematical form of the pseudo-second-order model is shown in
Equation (4).
t 1 t

o~ hta @

where £ is the initial adsorption rate (1 = k2Q.?), k; is the overall pseudo-second-order rate
constant, Q, is the amount of adsorbate adsorbed at equilibrium (mg/g), and Q; is the
amount of adsorbate adsorbed at time ¢ (mg/g).

2.6. Photocatalytic Degradation of Tramadol

This study evaluated the photocatalytic degradation efficiency of magnetite NCQDs
on tramadol under a UV lamp (UVP Pen-Ray Lamp 11SC-1, UVP LLC, Upland, CA, USA)
emitting at a wavelength of 365 nm, and the results are presented as the average of the data
from three replicates. The UV lamp with a wavelength of 365 nm was selected for this study
because tramadol molecules remain stable when exposed to UV-A irradiation in the absence
of a photocatalyst [13]. The photocatalytic degradation process was conducted after the
adsorption process in a polystyrene box with an orbital shaker, varying the photocatalysis
contact time. A UV-Vis spectrophotometer was used to analyze the degraded tramadol
solutions by measuring absorbance values at 271 nm. The degradation percentage of the
tramadol solutions was calculated using Equation (5).

Degradation (%) = [(Ao — At)/ Aol (5)

where A, is the initial concentration of tramadol solution and A; is the concentration of
tramadol solution after a specific time. Additionally, photocatalysis experiments were
carried out to estimate the photodegradation kinetics rates using first-order and second-
order kinetics models, represented by Equations (4) and (5), respectively. The rate constant
k was determined from the slope of the graph. To further understand the reaction kinetics,
the first-order kinetic model Equation (6) [14] was employed, shown as follows:

In(Ay/As) = kt (6)

where k is the first-order rate constant, calculated as the slope of the linear plot of In (A /A¢)
versus time f. The data were also analyzed with a second-order kinetic model displayed by
Equation (7) [15], which assumes a reaction rate proportional to the square of the reactant
concentration. For this model, the rate constant k was determined from the slope of the

linear plot of 1/A; against time ¢.

1 1
A =k A @)

After the completion of the photodegradation process the photocatalyst could be isolated
from the degraded tramadol by using an external magnet and reused in subsequent cycles.

2.7. Recyclability Study of the Magnetite NCQDs

The recyclability of the magnetite NCQDs was evaluated by conducting the adsorption
process using 100 mL of tramadol solution at a concentration of 10 mg/L under dark
conditions in a covered conical flask with continuous stirring at 200 rpm. The evaluation
was conducted with 40 min of adsorption using 0.05 g of magnetite NCQDs, followed by
50 min of photocatalysis under a UV lamp with a wavelength of 365 nm. The magnetite
NCQDs were separated from the tramadol solution using an external magnet, and the
tramadol concentration was analyzed using a UV-Vis spectrophotometer at a wavelength
of 271 nm.
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The magnetite NCQDs were desorbed in a 0.1 M HCl solution with stirring at 200 rpm
for an hour. The NCQDs were then filtered using a 0.45-micron filter paper, rinsed with
distilled water, and dried in an oven overnight before being used for the next cycle. The
recyclability test was repeated until the tramadol removal efficiency dropped below 80%.

3. Results and Discussion
3.1. Results of Functional Group Analyses

Figure 3 presents the FTIR spectra of CQDs, NCQDs, and magnetite NCQDs, high-
lighting the distinct structural differences between the samples. The FTIR spectrum of
CQDs shows a prominent peak at 1608.8 cm ™!, attributed to C=C stretching vibrations,
indicating the presence of aromatic rings due to the sp? hybridization of carbon atoms. The
peak at 1039.2 cm~! corresponds to ether (C-O-C) linkages, formed during the synthesis
process. These peaks confirm the carbon-based structure of CQDs.

Transmittance (%)
@
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&
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=
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o --

| C-N ‘
ﬁ""‘*“'\“/‘—%\-
]
|
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Figure 3. FTIR spectra of CQDs, NCQDs, and magnetite NCQDs.

