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A B S T R A C T

The key scientific question addressed in this study is whether an agro-industrial biomass precursor and a real 
electronic-waste-derived rare-earth source can be coupled in a single hydrothermal process to produce carbon 
quantum dots (CQDs) with preserved carbon-core structure and tunable optical/magnetic properties.

A one-step, waste-based hydrothermal synthesis of CQDs directly from cherry-seed biomass and spent 
fluorescent-lamp phosphor powder is reported, achieving in situ modification with rare-earth elements (REEs). 
The method simultaneously enables carbonization, nanoparticle formation, and REE coordination without multi- 
stage post-functionalization Structural and morphological characterization by HR-TEM reveals small graphitic 
domains (~2–4 nm) preserved upon REE modification. XPS and EDX provide evidence for surface-associated REE 
species, particularly Dy- and Ho-containing environments, coordinated to oxygen- and nitrogen-containing 
functional groups. Carbon K-edge XAS analysis indicates that the CQDs preserve a stable sp2-dominated car
bon framework, with structural features governed primarily by surface-localized oxygen-containing functional 
groups. FT-IR and UV–Vis spectroscopy indicate changes in the surface ligand environment and the emergence of 
subtle metal-related electronic states. Photoluminescence studies demonstrate tunable emission: undoped CQDs 
blue-shift upon dialysis (λₑₘ ≈ 440 nm), whereas REE-doped show red-shifted emission (λₑₘ ≈ 500 nm) and 
enhanced radiative pathways via metal-ligand charge transfer. Magnetic measurements reveal a three-fold in
crease in paramagnetic responsiveness in REE-doped CQDs compared to undoped counterparts. These findings 
establish a sustainable, facile route to multifunctional CQDs with combined optical and magnetic properties, 
highlighting their potential relevance for future imaging-related applications, provided that cytotoxicity, 
colloidal stability in biological media, and REE ion-leakage are systematically evaluated.

Abbreviations

CQDs Carbon Quantum Dots
REE Rare-Earth Elements
FT-IR Fourier Transform Infrared Spectroscopy
XRD X-Ray Diffraction

HR-TEM High-Resolution Transmission Electron Microscopy
MP-AES Microwave Plasma-Atomic Emission Spectroscopy
UV–Vis Ultraviolet–Visible Spectroscopy
Ln–O Lanthanide–Oxygen bond
λₑₘ Emission wavelength
XPS X-ray Photoelectron Spectroscopy
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EXAFS Extended X-ray Absorption Fine Structure (measured at a 
synchrotron facility)

LOD Limit of Detection
S/N Signal-to-Noise ratio
MRI Magnetic Resonance Imaging
TEY Total Electron Yield
FWHM Full Width at Half Maximum
π–π* pi to pi star transition
n–π* n to pi star transition
Ln3+ Trivalent lanthanide ion

1. Introduction

Electronic waste (e-waste) has emerged as a significant environ
mental concern in recent decades, driven by the rapid proliferation of 
electronic devices and their relatively short life spans [1,2]. Among the 
various categories of e-waste, spent fluorescent lamp phosphor powder 
(SFLs) present unique challenges due to their complex composition and 
hazardous constituents, notably mercury [3]. Improper disposal of SFLs 
can lead to mercury release, posing serious environmental and health 
risks [4,5]. Despite existing recycling initiatives, the intricate makeup of 
these lamps complicates efficient material recovery, particularly for 
valuable rare earth elements contained within the phosphor powders 
[6]. Moreover, global projections indicate that e-waste volumes are 
expected to surpass 70 million metric tons by 2030, underscoring the 
urgency of developing scalable, sustainable recycling strategies [7]. 
Consequently, developing methodologies that facilitate the direct con
version of such waste into valuable materials is of paramount impor
tance, aligning with the principles of a circular economy aimed at 
minimizing waste and maximizing resource utilization [8].

Carbon quantum dots (CQDs) have garnered considerable attention 
owing to their exceptional photoluminescent properties, excellent 
biocompatibility [9], chemical stability [10], and ease of surface func
tionalization [11], opening doors for diverse applications ranging from 
bioimaging and sensing to optoelectronics [12]. The synthesis of CQDs 
can be broadly categorized into two main approaches: traditional “gray” 
synthesis, which typically employs hazardous chemical reagents and 
often involves harsh reaction conditions, and “green” synthesis, which 
utilizes biomass or bio-waste as environmentally benign carbon sources 
[13]. While the former can offer greater control over the physico
chemical properties of the resulting CQDs, it often involves toxic pre
cursors and energy-intensive processes, raising environmental concerns. 
In contrast, green synthesis aligns strongly with the principles of sus
tainable development, offering an eco-friendly and cost-effective alter
native that repurposes abundant agricultural and industrial waste 
materials, thereby minimizing environmental impact [14].

Green synthesis approaches often rely on regionally abundant agri
cultural residues, ensuring both sustainability and economic viability 
[15]. In this context, identifying suitable biomass sources at a local scale 
becomes essential for practical implementation. Poland stands as one of 
Europe's leading producers of cherries, with production figures reaching 
over 200,000 metric tons in recent years [16]. This substantial yield 
results in significant quantities of cherry seeds as by-products, which are 
often underutilized [17]. Given the environmental impact associated 
with long-distance transportation of raw materials, as highlighted by life 
cycle assessment (LCA) studies, it is advantageous to exploit locally 
available resources for material synthesis [18]. Utilizing cherry seeds, an 
abundant and renewable local biomass, as a carbon source for CQD 
synthesis not only adds value to this agricultural waste but also mini
mizes the carbon footprint associated with material transportation.

The biomass precursor should not be regarded only as a carbon 
source, because its chemical structure can influence the surface chem
istry and performance of the resulting CQDs. Cherry-seed biomass is 
expected to contain lignocellulosic and polyphenolic fractions bearing 
hydroxyl, ether, carbonyl, and carboxyl-containing motifs. During hy
drothermal carbonization, these structural units can undergo 

dehydration, fragmentation, aromatization, and partial oxidation, pro
ducing small sp2-rich carbon domains decorated with oxygen-containing 
surface groups. These groups are important for aqueous dispersibility, 
pH-dependent photoluminescence, surface-state emission, and coordi
nation of metal ions.

In the present study, the exact quantitative content of individual 
–OH, –COOH, and related groups in the raw cherry-seed biomass was 
not determined. Therefore, we do not make a quantitative claim 
regarding the precursor composition. However, the FT-IR and XPS re
sults obtained for the final CQDs confirm the presence of surface O–H, 
C–O, C––O, carboxylate-related, and N/O-containing environments. 
These functional groups provide chemically active sites that can interact 
with REE ions released from spent fluorescent-lamp phosphor powder. 
Thus, the biomass-derived surface chemistry is directly relevant to the 
observed photoluminescence behavior, colloidal properties, and REE 
coordination. This interpretation is also consistent with our recent sys
tematic work on carbon dots, where precursor type, synthesis condi
tions, surface chemistry, optical properties, and cytotoxicity were 
discussed as interconnected factors governing CQD performance [19].

Incorporating REEs into CQDs can endow the resulting nano
materials with combined optical and magnetic functionalities, including 
tunable photoluminescence and enhanced magnetic response [20]. Such 
multifunctional CQDs are frequently discussed in the context of multi
modal imaging concepts and other advanced functional applications 
[21,22]. However, when REE-modified CQDs are prepared from real 
waste-derived REE sources, biomedical applicability should be regarded 
as a long-term perspective rather than an immediate claim. Spent 
fluorescent-lamp phosphor powder is chemically complex and may 
introduce residual impurities, competing metal ions, and loosely bound 
REE species. Therefore, before any bioimaging or biomedical use can be 
considered, cytotoxicity, colloidal stability in biologically relevant 
media, impurity transfer, and possible REE ion leakage must be sys
tematically evaluated. In the present work, the optical and magnetic 
responses of the obtained REE-modified CQDs are therefore treated 
primarily as materials-level functionalities, while biological validation 
is identified as a necessary future step.

This study focuses on the development of a one-step, sustainable 
synthesis method for REE-doped CQDs using cherry seeds as the carbon 
source and phosphor powders extracted from spent fluorescent lamp 
phosphor powder as the REE source. This approach not only addresses 
the pressing issue of e-waste management but also contributes to the 
advancement of green nanotechnology by transforming waste materials 
into high-value, multifunctional nanomaterials with potential biomed
ical applications.

2. Experimental

Schematic representation of the synthesis methodology for rare earth 
element (REE)-doped CQDs is shown in Fig. 1. Cherry seeds were used as 
the carbon source for CQD synthesis. Prior to the experimental pro
cedure, the cherry seeds were thoroughly dried and subsequently 
ground into a fine powder to increase the surface area and improve 
reactivity.

A similar preparation process was applied to the spent fluorescent 
lamp phosphor powder, which served as the source of rare earth ele
ments. The lamps were first carefully disassembled, and the phosphor- 
containing residues were collected and milled to obtain a fine particu
late powder.

In the next step, both the cherry pit powder and the powdered 
fluorescent lamp residue were introduced into a Teflon-lined autoclave 
reactor. A solvent mixture consisting of hydrochloric acid (HCl) and 
ethanol was then added to the reactor vessel. Hydrochloric acid was 
used to enhance the leaching efficiency of REEs from the spent lamp 
materials, while ethanol facilitated the extraction of organic compounds 
from the cherry pit biomass.

The synthesis was carried out under high-pressure and high- 
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temperature conditions using a microwave-assisted hydrothermal 
process.

Fig. 2 presents a representative profile of the synthesis process for 
REE-doped CQDs. The x-axis represents time, whereas the y-axis shows 
normalized process parameters, including pressure, temperature, mi
crowave power, and reflected power.

The microwave generator used in this setup operates in a pulsed on- 
off mode with a fixed output power of 300 W. Due to the nature of the 
heating process, the temperature sensor is not placed directly inside the 
reaction vessel but positioned adjacent to it. As a result, the recorded 
temperature values exhibit a notable delay compared to the actual 
temperature inside the reactor. In contrast, readings of pressure, mi
crowave power, and reflected power are acquired in real time.

For safety and process control purposes, both upper and lower 
threshold limits were established for temperature and pressure. The 
process control software is designed to ensure that none of the maximum 
values are exceeded, while at least one of the minimum values (either 
temperature or pressure) is reliably reached during the synthesis.

After the reaction is complete, the system undergoes a controlled 
cooling phase. Only once the external temperature sensor registers a 
value close to 40 ◦C is the reactor chamber opened. At this point, the 
pressure vessel is safely removed from the microwave reactor for further 
post-synthesis processing.

2.1. Materials and precursor preparation

Carbon quantum dots (CQDs) were synthesized using a sustainable 
approach with cherry seeds as the green carbon source. Initially, cherry 
seeds were collected, thoroughly cleaned, and dried. The dried seeds 
were then ground using a laboratory roller-ring mill (EKO–LAB, Brzesko, 
Poland) for 30 s to obtain a fine and homogeneous powder.

To minimize moisture-related variability in the subsequent hydro
thermal synthesis, the moisture content of the milled cherry seed pow
der was determined using an OHAUS MB62 moisture analyzer. Based on 
repeated measurements, the average moisture content was determined 
to be 4.03 ± 0.13 wt%, with the uncertainty expressed as the standard 
deviation.

The elemental carbon and sulfur contents of the cherry-seed pre
cursor were determined using a LECO CS 600 carbon/sulfur analyzer. 
The measurement was performed in triplicate. The cherry-seed powder 
contained 55.73 ± 1.73 wt% carbon and 0.94 ± 0.10 wt% sulfur. This 
analysis was used as a basic elemental characterization of the biomass 
precursor prior to CQD synthesis. However, this elemental analysis does 
not quantify individual –OH or –COOH groups; therefore, the discussion 
of surface functionalities is based primarily on the FT-IR and XPS results 
obtained for the final CQDs.

2.2. Leaching and elemental characterization of spent fluorescent-lamp 
phosphor powder

As a source of REE metal ions for doping the CQDs, spent fluorescent 
tubes were employed. The tubes were mechanically ground to achieve a 
fine powder, ensuring a consistent starting material for the REE 
extraction process. To quantify the REE content present in the fluores
cent tube material, leaching methods were implemented, as well as XRF 
of dry powder. Microwave Autoclave Leaching: A 0.1010 g sample was 
digested in 50 cm3 of 1 M HCl under microwave-assisted high-pressure 
conditions. Classical “Reverse Aqua Regia” Leaching: A separate 0.1124 
g sample was treated at ambient temperature in 100 cm3 of a mixed acid 
solution containing 6 M HNO3 (65%, Supplier: PureLand, p.a.) and 1 M 
HCl. Following leaching, the obtained solutions were filtered to remove 
any residual solid particles and then analyzed using MP-AES 4200 
Agilent.

2.3. One-step microwave-assisted hydrothermal synthesis of CQDs and 
REE-modified CQDs

The synthesis was carried out in a high-temperature, high-pressure 
reactor (Ertec, model Magnum II).

For the synthesis of REE-modified CQDs, 0.500 g of ground cherry- 

Fig. 1. Methodology of REE-doped CQDs synthesis.

Fig. 2. Example time course of the microwave-assisted hydrothermal synthesis 
of REE-doped carbon quantum dots (CQDs), illustrating system parameters such 
as pressure, temperature, and microwave power throughout the reaction.
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seed powder and 0.065 g of spent fluorescent-lamp phosphor powder 
were introduced into the Teflon-lined reactor. This ratio was selected as 
a proof-of-concept compromise between providing an excess of biomass- 
derived carbon precursor for CQD formation and introducing a sufficient 
amount of phosphor powder to release REE species capable of modifying 
the CQD surface. The ratio was not optimized for maximum CQD yield or 
maximum REE incorporation, which is identified as a subject for future 
process optimization.

The HCl/ethanol ratio was 24:1 (v/v). This solvent composition was 
selected to combine two functions in a single reaction medium. Hy
drochloric acid promotes the release of REE species from the spent 
fluorescent-lamp phosphor powder, whereas the small addition of 
ethanol improves wetting of the biomass and extraction of soluble 
organic compounds from the cherry-seed precursor. The ethanol fraction 
was kept low to avoid excessive organic-solvent content under hydro
thermal conditions while still assisting the transfer of biomass-derived 
organic species into the liquid phase, where carbonization and CQD 
nucleation can occur more effectively.

In a typical reaction, the ground cherry seed powder was mixed into 
a solution prepared by combining 24 cm3 of 1 M hydrochloric acid (HCl) 
with 1 cm3 of ethanol (96%, Supplier: PureLand, p.a.). The 1 M HCl 
solution was obtained by diluting concentrated hydrochloric acid (37%, 
Supplier: Avantor, p.a.) with deionized water. All experiments utilized 
deionized water from Polwater (model DL2–100). The elevated tem
perature and pressure conditions were selected to promote CQD for
mation optimized to facilitate the formation of CQDs with enhanced 
luminescent properties and uniform morphology.

2.4. Purification by dialysis

Selected colloids were also prepared in a dialyzed form. Immediately 
after the reaction, the solution was purified via 24-h dialysis. The pro
cess utilized dialysis tubes with a regenerated cellulose membrane 
(Medicell International Ltd., MWCO 12–14 kDa), featuring a wall 
thickness of 0.03 mm, a diameter of 28.6 mm, and a length of approx
imately 30 cm. This procedure was used as a purification step to remove 
low-molecular-weight organic by-products, residual acid, salts, and free 
or weakly bound ionic species from the post-reaction mixture. In the 
case of REE-modified CQDs, dialysis can also partially remove weakly 
adsorbed or electrostatically associated REE ions, whereas more strongly 
coordinated REE species are expected to remain associated with the CQD 
surface. The dialysis process was repeated three times. The dialysis 
process was repeated three times.

2.5. Magnetic-response measurements

Magnetic properties were analyzed using a custom-built test setup 
[23]. The magnetic interaction was quantified as the apparent change in 
mass registered by the balance, which corresponds to the vertical force 
exerted by the magnetic field on the sample. The tested solution was 
placed in a quartz cuvette and positioned on an analytical balance, 
separated from the magnetic field by a dedicated element. A set of 
neodymium magnets (0.5387 T) attached to a stepper motor was grad
ually brought closer to the sample. The balance recorded the interaction 
force as an apparent mass change, which was monitored over the 
measurement time corresponding directly to the distance of the magnet 
from the sample surface. The maximum apparent mass change was 
observed when the magnet was positioned at 10 μm from the sample 
surface. The maximum apparent mass change corresponds to the sam
ple's relative magnetic susceptibility.

2.6. FT-IR spectroscopy

FT-IR analysis was performed using a Nicolet 380 FT-IR spectrometer 
(Thermo Fisher Scientific) operating in transmission mode. Prior to 
analysis, the dried samples were homogenized with spectroscopic-grade 

KBr suitable for FT–IR measurements and pressed into transparent pel
lets. Spectra were recorded in the range of 4000–400 cm− 1 with a 
spectral resolution of 4 cm− 1. For each sample, 100 scans were collected 
and averaged to improve the signal-to-noise ratio. The obtained spectra 
were used to identify the main surface functional groups of the CQDs 
and to compare vibrational features before and after REE modification.