In the NCQD spectrum, a broad peak between 3100 and 3542 cm ™! is observed,
corresponding to —OH and —NH stretching vibrations. This indicates the presence of
hydroxyl and amino groups on the surface of NCQDs. Aromatic —CH stretching and
bending vibrations are observed at 2826.1 cm ™! and 1447.8 cm !, respectively. A strong
absorption band at 1287.5 cm ™! corresponds to the —C=N— stretching frequency, which is
formed through the condensation of primary amine groups during the nitrogen doping
process. These peaks confirm the successful incorporation of nitrogen and the surface
functionalization of NCQDs.

In the NCQD spectrum, a broad peak in the range of 3100-3542 cm ™! is attributed to
the stretching vibrations of —OH and —NH groups, indicating the presence of multiple
hydroxyl and amino groups on the NCQDs’ surface. Aromatic —CH stretching vibrations
and -CH bending vibrations are observed at 2826.1 cm~! and 1447.8 cm ™!, respectively.
Strong absorption bands at 1287.5 cm ™! are assigned to the —C=N— stretching frequency,
which would be formed from the condensation of primary amine groups in NCQDs.
However, in the magnetite NCQD spectrum, a peak at approximately 551 cm ! indicates
the presence of Fe-O stretching vibrations, characteristic of magnetite (Fe304). This band is
attributed to the intrinsic Fe-O stretching vibrations within the magnetite structure.

The FTIR spectrum of magnetite NCQDs shows a characteristic peak at approximately
551 cm ™!, attributed to Fe-O stretching vibrations, confirming the presence of magnetite
(Fe304). The addition of magnetite leads to a reduction in the intensity of carbon-based
functional group peaks, such as those corresponding to —OH and —NH stretching vibra-
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tions (3100-3542 cm ') and —C=N— (1287.5 cm~!). This reduction is due to the partial
surface coverage of NCQDs by magnetite, which limits the exposure of these functional
groups and, consequently, their signal intensity in the FTIR spectrum.

The changes in FTIR peaks among CQDs, NCQDs, and magnetite NCQDs reflect the
chemical modifications during synthesis. New peaks, such as —C=N and Fe-O, emerge due
to nitrogen doping and magnetite incorporation, respectively. The reduction of peaks, such
as —OH and —NH, further confirms the successful surface modification and formation of
magnetite NCQDs.

3.2. Results of Elemental Composition Analyses

Table 1 displays the outcomes of the EDX analysis performed on CQDs, NCQDs, and
magnetite NCQDs. The EDX study indicated that the primary components of the CQDs
and NCQDs were carbon and oxygen. These components were believed to result from
the presence of functional groups, such as hydroxyl, carbonyl, and aromatic rings. The
existence of nitrogen in the NCQDs confirmed the successful incorporation of nitrogen
into the structure of the quantum dots. The EDX analysis also revealed small traces of
sodium and chlorine, which may have been caused by residual matter from the lignin
preparation process. Nonetheless, the amount was insignificant and would not significantly
impact the surface qualities of the quantum dots. Based on previous work, the composition
percentages of nitrogen and oxygen were much lower than those found in the current
research, which were 9.01 wt% and 20.38 wt%, respectively [9]. In that study, the researchers
utilized oil palm empty fruit bunch fibers as the primary material. These fibers were
subjected to an alkaline pre-treatment using sodium hydroxide to modify their structural
and morphological properties for composite production. This may result from the choice
of nitrogen- and oxygen-rich precursor materials, which likely led to higher nitrogen and
oxygen percentages in the NCQDs in the current research.

Table 1. Elemental composition of CQDs, NCQDs, and magnetite NCQDs.

. . Weight of Percentage
Weight Percentage  Weight Percentage .

Element of CODs (Wt of NCQDs (wt.%)  °f Mag‘(‘:\:t‘ﬂz)l\] CQDs
Carbon (C) 50.39 30.41 4.94
Nitrogen (N) - 13.47 0.89
Oxygen (O) 34.62 34.70 25.44
Sodium (Na) 6.84 9.04 23.03
Chlorine (Cl) 8.15 12.37 -

Iron (Fe) - - 45.70

The successful formation of magnetite NCQDs is confirmed by the identification of
iron (Fe), oxygen (O), carbon (C), and nitrogen (N) in the EDX data. In comparison to other
studies, the weight percentage of oxygen was found to be 21.56 wt%. The current work
showed a higher content of oxygen (25.44 wt.%), which is higher than a previous report
of 21.56 wt.% [16]. The higher oxygen content in this study indicates greater oxidation
on the magnetite NCQDs’ surface. The higher oxygen content may indicate increased
oxidation on the magnetite NCQDs’ surface, forming more oxygen-containing functional
groups due to oxygen-rich precursors or synthesis conditions. The formation of NCQDs
and magnetite NCQDs was confirmed using EDX analysis, identifying key elements, such
as carbon, oxygen, nitrogen, and iron, consistent with QD structures. For future studies,
high-resolution transmission electron microscopy (HRTEM) could be suggested to improve
the resolution of the sample images, in addition to conducting EDX mapping to examine
the elemental distribution and composition of the samples [17].
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3.3. Results of Fluorescent Emission Analyses

To analyze the movement and recombination process of electron-hole pairs, PL was
used to assess the fluorescent properties of CQDs, NCQDs, and magnetite NCQDs. Based
on Figure 4, the excitation wavelength for CQDs was found to be 435 nm, while that
for NCQDs was 433 nm. These luminescent characteristics may be due to the presence
of abundant trap states resulting from sp? hybridization of carbon clusters and minor
variations in the quantum dots’ size distribution.

—— NCQDs
—— CQDs
Magnetite NCQDS

Intensity (a.u)
w

350 400 450 500 550 600
Wavelength (nm)

Figure 4. PL spectra of CQDs, NCQDs, and magnetite NCQDs.

The fluorescence characteristics of both CQDs and NCQDs are due to bandgap tran-
sitions that correspond to the conjugated m domain and surface defects present in them.
However, NCQDs have a much higher excitation intensity compared to CQDs, which is
reflected in their emission of higher energy. This difference may be due to the surface passi-
vation functionality provided by nitrogen atoms. The lone pairs from nitrogen atoms have
created new electronic transitions in NCQDs, resulting in increased photoluminescence
intensity [18].

In its bulk form, magnetite NCQD exhibited low photoluminescent emission due to
the local d-band’s transitional nature. The magnetite NCQDs display a weak emission
when excited at 450 nm radiation. The intense nature of the emission band indicates that the
emission at around 450 nm corresponds to band edge emission, which is likely associated
with the optical absorption at around 440 nm. The proposed structural model of hematite
by Pauling and Hendricks suggests that there are changes in the oxygen atomic coordinates
and an increase in Fe-O bonding separation in nanosized «-Fe;O3 [19]. This results in an
enhancement of magnetic coupling between neighboring Fe** ions, which is responsible
for the observed photoluminescence. However, the low PL properties could lead to the
weak photocatalytic effect of the magnetite NCOQDs produced in this study.

3.4. Results of Optical Analyses

Figure 5 depicts the UV-Vis spectra of the samples. The spectra show an absorption
band in the UV region for both CQDs and NCQDs, which is attributed to the absorption of
the aromatic 7t system or the n-7* transition of carbonyl groups. For CQDs, the absorption
peak at around 275 nm is due to the 7-7t* transition of the C=C bond, whereas NCQDs exhibit
two small peaks at around 275 nm and 350 nm, originating from the aromatic 7t system and
the n-7* transition of the C=0O/C=N bond, respectively. The presence of amino groups in
NCQDs causes the red-shifted absorption peaks. The addition of auxochromes to CQDs shifts
the absorption peaks to longer wavelengths and changes their intensity. Nitrogen groups with
unshared electron pairs can react with CQDs. C=C bonds, absorbing at 250-280 nm, and C=N
or C=0 bonds, absorbing around 343 nm, are involved in forming NCQDs.
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Figure 5. UV-Vis spectra of (a) CQDs (with the emission appearance shown in the inset on the right),
(b) NCQDs (with the emission appearance shown in the inset on the right), and (c) magnetite NCQDs
(with the emission appearance shown in the inset on the right).

Furthermore, when exposed to UV light at 360 nm, water-soluble CQDs and NCQDs
emit bright green and blue fluorescence, respectively, as shown in the insets of Figure 5.
The UV light source used for 360 nm excitation was a UVP Pen-Ray Lamp 11SC-1 (4 W,
UVP LLC). Samples were diluted to 0.01 mg/mL in deionized water to ensure uniform
dispersion. Fluorescence emission was measured using an Edinburgh Instruments FLS920
spectrometer. The 360 nm excitation wavelength was chosen based on characteristic ab-
sorption peaks, with additional tests at other wavelengths confirming optimal fluorescence
detection at this wavelength.