2.7. Raman analysis

Measurements were carried out using a MonoVista CRS3 500 Raman 
microscope, operating with a 532 nm laser at a power of 4.5–5.5 mW 
(with a neutral-density filter set to 1.5) and equipped with a 300 /mm 
grating. An Olympus BX53 microscope with a 100× objective lens was 
used for focusing. The Raman spectra were recorded over the 75–4600 
cm− 1 range, with an exposure time of 1 s and 10 accumulations per 
measurement. The measurements were performed at the Complemen
tary Techniques Section of the ASTRA beamline at the SOLARIS Syn
chrotron (Kraków, Poland).

Samples of CQD and REE–doped CQD colloids were drop-cast onto 
silicon substrates coated with a 100 nm Au layer. The 100 nm gold films 
on silicon were prepared according to the methodology described in our 
previous work [24]. Briefly, the Au-coated Si substrates were used to 
provide a stable, conductive, and Raman-compatible surface for the 
deposition of the colloidal samples. After drop-casting, the samples were 
allowed to dry at room temperature prior to Raman measurements.

2.8. Structural and morphological characterization

HR-TEM were recorded using the FEI TECNAI TF 20 X–TWIN in
strument. A drop of colloidal suspension after the dialysis process was 
placed onto a copper grid pre-coated with amorphous carbon film (Ul
trathin Carbon Film on Lacey Carbon Support Film, 400 mesh). The 
samples were allowed to dry at room temperature.

To investigate the crystalline structure of the fluorescent tubes, XRD 
analysis was conducted using a Rigaku diffractometer (RIGAKU, Pri
mini, Japan) with the use of a copper tube (λ = 1.54059 Å). The obtained 
diffraction patterns helped in confirming the structural integrity and 
phase composition of the analyzed materials.

2.9. Optical characterization and PL lifetime measurements

The optical properties, specifically the fluorescence emission of the 
synthesized CQDs, were characterized using a Horiba FluoroMax spec
trophotometer. These measurements were critical for assessing the 
impact of REE doping on the CQDs' luminescence. Fluorescence quan
tum yield (QY(%)) measurements were performed using an integrating 
sphere (Jasco ILF-835 with 100 mm diameter). QY(%) calculation was 
performed using the built-in software (ABL&E JASCO SpectraManager 
2.0 software) of the Jasco FP-8500 spectrofluorometer based on two 
recorded spectra: (1) direct excitation, where the exciting beam hits the 
sample directly and only diffused light excites the sample, and (2) a 
spectrum recorded without a sample for the measurement of scattered 
light. The recorded spectra were corrected using a Jasco Calibrated Light 
Source-WI (ESC-842) without using other references. Fluorescence (PL) 
lifetime studies were carried out using a Horiba DeltaFlex time- 
correlated single photon counting (TCSPC) device. Multiple samples 
were analyzed in a 10 mm quartz cuvette using a DeltaDiode pulsed laser 
as a light source (λ = 371 nm), and a 400 nm long pass filter was 
employed. All measurement data were registered using a 4 MHz repe
tition rate in the range of 0–200 ns, with a wide slit value of 8 nm due to 
the long lifetime components and relatively low quantum yields. The 
instrument response function (IRF) was determined with multiple set
tings for the correction of very short lifetimes using a standard silica 
dispersion provided by Horiba. The decay curves were evaluated using 
the EZTime program included with the equipment. The measurement 
data were fitted using exponential functions, and the lifetime 
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components were determined, while the fitting was characterized by the 
obtained χ2 values.

2.10. Surface chemical analysis by XPS

The elemental composition of a representative CQD, following a 
modification test, was determined using X-ray Photoelectron Spectros
copy (XPS). The analysis was conducted with an ESCA/XPS photoelec
tron spectrometer, equipped with an SES R4000 hemispherical analyzer 
(Gammadata Scienta). A PREVAC RS40B1 lamp served as the source of 
Mg Kα radiation (1253.6 eV), operating at 180 W. The sample was 
prepared by being deposited onto indium, mounted on a dedicated 
holder, and then subjected to 3 h of initial pumping before being 
transferred into an ultra UHV environment for analysis. Survey spectra 
were acquired at 0.25 eV intervals, while detailed spectra were recorded 
with a finer resolution of 0.05 eV intervals. For data processing, CasaXPS 
2.3.26PR1.0 software was utilized. Spectra were calibrated to the Fermi 
edge, and backgrounds were managed using the Shirley algorithm. 
Spectral lines were fitted with the Voigt function.

2.11. Soft X–ray absorption spectroscopy

Soft-X-ray measurements were carried out at the PIRX beamline of 
the SOLARIS National Synchrotron Radiation Centre (Krakow, Poland). 
For XAS, the samples were prepared by drop-casting the colloidal dis
persions onto diced Si wafers (~4 × 4 mm). A ~ 5 μL aliquot of the 
colloid was deposited per drop and allowed to evaporate at room tem
perature; this deposition cycle was repeated three times to increase 
surface coverage. A gradual increase in the dullness of the Si surface was 
visible in subsequent stages of colloid deposition. The coated Si pieces 
were then affixed to a standard molybdenum sample holder using 
double-sided conductive carbon tape, which ensured reliable electrical 
grounding and minimized charging during acquisition. Immediately 
after mounting, the specimens were transferred into the analysis system 
and kept under ultra-high vacuum (UHV). All scans were corrected for 
beamline/substrate background using three reference measurements 
collected on a clean substrate. For each spectrum, the background signal 
was interpolated to the measurement grid, averaged, and scaled to the 
pre-edge by least-squares (α). The scaled background (α⋅BG) was sub
tracted from the raw signal prior to normalization. This step is partic
ularly important at the C K-edge due to weak carbon contamination in 
the beam path and from the substrate environment.

3. Results and discussion

3.1. Analysis of rare-earth element composition in fluorescent-lamp 
phosphor powder

Before CQD synthesis, the spent fluorescent-lamp phosphor powder 
was characterized as the REE-containing precursor. Its leachability was 
evaluated using classical acid leaching and microwave-assisted auto
clave leaching, and the resulting solutions were analyzed by MP-AES. 
The results obtained are presented in the table below (see Table 1).

It is worth recalling and emphasizing that the same leaching mixture 
was used in both cases.

Because the same leaching medium was used for both procedures, 
the higher REE concentrations obtained after microwave-assisted auto
clave leaching indicate that elevated temperature and pressure enhance 
the release of REE species from the phosphor matrix.

MP-AES results are reported as concentrations, with “n.d.” indicating 
values below the LOD; LODs for each element and the analytical 
wavelengths used are provided in Table 1. Where applicable, alternative 
emission lines were selected to minimize spectral overlap (particularly 
in the presence of high Y and Pr XPS-derived atomic percentages refer to 
the top surface (~5–10 nm) and are not directly comparable to bulk MP- 
AES concentrations [25].

This distinction is particularly important for CQDs, where REE spe
cies are expected to be localized mainly at the surface through coordi
nation with oxygen- and nitrogen-containing functional groups rather 
than being uniformly distributed throughout a bulk crystalline phase. 
Consequently, MP-AES reflects the solution-accessible elemental 
composition after leaching/digestion, whereas XPS selectively probes 
surface-enriched REE species present on the dried CQD surface. These 
two techniques therefore provide complementary, but not directly 
interchangeable, information on REE incorporation.

It should also be noted that the elemental composition of the lumi
nescent lamp residue is highly complex. In addition to a significant 
fraction of REEs, it also contains measurable amounts of transition 
metals as well as light metals. While the presence of light metals is of 
minor importance for the process due to their abundance and their 
occurrence in the organic precursor (carbon quantum dots derived from 
biomass such as seeds), the transition metals can play a more critical 
role. Specifically, their coexistence with REEs in the leachates may in
fluence the modification pathways of CQDs, potentially leading to ef
fects not typically observed in synthetic systems, where REE dopants are 
usually studied in isolation. This complexity introduces an additional 
degree of realism and may open opportunities for obtaining novel 
luminescent properties of CQDs that are difficult to reproduce in 
simplified laboratory conditions. At the same time, this multicomponent 
composition may also influence the synthesis and properties of the 
resulting CQDs. Light metals and alkaline-earth elements can affect ionic 
strength, pH, and colloidal stability, whereas transition metals may 
compete with REE ions for oxygen- and nitrogen-containing surface 
coordination sites or contribute to photoluminescence quenching. 
Therefore, the material obtained in this work should be regarded as REE- 
modified CQDs prepared from a real multicomponent waste precursor 
rather than as CQDs doped with a single, isolated lanthanide ion. Dial
ysis and filtration remove a fraction of soluble and weakly bound spe
cies, but trace impurities may still influence surface chemistry, 
aggregation behavior, and optical response.

3.2. Visual appearance of CQD dispersions and effect of dialysis

Solutions directly after synthesis exhibited a yellow-brown color 
under daylight. Organic precursor residues (cherry stones) and REE 

Table 1 
REEs extracted from spent fluorescent lamp phosphor powder.