The photo absorption and fluorescence emission results are linked through electronic
transitions in CQDs and NCQDs. UV-Vis absorption peaks correspond to 7-7t* and n-7t*
transitions, indicating the ability to absorb light energy, which is emitted as fluorescence
upon relaxation of excited electrons. The observed green and blue fluorescence aligns with
the absorption characteristics, confirming the unique optical properties of the quantum
dots. This demonstrates that CQDs and NCQDs possess distinctive UV absorption and
fluorescence emission properties. The fluorescence emitted by CQDs and NCQDs aligns
with a previous study, where similar samples exhibited pale blue and blue fluorescence,
respectively [20].

Figure 5 presents the UV-Vis absorption spectra for magnetite NCQDs, with a strong
absorption peak at around 200 nm, which is associated with the 7-n* transition in the
NCQDs. This could suggest that the integration of magnetite nanocomposites and NCQDs
was successful. Coincidently, a similar observation was reported in another study that
produced magnetite NCQDs using lemon juice as the raw material [4].
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3.5. Results of Particles Size Analyses

Figure 6a—c demonstrate the TEM images of CQDs, NCQDs, and magnetite NCQDs.
Figure 6d—f show the CQDs’, NCQDs’, and magnetite NCQDs’ size distributions. The
CQDs, NCQDs, and magnetite NCQDs are evenly dispersed and have a consistent shape.
About 100 particles were analyzed to determine their average diameter. The size distribu-
tions of the CQDs, NCQDs, and magnetite NCQDs were plotted as Gaussian curves with
a 95% confidence interval. The average particle size of the CQDs was determined to be
approximately 4.78 nm, with a narrow size distribution, indicating consistent and uniform
synthesis conditions. For NCQDs, the particle size showed a slightly broader distribution,
with an average size of 5.87 nm, attributed to the inclusion of nitrogen dopants, which
can alter the particle formation dynamics. Meanwhile, magnetite NCQDs exhibited the
largest average particle size, around 13.53 nm, likely due to the influence of multi-dopant
incorporation during the synthesis. The size distribution for all samples was predominantly
within the nanoscale range, confirming the successful fabrication of quantum dots suitable
for their application.
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Figure 6. TEM images of (a) CQDs, (b) NCQDs, and (c) magnetite NCQDs in addition to the size
distributions of (d) CQDs, (e) NCQDs, and (f) MNCQDs.

3.6. Results of Zeta Potential Analyses

Nanocomposites possess surface charges that cause them to interact with each other
electrostatically. The zeta potential analysis can be used to determine the strength of this in-
teraction. The zeta potential analysis showed that both CQDs and NCQDs had electrostatic
charges at a solution pH of 6.5, with values of —16.70 £ 10.6 mV and —26.2 + 8.64 mV,
respectively, as shown in Figure 7a,b. The negative charge exhibited by both types of
quantum dots implies the existence of negatively charged functional groups (such as OH
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and COOH) on their surfaces. As these negatively charged quantum dots possess an excess
of electrons, they are ideal for the photocatalytic degradation of organic pollutants as they
can interact with electron-deficient species. To maintain a stable suspension in an aqueous
solution, it is necessary to have oxygenated functional groups on the surfaces of both
CQDs and NCQDs. Moreover, the similar charges on the surfaces of CQDs and NCQDs
create a repulsive Coulombic force that prevents agglomeration and supports stable water

dispersion of the products.
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Figure 7. Zeta potential distribution of (a) CQDs, (b) NCQDs, and (c) magnetite NCQDs.

The zeta potential results in Figure 7c indicate that the magnetite NCQDs have a zeta
potential of —22.0 &= 6.06 mV. This negative charge density is attributed to the presence
of carboxylic acid groups on the surface. The slightly weaker zeta potential compared to
NCQDs (—26.2 & 8.64 mV) is likely due to surface chemistry changes caused by magnetite’s
incorporation [21]. The ability of the prepared magnetite nanocomposites to disperse and
remain stable was evaluated by measuring their zeta potential. It is widely recognized that
nanocomposites that have a higher charge and a smaller size distribution are less likely
to aggregate. The negative charge density of the precursor NCQDs is attributed to the
presence of carboxylic acid groups on their surface. This negative charge helps prevent
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aggregation by producing repulsive forces between adjacent molecules, thereby contribut-
ing to the stability of the precursor NCQDs. The incorporation of magnetite alters the
surface chemistry, further influencing the stability and charge of the final nanocomposites.
Despite this partial surface coverage, the zeta potential analysis shows that magnetite
NCQDs exhibit a slightly weaker zeta potential (—22.0 & 6.06 mV) compared to NCQDs
(—26.2 £8.64 mV). This could be attributed to residual carboxylic acid groups on the
NCQDs’ surface after magnetite incorporation. These groups contribute to the overall
negative charge but with slightly lower charge density due to surface modifications caused
by the magnetite.

3.7. Results of Thermogravimetric and Differential Thermal (TGA-DTA) Analyses

The TGA-DTA analysis of magnetite NCQDs is presented in Figure 8. The analysis
revealed three stages of decomposition. The first stage resulted in a weight loss of around
15.0%, attributed to the loss of water. The second stage caused a weight loss of approx-
imately 18.2%, corresponding to the decomposition of amine, hydroxyl, and carbonyl
groups on the surface of the NCQDs within the nanocomposite structure. In addition to the
TGA curve, Figure 8 also shows the DTA curve, which revealed three peaks. The first peak,
occurring in the temperature range of 39-150 °C with a maximum at 80.14 °C, corresponds
to the first-stage transition, possibly due to water loss. The second peak, occurring in
the temperature range of 150405 °C with a maximum at 274.33 °C, corresponds to the
second-stage transition and is attributed to the decomposition of amine, hydroxyl, and
carbonyl groups on the surface of the carbon quantum dots. The third peak, occurring
in the temperature range of 404-735 °C with a maximum at 449 °C, corresponds to the
third-stage transition and due to the structural rearrangement of the magnetite NCQDs.
The results demonstrated the stability of the magnetite NCQDs compared to previous work,
as less than 20% weight loss was observed, and all three peaks of the magnetite NCQDs’
transitions were completed [22].

Weight Loss (%)
Derivate Weight (mg/min)
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Figure 8. TGA and DTA curves of magnetite NCQDs.

3.8. Results of Magnetic Property Analysis

To verify the magnetic properties between the NCQDs and the magnetite NCQDs, an
external magnet was utilized. The inset of Figure 9a shows easy separation of magnetite
NCQDs but not NCQDs. Magnetite NCQDs are well-dispersed in water, and when an
external magnet is applied, the magnetite particles will immediately attach to the magnet,
which can improve the separation process. The magnetic properties of magnetite NCQDs
play an important role if they are to be easily separated during environmental remediation.
The saturation magnetization (Ms) value of magnetite NCQDs is 41.022 emug’l, as shown
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in Figure 9. Based on previous research, the saturation magnetization value was only
27 emug !, which is lower than the current study [23]. The higher saturation magnetiza-
tion in the current study, double that of previous research, indicates improved magnetic
properties. This enhancement suggests better magnetite loading, making the magnetite
NCQDs more suitable for applications requiring strong magnetic responsiveness, such as
targeted drug delivery or magnetic separation.
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Figure 9. Magnetization curve of magnetite NCQDs with the inset showing the separation appearance
of the adsorbent using an external magnet: (a) magnetite NCQDs and (b) NCQDs.

3.9. Study of the Adsorption Parameters

The selection of specific concentrations, dosages, and contact times was based on
preliminary studies aimed at optimizing adsorption efficiency. An initial tramadol con-
centration of 10 mg/L was chosen to represent typical pharmaceutical pollutant levels
in wastewater. The contact time for tramadol adsorption was determined by conducting
experiments with varying durations, and the optimal contact time was identified when
equilibrium was achieved. The adsorbent dosage was selected based on the relationship
between tramadol removal efficiency and the adsorbent dosage, with the optimal dosage
determined at the point where further increases in the dosage resulted in minimal improve-
ment in removal efficiency. These parameters were chosen to ensure a balance between
efficiency, practicality, and reproducibility of the results.

The adsorption efficiency of magnetite NCQDs for tramadol removal was found to
be 85.9% within 40 min under optimal conditions, as shown in Figure 10. This efficiency
is higher than the 72.5% reported for copper removal using magnetite composites under
similar conditions in a previous study [24]. This suggests that magnetite NCQDs have
superior adsorption capabilities, particularly for pharmaceutical pollutants like tramadol.