Element Classic leaching, ppm Autoclave leaching, ppm

Lu n.d. n.d.
Yb 0.02 ±0.0018 n.d.
Er 0.03 ± 0.0035 0.07 ± 0.0022
Gd 3.36 ± 0.077 2.76 ± 0.08
Ho 0.02± 0.00059 n.d.
Tb 6.51 ± 0.023 7.42 ± 0.033
Dy 0.03 ± 0.00071 0.03 ± 0.000036
Sc 0.04 ± 0.0034 0.02 ± 0.00045
Y 127.59 ± 1.1 104.36 ± 0.018
Eu 7.86 ± 0.028 6.73 ± 0.017
Tm n.d. n.d.
Pr 208.48 ± 2.7 404.29 ± 3.4
Nd n.d. n.d.
Sm n.d. n.d.
Ce 10.98 ± 0.23 11.95 ± 0.42
La 113.51 ± 3.1 106.61 ± 1.1
Cu 0.68 ± 0.0035 0.78 ± 0.0059
Zn 0.71 ± 0.02 0.60 ± 0.003
Sr 9.03 ± 0.088 8.97 ± 0.034
Ca 333.42 ± 2.6 339.20 ± 3.4
Mg 2.71 ± 1.1E-02 4.01 ± 0.015
Ba 85.52 ± 0.7 76.10 ± 0.32
Fe 6.01 ± 0.042 5.67 ± 0.04
Al 25.27 ± 0.22 49.74 ± 0.09
Na 14.00 ± 0.46 31.31 ± 0.44
K 1.52 ± 0.0091 2.71 ± 0.016

K. Wojtaszek et al.                                                                                                                                                                                                                             Chemical Engineering Journal 542 (2026) 177824 

5 



precursor residues (fluorescent lamp phosphor) were removed by 
filtration using filter paper (soft for the final step) and a glass filter 
funnel. The schematic origin and visual appearance of the samples are 
presented in Fig. 3.

The obtained samples were coded as follows: 

• Sample A – carbon nanodots synthesized from cherry stones, before 
dialysis.

• Sample B – retentate after dialysis of sample A.
• Sample C – permeate (water) collected after the first dialysis of 

sample A.
• Sample D – carbon nanodots synthesized from cherry stones with the 

addition of fluorescent lamp powder, before dialysis.
• Sample E – retentate after dialysis of sample D.
• Sample F – permeate (water) collected after the first dialysis of 

sample D.

Fig. 3 shows the appearance of the solutions: 

• A–F – samples under UV light,
• A'–F′ – the same samples under daylight.

As can be observed in all cases, the fluorescence is notable. However, 

in the case of a non-dialyzed sample, the intensity of fluorescence seems 
to be lower. It is probably a combination of several effects. It is well 
known that CQDs often exhibit pH-dependent fluorescence [26]. This is 
due, among other things, to the presence of numerous functional groups 
on the CQD surface [27]. Moreover, in the case of high concentrations of 
other compounds with high absorption but not fluorescence, an internal 
filter is formed. This causes only a small volume of the solution to be 
effectively illuminated by UV radiation. Another reason is that labora
tory glass is most often sodium glass, which also partially absorbs UV, 
thus limiting effective excitation.

Importantly, samples C and F, which are permeates (water) after 
dialysis, exhibit strong luminescence. This is due to the significant 
dilution of fluorescent species, being either residual by-products of the 
synthesis, small enough to pass through the dialysis membrane, or trace 
amounts of dialyzed solution A and B that entered the permeate through 
minor micro-leaks in the dialysis setup. This interpretation is supported 
by the fact that upon high dilution of samples B and E, a similar degree of 
fluorescence was obtained. Furthermore, permeates collected after 
subsequent dialysis cycles no longer exhibited any fluorescent 
properties.

These observations indicate that dialysis affects the apparent optical 
response mainly by removing low-molecular-weight fluorescent species, 
residual ions, and weakly bound surface species from the post-reaction 

Fig. 3. Origin and appearance of samples A-F under UV light (A-F) and daylight (A'-F′). Samples A–C: carbon nanodots from cherry stones; D–F: carbon nanodots 
from cherry stones with fluorescent lamp powder; before dialysis (A, D), retentates (B, E), and permeate.
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mixture. The as-synthesized solution should therefore be regarded as a 
complex post-reaction mixture rather than a purified CQD dispersion. 
Dialysis may also modify pH, ionic strength, and surface protonation 
equilibria, which can influence PL intensity and the retention/desorp
tion of weakly coordinated REE species. However, such purification is 
not expected to reconstruct the graphitic/sp2 carbon core of the CQDs; 
instead, it primarily affects the surrounding solution chemistry and 
weakly bound surface functionalities.

3.3. FT-IR analysis of CQDs and REE-modified CQDs

The FT-IR spectra of both undoped CQDs and REE-doped CQDs 
reveal a series of well-defined absorption bands that map the evolution 
of surface chemistry upon metal incorporation (see Fig. 4). In the 
undoped CQDs, a broad O–H stretching band appears at 3431.7 cm− 1, 
indicative of surface hydroxyl groups and adsorbed water engaged in 
hydrogen bonding [25,28]. The aliphatic –CH2– vibrations manifest as 
an asymmetric stretch at 2918.9 cm− 1 and a slightly lower-intensity 
symmetric stretch at 2866.0 cm− 1, reflecting residual alkyl fragments 
on the CQD surface [29,30]. These aliphatic functional groups 
contribute to the chemical reactivity and solubility of CQDs [31]. A 
strong band at 1629.9 cm− 1, present in both, undoped and REE-modified 
CQDs, is assigned to overlapping graphitic C––C skeletal vibrations with 
possible contributions from conjugated C––O groups [32–34]. The 
persistence of this band after REE modification suggests that the con
jugated carbon framework is largely preserved, although this band alone 
cannot be used as definitive evidence for a specific edge‑carbonyl 
structure.

In the fingerprint region, two closely spaced bands at 1428.6 cm− 1 

and 1388.1 cm− 1 in the pristine CQDs – assigned to symmetric carbox
ylate (–COO− ) stretches [35–37] and –CH3– bending modes [38], 
respectively – display a reversal of relative intensity upon REE doping 
(shifted to ~1432 and ~ 1392 cm− 1). This inversion signals preferential 
coordination of rare-earth ions to surface carboxylate groups, which 
both stiffens the C–O bond (blue-shift) and enhances its IR activity. The 
C–O stretching region likewise exhibits a notable red-shift from 1058 
cm− 1 in the undoped CQDs to 1048 cm− 1 in the doped material, further 
evidence of metal–oxygen bonding at surface ether, hydroxyl, or 
carboxylate sites.

The REE-modified CQD spectrum shows a new band at 877 cm− 1, 
which is absent in the undoped CQDs. This feature should not be 
assigned to a pure Ln–O stretching vibration, because lanthanide–oxy
gen stretching modes are generally expected at lower wavenumbers.

The lanthanide‑oxygen stretching vibrations are generally found in 
the lower frequency regions 400–700 cm− 1 [39]. The most convincing 
assignment of the 877 cm− 1 band is to surface CO₃2− (or a mixed Ln- 
O⋅COO− mode) rather than a pure Ln-O stretching vibration. Therefore, 
the “shift” is due to ligand chemistry and mode coupling (or the presence 
of carbonates), rather than a simple stiffening of the metal–oxygen bond 
[39–41]. Conversely, the aromatic C–H out-of-plane bending mode at 
798.7 cm− 1, prominent in the pristine CQDs, disappears after doping, 
suggesting that REE coordination perturbs or replaces edge-bound 
phenolic/aromatic sites. Together, these spectral changes provide a 
coherent picture of how green-synthesized CQDs are functionalized and 
stabilized by direct rare-earth metal‑oxygen interactions, without 
disruption of their conjugated carbon core. The peak around 2350 cm− 1 

was not analyzed, as it originates from the hydraulic press oil used 
during sample preparation and represents a weak artifact.

This type of artifact is commonly observed in FTIR spectra due to 
contamination from lubricants or oils used in sample preparation. Such 
peaks are typically weak and narrow, resulting from weak intermolec
ular interactions, as discussed by Nandiyanto et al. [42].

3.4. Raman analysis

Raman spectroscopy was used to evaluate the structural organization 
of the carbon framework in CQDs and REE-doped CQDs. In both sam
ples, two broad bands characteristic of carbonaceous nanostructures 
were observed in the 1000–1800 cm− 1 region. The D-band envelope is 
associated with structural disorder, edge defects, and finite-size sp2 

carbon domains, whereas the G band corresponds to the in-plane 
stretching vibration of sp2-hybridized carbon atoms.

The spectra were fitted using a minimal two-Gaussian model with a 
linear baseline. This approach was selected to provide robust compar
ative descriptors of the CQD carbon framework without introducing 
model-dependent multi-component deconvolution. The fitted parame
ters included the D- and G-band positions, their FWHM values, and the 
ID/IG ratio calculated from the fitted peak heights. The obtained results 
are shown Fig. 5.