For photocatalytic degradation, magnetite NCQDs achieved 90.4% degradation of
tramadol within 50 min, which is comparable to or better than the performance of conven-
tional photocatalysts reported in the literature, which typically range from 70 to 85% for
similar pollutants [25]. The recyclability of magnetite NCQDs was also remarkable, with a
slight reduction in efficiency from 86% to 80.8% after five cycles, indicating excellent stabil-
ity. This performance aligns with or surpasses that of other nanocomposite photocatalysts
used for wastewater treatment [26].
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Figure 10. Percentage of tramadol adsorption by magnetite NCQDs at different time intervals.

The sorption mechanism in this study is primarily chemisorption, facilitated by inter-
actions between tramadol molecules and functional groups (-OH, -COOH, -NH) on the
magnetite NCQDs’ surface. These interactions include hydrogen bonding, -7t interactions,
and electrostatic forces, as confirmed through FTIR analysis. At pH 6.5, tramadol exists in
its protonated form, carrying a positive charge, which is attracted to the negatively charged
NCQDs, enhancing sorption efficiency. Compared to published studies, this research
achieved 85.9% adsorption efficiency and 90.4% removal efficiency after photocatalysis, sur-
passing many methods reported in the literature. For instance, sodium-exchanged smectite
clays demonstrated 65-70% adsorption efficiency for tramadol under optimized conditions,
as highlighted in a recent study [25]. Additionally, a photo-Fenton-like system achieved
100% degradation for tramadol but required highly optimized experimental conditions [27].
The use of magnetite NCQDs, however, offers additional advantages, such as magnetic
separation, reusability, and a combination of adsorption and photocatalysis, positioning
this material as a promising solution for tramadol removal.

3.9.1. Impact of Contact Time

The result is shown in Figure 10. From the data, the rate of the adsorption increased
rapidly from 0 to 40 min, and it reached an equilibrium state at around 40 min. The
adsorption percentages increased drastically from 43.5% to 85.5% and gradually increased
to 85.9%. Thus, 40 min could be considered a sufficient contact time for the adsorption of
tramadol by magnetite NCQDs.

3.9.2. Impact of Adsorbent Dosage

Figure 11 shows the effect of different adsorbent dosages on the adsorption of tramadol.
The graph reveals that the adsorption of tramadol increased rapidly with increasing dosages
up to around 0.05 g. The highest adsorption percentage was observed at a dosage of 0.1 g,
where the adsorption percentage was 90.84%. Further increasing the dosage above 0.05 g
did not significantly improve the adsorption percentage. Therefore, 0.05 g of magnetite
NCQDs could be suggested for this process. Currently, there are limited data available on
the removal efficiency of tramadol using magnetite composites. Further research is needed
to evaluate the potential of magnetite composites for pharmaceutical pollutant removal,
including tramadol.
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Figure 11. Percentage of tramadol adsorption by magnetite NCQDs at different adsorbent dosages.

3.9.3. Impact of Initial Concentration

The result is shown in Figure 12. The efficiency of tramadol removal by magnetite
NCQDs was found to be dependent on the initial concentration of the tramadol solution.
The maximum adsorption occurred at 2 mg L.=!, with a decrease in efficiency from 94.7%
to 90.3% when the concentration increased up to 10 mg L~!. The reduction in adsorption
can be explained by the fact that the magnetite NCQDs” adsorbent surface has a limited
number of binding sites. Once these sites are occupied, fewer interactions with additional
molecules can occur, limiting further adsorption capacity.
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Figure 12. Percentage of tramadol adsorption by magnetite NCQDs at different initial concentrations.

3.9.4. Investigating the Contact Time of Photocatalytic Degradation

A tramadol solution of 10 mg/L was prepared, and 0.05 g of magnetite NCQDs was
added. The process involved two stages, adsorption in the dark for 40 min and allowing
tramadol to bind to the NCQDs, which achieved tramadol removal of about 85.9%. This
was followed by photocatalysis under visible light. Samples were taken at intervals, and
the degradation rate was calculated by comparing each sample’s concentration to the initial
level. The optimal contact time was identified as 50 min, where degradation stabilized, as
shown in Figure 13.
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Figure 13. Photocatalytic degradation of tramadol solution by magnetite NCQDs at different time
intervals.