Raman spectra were recorded over a broad spectral range in order to 
include both the characteristic carbon D/G region and the low- 
wavenumber region where Ln–O-related vibrations could potentially 
occur. No distinct Raman bands that could be reliably assigned to Ln–O 
vibrations were observed in the low-wavenumber region. This point is 
important because literature data indicate that Raman-active Ln–O- 
related modes are expected in this spectral range. For hydrated lantha
nide(III) ions, symmetric Ln–OH2 breathing modes have been reported 
at approximately 343–363 cm− 1 for light rare-earth aqua ions and at 
approximately 387–396 cm− 1 for heavier rare-earth aqua ions [43]. In 
addition, Raman studies of C-type rare-earth sesquioxides show oxide- 
related bands in a comparable low-wavenumber region, including fea
tures around 338–379 cm− 1 depending on the rare-earth oxide phase 
[44]. Therefore, the absence of a well-resolved band in this region in
dicates that Ln–O vibrations, if present in the REE-doped CQDs, are 
below the detection limit of the present Raman experiment or are 
masked by band broadening, the carbonaceous matrix, and sample/ 
substrate-related contributions. Therefore, Raman spectroscopy was 
not used as direct evidence of lanthanide–oxygen bond formation. 
Instead, the Raman results support the presence of a defective sp2-rich 
carbon framework in both CQDs and REE-doped CQDs. The REE coor
dination environment is discussed based primarily on FT-IR, XPS, and 
complementary spectroscopic evidence.

In both spectra, two broad bands characteristic of carbonaceous 
nanostructures were observed. The band located at approximately 
1350–1370 cm− 1 can be assigned to the D band, which is associated with Fig. 4. FT-IR analysis of CQD and REE-doped CQD.
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structural disorder, edge defects, and finite-size sp2 carbon domains. The 
second broad band, observed at approximately 1585–1590 cm− 1, cor
responds to the G band, arising from the in-plane stretching vibration of 
sp2-hybridized carbon atoms.

For the undoped CQDs, the D and G band maxima were located at 
approximately 1370 and 1585 cm− 1, respectively, giving an ID/IG ratio 
of about 0.75. These values are consistent with literature reports for 
carbon dots and carbon quantum dots, where the D band is typically 
observed near 1330–1360 cm− 1 and is associated with structural dis
order, edge defects, surface functionalization, and finite-size sp2 do
mains, whereas the G band appears near 1580–1600 cm- 1 and originates 
from in-plane stretching vibrations of sp2-hybridized carbon atoms [45]. 
For the REE-doped CQDs, the corresponding maxima were observed at 
approximately 1353 and 1590 cm− 1, with an ID/IG ratio of about 0.79. 
The similar ID/IG ratios indicate that REE incorporation does not sub
stantially disrupt the carbon framework of the CQDs. Instead, both 
samples retain a disordered sp2-rich carbon structure typical of carbon 
quantum dots synthesized from biomass or other carbonaceous pre
cursors [46]. A multi-component deconvolution into additional sub- 
bands was not applied because the broad and partially overlapping 
Raman features of CQDs provide primarily global information on the 
defective sp2-rich carbon framework.

3.5. UV–Vis absorption and photoluminescence mechanism

The UV–Vis absorption spectra of both pristine and REE-doped CQD 
colloids are surprisingly superimposable, indicating that the funda
mental electronic structure of the carbon core remains essentially un
altered by rare-earth incorporation. In both samples, a pronounced 
absorption maximum at 212 nm is observed, which can be attributed to 
the π–π* transitions of the conjugated C––C bonds within the sp2-hy
bridized carbon network of the CQDs (see Fig. 6) [41,47]. This strong UV 
band is a hallmark of graphitic-like domains and confirms the preser
vation of the aromatic core in both undoped and doped materials.

Additionally, both spectra exhibit a clear shoulder at ~293 nm, 
corresponding to n–π* transitions involving surface carbonyl (C=O) or 
carboxylate groups [48]. The presence of these features in both samples 
reinforces our FT-IR finding that C––O functionalities are retained and 
unchanged by REE coordination. After normalization and baseline- 
matched subtraction, the REE-doped CQDs exhibit a weak additional 
absorption contribution in the 300–335 nm region, with a residual 

maximum around 326 nm. This feature is not resolved as a distinct peak 
in the raw spectrum, but becomes evident in the difference/derivative 
analysis and is consistent with weak metal–ligand charge-transfer- 
related states introduced by REE coordination.

This faint absorption may be associated with metal-related surface 
electronic states or charge-transfer-related transitions involving REE- 
coordinated oxygen/nitrogen functionalities on the CQD surface [49]. 
Similar effects have been discussed for metal-doped and lanthanide- 
modified carbon dots, where metal incorporation can alter surface 
charge density, introduce additional surface states, and modify UV–Vis/ 
PL responses [50]. The low intensity of the 316 nm shoulder suggests 
that only a small fraction of the CQD surface participates in such elec
tronic coupling, consistent with sparse and surface-localized REE coor
dination. This interpretation is consistent with reports on lanthanide- 

Fig. 5. Raman spectra of CQDs A), and REE-doped CQDs B) deposited on Au substrates and recorded using 532 nm excitation.

Fig. 6. UV–Vis spectra recorded for CQDs and RRE-doped CQDs.
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ion-doped carbon dots, where surface functional groups are described as 
coordination sites for Ln3+ ions and as mediators of energy transfer 
between the carbon-dot matrix and lanthanide centers [51].

Overall, the near-identical UV–Vis profiles for both samples confirm 
that rare-earth doping does not disrupt the core π-conjugation of the 
CQDs, while the subtle emergence of the 316 nm shoulder provides 
spectroscopic evidence of new metal-related electronic states introduced 
by REE coordination.

3.6. Fluorescence analysis and quantum yield

The photoluminescence behavior of the obtained CQD colloids (see 
Fig. 7) exhibits marked evolution both as a function of surface purifi
cation (dialysis) and rare-earth doping, underscoring the critical role of 
surface states and metal coordination in governing emission properties. 
For the undoped CQDs, excitation-emission matrix scans performed over 
an excitation range of 200–400 nm with emission registration from 400 
to 800 nm reveal that, prior to dialysis, the dominant emissive center is 
activated at λₑₓ ≈ 398 nm, yielding a broad emission maximum at λₑₘ ≈
502 nm. This red-shifted fluorescence likely reflects contributions from 
small molecular fluorophores and loosely bound surface moieties that 
are removed or minimized during dialysis. Indeed, following dialysis, 
the CQDs display a pronounced blue-shift: the excitation optimum 
moves to λₑₓ ≈ 352 nm, and the emission peak sharpens and shifts to λₑₘ 
≈ 440 nm, consistent with a more homogeneous, defect-dominated 
emissive core and the elimination of long-wavelength surface trap 
states. All fluorescence spectra in Fig. 7 have been normalized to a 
common scale to clearly illustrate differences in emission intensity 
among the samples. The change in fluorescence intensity of CQDs after 
dialysis is attributed to the removal of small-molecule species (organic 
compounds), which alters the local environment of the CQDs and affects 
the stability of functional groups responsible for emission. The pH 

change occurring during dialysis, due to the removal of hydrogen ions, 
also contributes to this effect. For REE-doped CQDs, a similar phenom
enon is observed, as surface-adsorbed REE ions partially desorb during 
dialysis due to changes in concentration and pH, further affecting 
fluorescence intensity. This behavior is consistent with observations 
reported in other studies on REE-doped CQDs [52].

For this reason, the observed dialysis-induced spectral changes are 
interpreted as changes in the population of emissive surface/solution 
species and surface protonation states, rather than as evidence for 
reconstruction of the CQD carbon core.

In stark contrast, the REE-doped CQDs exhibit a distinct spectral 
signature. Before dialysis, the excitation maximum resides at λₑₓ ≈ 374 
nm with emission centered at λₑₘ ≈ 460 nm, indicating that the presence 
of rare-earth ions creates new intermediate energy levels or surface traps 
that modulate the fluorescence. After dialysis, the REE-doped CQDs 
further shift their emission toward the red, with λₑₓ ≈ 397 nm and λₑₘ ≈
500 nm. This post-dialysis red-shift and increased emission intensity can 
be ascribed to stabilized metal–oxygen coordination environments on 
the CQD surface, which introduce additional radiative pathways – 
potentially through REE-modified surface states and charge-transfer- 
related pathways at the CQD/ligand interface – thereby enhancing 
and tuning the photoluminescent output.