From the data, the rate of photocatalytic degradation increases rapidly from 0 to 50 min,
nearing equilibrium between 50 and 60 min. Tramadol removal increased drastically
from 85.9% to 90.2% and gradually reached equilibrium at around 90.4%. Thus, 50 min
is considered sufficient for removing tramadol through the photocatalytic degradation
process using magnetite NCQDs. This study demonstrated that the adsorption process can
remove approximately 85.9% of the tramadol, with an additional 4.5% removed through
photocatalysis.

3.9.5. Investigating the Adsorption of Tramadol onto Magnetite NCQDs: Kinetics and
Mechanism Analysis

The adsorption kinetics of tramadol by magnetite NCQDs were evaluated at 40 min of
contact time using 0.05 g of adsorbent and a tramadol solution of 10 mg/L. The slope and
intercept of straight line plots of log (Q. — Q¢)vs t , shown in Figure 14, gave the values of
k1 (in min~!) and Q. (in mg g~ !), respectively, and the R squared value obtained is 0.9653,
which is close to unity, indicating fitness of the pseudo-first-order model. The k; value

obtained was 0.1147 min~—!.

45
4.9
35 I
e 3 -
?2.5
S "

% ° *
=15 P
1 y =-0.0498x + 4.1139

R?=0.9653
0.5
0
0 10 20 30 40 50 60 70
Time (min)

Figure 14. Pseudo-first-order kinetic plot.

The pseudo-second-order model was found to be more suitable for describing the
adsorption kinetics of tramadol onto magnetite NCQDs than the pseudo-first-order model.
This conclusion was drawn based on the high correlation coefficient of 0.996, as shown in
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Figure 15. Therefore, it can be concluded that the adsorption process of tramadol onto mag-
netite NCQD:s follows pseudo-second-order kinetics. The k, obtained was 0.00004 min~!.
The slow kinetics of tramadol adsorption onto the magnetite NCQDs is reasonable due to
the large molecular size of tramadol.
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Figure 15. Pseudo-second-order kinetic plot.

Based on the k; and k; values, together with the R? values, the adsorption of tra-
madol onto the magnetite NCQDs is primarily driven by chemisorption rather than
diffusion-controlled physical adsorption. Furthermore, the high regression coefficient
for the pseudo-second-order kinetic model suggests the suitability of magnetite NCQDs
for high adsorption of tramadol, possibly in a multilayered manner.

3.9.6. Investigating the Kinetics of Photocatalysis

The Langmuir-Hinshelwood (L-H) model, a first-order kinetics model [28], was used
to assess the photocatalytic reaction kinetics of tramadol. To determine the apparent
specific reaction rate (k), In (Ao/At) versus time was plotted. The linearity of the graph
indicates that the photocatalytic degradation of tramadol conforms to the first-order kinetics
model. Figure 16a shows the linear plot of In (A,/A;) versus time for the photocatalysis of

Tand

tramadol in the presence of magnetite NCQDs, revealing a k value of 0.0306 min~
a correlation (R?) of 0.9903. Conversely, Figure 16b depicts a k value of only 0.008 min~!,
with an R? value of 0.9941 in the absence of magnetite NCQDs. The k values imply
that the rate of tramadol degradation is swifter in the presence of magnetite NCQDs,
indicating that magnetite NCQDs potentially possess numerous active surface sites for
photocatalytic degradation reactions, leading to rapid tramadol degradation. The existence
of functional groups on the surface of magnetite NCQDs had the potential to amplify
the number of sites available for photoreactions and facilitate electron transfer between
the catalyst and tramadol molecules. The rapid electron transport of magnetite NCQDs
could also boost their ability to degrade tramadol molecules when exposed to UV light.
Moreover, the 7-7t bonds between magnetite NCQDs and the benzene rings of tramadol
structures could aid in the adsorption of tramadol molecules onto the NCQDs’ surfaces,
resulting in improved photocatalytic degradation activity. Magnetite NCQDs are capable
of absorbing light in the UV-Vis to near-infrared range, enabling the utilization of solar
energy for photocatalysis. The photo-excitations in the NCQDs play a vital role in the
oxidation and reduction reactions during photocatalytic degradation, making the magnetite
NCQDs effective electron transporters and acceptors and thus ideal photocatalysts [29].
The presence of nitrogen atoms can improve the fluorescent properties of the NCQDs by
inducing charge delocalization, while their atomic size and surface defects can enhance
electronic conductivity and electron concentration, leading to improved photo-excitation
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performance [30]. Moreover, the nanoscale size of the NCQDs promotes charge transport
and enhances electronic conductivity, making them effective electron acceptors and donors
that facilitate electron transfer in the reaction system.
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Figure 16. Graph of In(Ay/A;) versus time for the photocatalytic degradation of tramadol, showing
first-order kinetics in (a) the presence and (b) the absence of magnetite NCQDs.