Taken together, these observations demonstrate that (i) dialysis 
effectively removes extraneous fluorophores and surface traps in 
undoped CQDs, resulting in blue-shifted, core-dominated emission, and 
(ii) rare-earth doping imparts new surface-state dynamics that persist 
even after purification, shifting and broadening the emission profile. 
Such tunability of both excitation and emission wavelengths via simple 
post-synthetic treatments and dopant incorporation highlights the 
versatility of CQDs for tailored optoelectronic applications.

A conceptual energy-level diagram illustrating the proposed photo
luminescence pathways in undoped and REE-modified CQDs is shown in 

Fig. 7. Fluorescence spectra A) CQDs before dialysis, B) CQDs after dialysis, C) REE-doped CQDs before dialysis, and D) REE-doped CQDs after dialysis.
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Fig. 8. In undoped CQDs, excitation occurs mainly through π–π* and 
n–π* transitions, followed by emission from CQD-related surface/core 
states. Dialysis removes low-molecular-weight emissive species and 
weakly bound surface/solution species, leading to bluer emission. In 
REE-modified CQDs, coordination of rare-earth ions to oxygen- and 
nitrogen-containing surface groups is proposed to generate deeper 
surface/charge-transfer-related emissive states, resulting in red-shifted 
broad photoluminescence. Possible lanthanide-centered f–f contribu
tions are shown as secondary and non-dominant.

The PL redshift observed after REE modification is attributed pri
marily to REE-induced reorganization of surface states and charge- 
transfer-related emissive pathways rather than to dominant direct 
lanthanide f–f emission. This interpretation is supported by the broad 
CQD-like character of the emission bands, whereas purely lanthanide- 
centered f–f emission would be expected to produce sharper, element- 
specific transitions. Therefore, the role of REE ions is interpreted 
mainly as modification of the CQD surface electronic structure through 
coordination with oxygen- and nitrogen-containing groups, which sta
bilizes lower-energy emissive states.

The measured QY(%) values for pure CQDs and for REE-doped CQDs 
are summarized in Table 2.

The PL lifetime values are summarized Table 3. For the calculation of 
the lifetime with three parameters, we used the following formula for 
the fitting: 

y = A+B1 • e
− t/τ1 +B2 • e

− t/τ2 +B3 • e
− t/τ3 

where A is the baseline, Bi are the pre-exponentials and τi are the indi
vidual lifetimes. For the calculation of individual amplitudes (Ai): 

Ai = Bi • τi 

and the relative amplitudes Ai (%) are: 

Ai(%) = 100 • Ai

/
∑n

i=1
Ai

= 100 • Bi*τi

/
∑n

i=1
Bi • τi 

It is well-known that CQDs have size-dependent optical properties, 
which are primarily attributed to quantum confinement (π-π* electronic 
transitions). When the size of a CQD is comparable to or smaller than the 

Bohr radius of an exciton, quantum confinement effects become signif
icant. This confinement leads to discrete energy levels, and the energy 
difference between these levels, and thus the emitted fluorescence 
wavelength, is inversely proportional to the size of the CQD. The smaller 
CQDs produced in this work (d ≈ 2–4 nm) are expected to exhibit 
higher-energy emission (shorter wavelengths) and potentially shorter 
fluorescence lifetimes because the excited electrons can more easily 
transition back to the ground state. Electronic transitions involving the 
surface states (e.g., n-π* transitions from C––O or C–N groups) are often 
responsible for the longer components of the nanosecond lifetime and 
can significantly influence the photoluminescence quantum yield and 
excitation-dependent emission. The interaction between the carbon core 
and these surface states is also crucial.

PL lifetime measurements were performed at two emission wave
lengths. These measurements provide direct evidence of a heteroge
neous emissive manifold in CQDs and REE-doped CQDs, in which 
multiple states core-like and surface/charge-transfer states are popu
lated and selected spectrally. In our data, multiexponential decays are 
observed at both 455 nm and 520 nm, with the relative weight of the 
long-lived component increasing at the red detection wavelength, 
consistent with relaxation into lower-energy surface states. Upon REE 
doping, the long component remains pronounced and its fractional 
contribution at 520 nm grows, in line with XAS indications of denser O/ 
N ligand fields and REE–O/N coordination that stabilize deeper radia
tive traps and produce the observed red-shifted PL. The fact that the 

Fig. 8. Conceptual energy-level diagram in CQDs A) undoped, B) REE modified CQDs.

Table 2 
QY(%) determination for CQDs and REE-doped CQDs.

Sample name Excitation wavelength, nm End of emission, nm QY, %

CQDs 352 650 1.67
REE-doped CQDs 397 650 2.10

Table 3 
PL lifetime values of CQDs and REE-doped CQDs.

CQDs

Lifetime components λemission = 455 nm λemission = 520 nm

τ1, ns 1.753 ± 0.053 65.97% 2.090 ± 0.115 42.83%
τ2, ns 6.435 ± 0.215 14.47% 7.757 ± 0.200 23.92%
τ3, ns 0.240 ± 0.018 19.56% 0.298 ± 0.015 33.25%
τaverage, ns 0.824 ± 0.222 0.740 ± 0.231
χ2 0.910 1.179

REE-doped CQDs

Lifetime components λemission = 455 nm λemission = 520 nm

τ1, ns 0.276 ± 0.024 21.82% 0.298 ± 0.021 34.21%
τ2, ns 1.827 ± 0.046 61.31% 2.236 ± 0.094 42.32%
τ3, ns 7.369 ± 0.221 16.87% 8.253 ± 0.219 23.47%
τaverage, ns 0.871 ± 0.227 0.732 ± 0.240
χ2 1.051 1.265
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average lifetime changes modestly while the component distribution 
shifts with wavelength further supports a model of parallel emissive 
channels rather than a single-state emitter. Taken together, wavelength- 
resolved lifetimes, EEM maps, and XAS converge on a common picture: 
dialysis prunes extrinsic fluorophores and shallow traps (blue-shifting 
undoped CQDs), whereas REE incorporation re-engineers surface states 
(enhancing lower-energy emission), all while modest QYs (≈1.5–2%) 
reflect persistent nonradiative competition in the carbon host. This 
multi-probe consistency strengthens the assignment of surface-state/ 
charge-transfer–assisted emission as the dominant pathway in the REE- 
doped CQDs and provides a mechanistic basis for their tunable 
photophysics.

The relatively low QY values obtained in this work should be inter
preted in the context of the deliberately waste-derived and non- 
optimized synthesis route. The use of real biomass and spent 
fluorescent-lamp phosphor powder introduces a chemically complex 
environment, which may increase nonradiative recombination through 
heterogeneous surface states, residual impurities, and incomplete sur
face passivation. Therefore, the QY values reported here are not inten
ded to compete with highly optimized CQD systems prepared from 
purified molecular precursors, but rather to demonstrate that optically 
active CQDs can be obtained directly from coupled agro-industrial and 
electronic waste precursors.

3.7. XRD analysis of spent fluorescent-lamp phosphor powder

The XRD pattern of the spent fluorescent-lamp phosphor powder is 
shown in Fig. 9 together with reference markers for the main crystalline 
phases assigned according to the literature. The experimental pattern is 
in good agreement with the XRD pattern reported for end-of-life fluo
rescent-lamp phosphor residues by Tulay Koc Delice et al. [53], from 
which the identification of the principal phases was adopted and 
compared with reference diffraction positions.

Particular attention should be paid to the possible presence of the 
BaMgAl10O17:Eu2+ (BAM) phase (ICSD Card 26–0163), which is one of 

the main blue-emitting phosphors used in fluorescent lamps [54]. 
Simulated XRD pattern of BAM:Eu2+ reported by Kim et al. also exhibits 
characteristic reflections in the range of 2θ ≈ 25–40 deg., with notice
able sensitivity of peak intensities to the Eu2+ content [55]. In partic
ular, the relative intensity of reflections around 2θ ≈ 33 deg. and 36 deg. 
changes systematically with increasing europium concentration, and a 
splitting of peaks in the 36–37 deg. region may occur at higher dopant 
levels. Structurally, BAM crystallizes in a hexagonal β-alumina-type 
structure (space group P63/mmc), consisting of spinel blocks separated 
by mirror planes containing Ba2+ ions. Europium ions (Eu2+) substitute 
primarily for Ba2+ in these mirror planes, which leads to only subtle 
changes in lattice parameters but can significantly affect diffraction in
tensities. As a result, the identification of BAM in complex mixtures is 
often based not only on peak positions but also on relative intensity 
patterns. In the analyzed phosphor residue, several reflections in the 
range of 2θ ≈ 30–40 deg. may be tentatively attributed to BAM:Eu2+; 
however, their unambiguous identification is complicated by strong 
overlap with other phases, including Y2O3-based phosphors and REE 
phosphates. Moreover, as indicated in the literature, BAM is typically 
well-crystallized and produces relatively sharp reflections, whereas the 
experimental pattern shows significant peak broadening and low signal- 
to-noise ratio [54]. This suggests that, if present, the BAM phase may 
occur in a partially degraded or amorphized form, which is consistent 
with the thermal and chemical treatment of end-of-life fluorescent lamp 
materials.