During the photocatalytic degradation process, a first-order kinetics model was utilized
to evaluate the photodegradation rate using Equation (6), where k is the reaction rate constant.

Figure 17a shows the linear plot of In(1/[At]) versus time for the photocatalysis of
tramadol in the presence of magnetite NCQDs, revealing a rate constant (k) of 0.0098 min !
and a correlation coefficient (R?) of 0.9181. Figure 17b illustrates the photocatalysis in the
absence of magnetite NCQDs, with a k value of 0.1779 min~! and R? = 0.8891.

In brief, the photocatalysis of tramadol using magnetite NCQDs fits well with first-
order kinetics. From the photocatalysis of tramadol solution, the degradation of tramadol
was reported to be around 25% and 85% in the absence and presence of magnetite NCQDs,
respectively. The degradation rate of tramadol decreases when the tramadol is consumed

during photocatalysis.



Processes 2025, 13, 298

20 of 23

()
2
y = 0.0098x + 0.2119
R? =0.9181
0
0 10 20 30 40 50 60 70
Time (min)
()
= 2 y = 0.1779x + 34.287
= 20 R* =0.8891
15
10
5
0
0 10 20 30 40 50 60 70

Time (min)

Figure 17. Graphs (1/[A] versus time) of the photocatalytic degradation of tramadol, showing
second-order kinetics in (a) the presence and (b) the absence of magnetite NCQDs.

3.9.7. Recyclability of Magnetic NCQDs

Magnetite NCQDs act as the adsorbent and the photocatalyst in removing tramadol in
wastewater treatment plants through adsorption and photocatalysis. After the adsorption
and photocatalysis, the magnetite NCQDs are easily separated from the aqueous solution
using the external magnet. In order to be considered eco-friendly, the magnetite NCQDs
were evaluated for their recyclability [31]. The removal efficiency slightly dropped from
86% to 80.8% after five successive cycles, as shown in Figure 18. The desorption of tramadol
was conducted at pH 1 by using 0.1M of HCI in continuous shaking mode in order to
remove the tramadol from the surface of magnetite NCQDs. During the fifth cycle, the
tramadol removal efficiency from the spent adsorbent dropped to approximately 80%.
Above five cycles of usage, the magnetite NCQDs led to tramadol removal below 80%.
Thus, the current study limited the recyclability of the magnetite NCQDs to only five to
ensure effective removal efficiency.
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Figure 18. Recyclability of magnetite NCQDs in tramadol solution removal.

4. Conclusions

Magnetite NCQDs with strong magnetic properties were synthesized from eco-friendly
empty fruit bunches (EFBs) through hydrothermal treatment and co-precipitation, utilizing
lignin as the source material. These superparamagnetic NCQDs, with an average particle
size of 13.53 nm, were successfully functionalized and demonstrated excellent performance
as adsorbents and photocatalysts by efficiently separating photo-generated electron-hole
pairs and minimizing surface charge recombination.

The batch adsorption experiments revealed that magnetite NCQDs rapidly removed
tramadol from aqueous solutions, achieving an adsorption efficiency of 85.9% within
40 min under optimal conditions. The adsorption data were well-fitted by the Freundlich
model (R? = 0.996), and the kinetics analysis indicated that the pseudo-second-order model
better described the adsorption process compared to the pseudo-first-order model.

Under UV light, magnetite NCQDs achieved a tramadol degradation efficiency of
90.4% within 50 min, compared to 85.9% in their absence, highlighting their significant
photocatalytic activity. Additionally, the magnetite NCQDs exhibited remarkable stability,
retaining high photocatalytic efficiency even after five cycles of use.
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