Another phase that should be considered is CeMgAl11O19 (ICSD Card 
01–077-1429). It was shown by Yan et al., that CeMgAl11O19 exhibits a 
well-defined diffraction pattern characteristic of magnetoplumbite-type 
hexaaluminates, with numerous reflections distributed over a wide 
angular range [56]. Structurally, CeMgAl11O19 belongs to the 
LnMgAl11O19 family with a magnetoplumbite-type layered structure, 
which can be described as alternating CeAlO3 layers and spinel-like 
MgAl10O16 blocks. This structural motif enables extensive cation sub
stitution (Ce3+, Mg2+, Al3+), maintaining crystallographic stability 
while introducing compositional variability. As reported in the paper, 
even Ca2+ can partially substitute into the structure, which may lead to 
peak shifts and broadening. From the perspective of phase identification 
in the studied phosphor residue, this has several important implications. 
First, due to the large number of reflections and their moderate in
tensities, CeMgAl11O19 may contribute to the “background” of unre
solved or weak peaks, especially in the 2θ ≈ 20–60 deg. region. Second, 
its diffraction peaks strongly overlap with other aluminate phosphors 
such as BaMgAl10O17:Eu2+, making unambiguous assignment difficult. 
Therefore, although a definitive identification is not possible based 
solely on the available XRD data, the presence of CeMgAl11O19 is highly 
plausible in the analyzed material. Its contribution is most likely man
ifested through a series of overlapping reflections rather than isolated 
peaks, which may explain part of the unidentified diffraction features 
observed in the experimental pattern.

It is well known that the dissolution of phosphate salts of REE is 
significantly difficult, therefore the amount of Ce3+, Tb3+, and La3+

were expected to be low. Considering the presence of oxide phases the 
strongest reflection at ca. 28.7–28.9 deg. can be attributed mainly to 
cubic terbium oxide phases, particularly Tb2O3 (ICSD Card 98–004- 
0474), with the most intense reflection at 28.8 deg., and or non- 
stoichiometric TbO (ICSD Card 98–015-9760) of peak maxima shifted 
toward higher angles. These reflections overlap with contributions from 
Eu2O3 (ICSD Card 98–063-1461), which shows intense peaks at 27.790, 
29.445, 30.181, 31.128, 31.298, and 32.106 deg., as well as from mixed 
Y–Eu oxide (ICSD Card 98–008-4125), with characteristic peaks at 
28.074, 29.368, 30.034, 31.003, 31.531 and 32.308 deg.

The broad group of reflections observed between 30 and 33 deg. is 
therefore assigned to overlapping contributions from Eu2O3, (Y, Eu)2O3, 
and Tb-containing oxide phases. In particular, the maxima around 
31–32 deg. are consistent with Eu2O3 reflections at 31.128, 31.298, and 
32.106 deg., and with mixed Y–Eu oxide reflections at 31.003, 31.531, 

Fig. 9. XRD pattern of spent fluorescent-lamp phosphor powder with reference 
stick patterns for the main assigned crystalline phases. The principal phase 
assignment follows the XRD analysis of end-of-life fluorescent-lamp phosphor 
residues reported by Tulay Koc Delice et al. [53] and was supported by com
parison with reference diffraction data.
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and 32.308 deg.. The feature around 33.3–33.5 deg. can be assigned 
mainly to Tb-containing cubic oxide phases, including Tb2O3 at 33.379 
deg., and non-stoichiometric TbO at 33.440 deg..

Reflections in the range of 39–43 deg. may originate from several 
overlapping REE oxide phases. Eu2O3 exhibits peaks at 39.053, 39.597, 
40.842, and 42.124 deg., while mixed Y–Eu oxide shows corresponding 
reflections at 38.925, 39.708, 40.953, and 42.192 deg.. Additional weak 
contributions from Tb-containing oxides are also possible in this region.

The reflections observed around 46–48 deg. are consistent with 
Eu2O3 and mixed Y–Eu oxide phases. Eu2O3 shows a significant 
reflection at 47.212 deg., while the mixed Y–Eu oxide exhibits an 
intense reflection at 47.304 deg. These peaks match the experimentally 
observed broad feature in this region.

Possible CeO2 contribution cannot be excluded, as CeO2 (ICSD Card 
98–015-5613), exhibits characteristic reflections at 28.062, 32.515, 
46.646, and 55.324 deg. However, the position of the most intense 
experimental peak is closer to the Tb2O3/TbOx reflections than to pure 
CeO2, suggesting that CeO2, if present, is probably a minor or over
lapping phase.

In addition to oxide phases, the presence of rare-earth orthophos
phates (REPO4) cannot be excluded and is, in fact, highly probable in the 
investigated material. Fluorescent lamp phosphors are known to contain 
significant amounts of phosphate-based compounds, which exhibit high 
chemical stability and resistance to dissolution. Based on the reference 
diffraction data, phases such as CePO4 (ICSD Card 98–018-2586), LaPO4 
(ICSD Card 98–002-1066), and TbPO4 in the xenotime-type structure 
(ICSD Card 98–002-9316) may be present.

These compounds crystallize in well-defined structures, with CePO4, 

and LaPO4 of monoclinic monazite-type structure, while TbPO4 crys
tallizes in a tetragonal xenotime-type structure. Despite structural dif
ferences, their diffraction patterns share several characteristic 
reflections in the range of 2θ ≈ 20–35 deg., which may overlap with 
each other as well as with oxide phases, making unambiguous phase 
identification difficult. The strongest reflections for these phosphates 
typically occur around 2θ ≈ 26–31 deg. (monazite-type), and 2θ ≈
25–35 deg. (xenotime-type), which coincides with several broad and 
partially unresolved peaks observed in the obtained experimental 
pattern.

The occurrence of such phosphate phases is consistent with the 
known chemistry of end-of-life fluorescent lamp phosphors, where rare- 
earth elements are commonly incorporated into stable phosphate 
matrices. This also explains the limited leachability of REEs such as 
Ce3+, Tb3+, and La3+, as already noted. Furthermore, partial substitu
tion within the REPO4 lattice (e.g., by Dy, Ho, Nd, or Pr) may lead to 
peak broadening and additional weak reflections, contributing to the 
large number of unidentified peaks in the experimental XRD pattern.

Those phases contain REE, which can be a source of REE ions to 
modify the fluorescence of the CQDs [6]. Fluorescent lamps are made 
from a so-called rare-earth oxide mix. This is dictated by the high cost of 
separating them before production. Therefore, in practice, all REEs are 
observed in the composition, with varying mass fractions. The identified 
phases are most often described in the literature, but as can be seen, a 
significant portion of the peaks have not been identified. They may 
likely be associated with other members of the group, such as Dy, Ho, 
Nd, Pr, etc. Due to the low signal-to-noise ratio, the identification and 
interpretation of all phases present in the material are challenging.

Fig. 10. HR-TEM characterization of CQDs obtained from cherry seeds. (A) Representative HR-TEM image with inset of FFT analysis of a selected sector; (B) selected 
region at lower magnification; (C) particle size distribution of CQDs based on image B.HR-TEM characterization of REE-doped CQDs obtained from cherry seeds: (D) 
HR-TEM image with inset of FFT analysis of a selected sector; (E) selected region at lower magnification; (F) particle size distribution of CQDs based on image E.
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3.8. HR-TEM analysis, size distribution, and EDX characterization

High-resolution TEM imaging of individual CQDs revealed clear 
lattice fringes, which were further examined by performing a FFT on a 
selected particle (Fig. 10). The FFT pattern exhibits four well-defined 
diffraction spots, each corresponding to an identical interplanar 
spacing of 0.19 nm. The uniformity of this spacing across all reflections 
indicates a highly ordered crystalline domain within the CQDs. An 
interplanar distance of 0.19 nm is characteristic of the (100) lattice 
plane in graphitic carbon structures, suggesting that the CQDs retain sp2- 
hybridized carbon frameworks despite the incorporation of rare-earth 
dopants. This crystallinity likely contributes to their enhanced optical 
and magnetic properties.

HR-TEM analysis of the REE-doped CQDs, and in particular the FFT 
of a single particle, reveals four symmetrically arranged diffraction spots 
corresponding to an interplanar spacing of 0.24–0.25 nm (see Fig. 10). 
This spacing closely matches the in-plane lattice constant of graphitic 
carbon (the (100) reflection, a ≃ 0.246 nm), indicating that the sp2- 
hybridized carbon domains in the CQD core retain a well-ordered hex
agonal symmetry even after rare-earth incorporation. The presence of 
four spots in the FFT underscores the preservation of this two- 
dimensional crystalline ordering.

By contrast, undoped CQDs exhibited FFT spots at 0.19 nm, which 
we had attributed to more highly curved or defect-rich graphitic facets 
(e.g., higher-order (101) or edge-related planes). The shift to the larger, 
in-plane value in the doped sample suggests that REE ions-likely coor
dinating at surface or edge sites-exert a mild tensile strain on the 
graphitic lattice, effectively “flattening” or expanding those domains 
toward the ideal basal-plane geometry.

Crystallinity is enhanced by REE doping, as evidenced by the clear 
four-spot FFT and the approach to the ideal 0.246 nm in-plane spacing. 
Lattice expansion occurs upon metal coordination, reflecting the ability 
of the CQD framework to accommodate REE ions without disrupting the 
core graphitic network. This structural insight complements our optical 
and vibrational data, confirming that rare-earth incorporation stabilizes 
and subtly modifies the CQD lattice while preserving its fundamental sp2 

architecture. Fig. 11 presents the EDX analysis results. The EDX analysis 
was performed for CQDs doped with REE. In this case, the signal from 
carbon, oxygen, terbium, silicone, copper, and chloride is observed. It 
should be underlined that the copper, oxygen and carbon are effects of 
the substrate. The signal of terbium is directly related to the REE dopant. 
As shown in Fig. 9, a phase containing terbium is also present in fluo
rescent lamps. The chloride and silicone are probably residues after 
incomplete dialysis, or CQDs are surface modified with silica and 

chlorides.
It should be emphasized that EDX was used here only as qualitative 

support for the presence of REE-related elements. Quantitative EDX 
mapping of Dy, Ho, or Nd in individual CQDs is not reliable for the 
present material because the particles are only a few nanometers in size 
and the REE content is low and surface-localized. Under such conditions, 
the generated X-ray signal from a single CQD is very weak and can be 
strongly affected by the carbon support film, substrate contributions, 
local aggregation, beam-induced damage, and spectral/background 
overlap. Therefore, the actual Dy3+/Ho3+/Nd3+ loading cannot be 
robustly determined from EDX mapping in this system. The presence and 
chemical environment of REE species are instead evaluated using the 
combined evidence from XPS, EDX, FT-IR, optical spectroscopy, and 
magnetic-response measurements.

The increased tendency of REE-doped CQDs to aggregate in water, 
despite their narrower size distribution, can be understood in terms of 
surface chemistry and colloidal stability. When rare-earth ions bond to 
oxygen-containing functional groups (–OH, –COO− , –C–O–C–) on the 
CQD surface, they effectively “block” or consume these hydrophilic 
sites. This coordination reduces the overall density of free hydroxyl and 
carboxylate groups that normally hydrogen-bond with water, thereby 
decreasing the particle's solvation shell and its affinity for the aqueous 
phase. Moreover, metal binding can neutralize some of the negative 
surface charge (–COO− ) that contributes to electrostatic repulsion be
tween dots. A lower absolute zeta potential weakens the Coulombic 
barrier against aggregation, allowing van der Waals attractions to 
dominate. Together, these effects- diminished hydrophilicity and 
reduced surface charge‑lead to a lower energy barrier for particle- 
particle interactions, and hence, more pronounced clustering in the 
REE-doped CQD colloids.

Fig. 11. EDX analysis of CQDs doped with REE.

Table 4 
Apparent mass change of samples.

Sample name Max. apparent Δm, g

CQD − 0.0012
Dialyzed CQD − 0.0010
Dialysis water CQD − 0.0002
REE-doped CQD − 0.0040
Dialyzed REE-doped CQD − 0.0031
Dialysis water REE-doped CQD − 0.0013
0.025 M Pr(III) − 0.0157
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3.9. Magnetic response of CQDs and REE-modified CQDs

The magnetic-response results are summarized in Table 4 and 
Fig. 12. REE-modified CQDs exhibited a significantly higher magnetic 
response than undoped CQDs. The maximum apparent mass change 
increased from − 0.0012 g for undoped CQDs to − 0.0040 g for REE- 
modified CQDs, while the corresponding dialyzed samples showed 
values of − 0.0010 g and − 0.0031 g, respectively.

Table 4 summarizes the magnetic susceptibility measurements ob
tained for carbon quantum dots synthesized from cherry seeds and their 
dialyzed solutions, as well as for REE-doped CQDs and their respective 
dialyzed solutions. For reference, the measurement of a 0.025 M Pr(III) 
solution was included, since praseodymium is one of the main rare-earth 
ions present in the phosphor powder recovered from fluorescent lamps 
and thus represents a realistic dopant species for the synthesized CQDs.

All values presented in Table 4 were corrected for baseline magnetic 
susceptibility contributions arising from the experimental setup. Spe
cifically, the susceptibility recorded for deionized water and the quartz 
cuvette used to contain the liquid samples was subtracted from the raw 
data, ensuring that the reported values represent only the contribution 
of the investigated nanomaterials and solutions.

As shown in Fig. 12, REE-doped CQDs exhibit significantly higher 
magnetic susceptibility compared to undoped CQDs. This enhancement 
can be directly attributed to the intrinsic paramagnetic properties of the 
incorporated REE ions, confirming that effective doping occurred during 
the one-step hydrothermal synthesis. The values recorded for dialyzed 
samples are lower than those obtained before dialysis, which can be 
explained by the partial passage of magnetic species through the dialysis 
membrane. Consequently, the first dialysis permeates (samples C and F) 
display notable magnetic susceptibility despite their strong dilution 
relative to the original CQD solutions.

Interestingly, the magnetic susceptibility of the first permeates ap
pears relatively high, even though these solutions are strongly diluted. 
This behavior likely reflects the non-linear nature of susceptibility 
changes at very low concentrations, where the degree of solvation of 
paramagnetic species changes markedly upon dilution. In highly diluted 
systems, the increased number of water molecules per paramagnetic ion 
alters the effective magnetic response, which could explain the rela
tively strong susceptibility values recorded for the first permeates. At the 
same time, permeates collected during subsequent dialysis cycles no 
longer exhibited measurable magnetic properties, confirming the 

progressive removal of free paramagnetic species from the system.

3.10. Chemical-state mapping of CQDs and REE-modified CQDs by XPS

Fig. 13 A-B present survey XP spectra of the pristine CQDs (A) and 
the REE-doped CQDs (B), respectively. A pronounced difference in 
elemental composition is evident: the doped sample displays distinct 
rare-earth features attributable to Ho and Dy, confirming successful 
incorporation. In addition, both spectra show the presence of nitrogen, 
fluorine, and sodium (N 1 s ~398–401 eV, F1s ~685 eV, Na 1 s ~1071 
eV), which are consistent with elements inherent to the biomass pre
cursor and/or retained from processing. Among these, nitrogen is 
particularly consequential: N incorporated into the CQD framework 
strongly modulates the electronic structure, and thus the photo
luminescence response, and it also introduces Lewis-basic sites that 
facilitate coordination to metal ions-hence the N 1 s region is examined 
in detail in the high-resolution scans. By contrast, the O 1 s envelope in 
carbonaceous materials does not identify specific compounds i.e., mul
tiple oxygen-containing functional groups (C–O, C––O, O–C=O, hy
droxyls) and adventitious adsorbates (H2O/CO2) within a narrow 
binding-energy window (~530–534 eV), causing substantial overlap. 
Interpretation of this region, therefore, requires careful deconvolution 
(with consistent constraints and sensitivity factors) and cross-validation 
against the C 1 s chemistry and, where available, O K-edge XAS. Overall, 
the survey spectra establish the presence of REE in the doped material 
and highlight heteroatoms inherited from the precursor, setting the 
stage for quantitative analysis from the high-resolution regions.

Fig. 14 A-A'A–B show high-resolution XPS C 1 s spectra of the CQDs 
(A) and the REE-doped CQDs (A'), respectively. In both cases, the en
velope was deconvoluted into four chemically meaningful components 
(A-D), using a Shirley background and mixed Gaussian–Lorentzian peak 
shapes.

The A component at electron binding energy (BE) of ~284.8 ± 0.1 
eV was assigned to C–C bonds in aliphatic chains. The B peak in the BE 
region of ~286.1–286.4 eV confirmed the presence of alcohol or 
phenolic (OH) groups at the CQD surface. The carbonyl/quinone groups 
were indicated by the C component at BE of ~287.7–288.1 eV, and the 
carboxyl/ester ones were ascribed to the D peak in the BE region of 
~288.9–289.3 eV.

A marked decrease in the relative area of the B component (C–OH) is 
evident upon REE doping, while the C––O (C) and O–C=O (D) contri
butions persist. This trend indicates that surface hydroxyl groups are 
consumed or transformed during/after REE incorporation.

Coordination-driven deprotonation: REE3+ acts as a strong Lewis 
acid; C–OH → C–O− sites bind REE (forming C–O–REE linkages). Such 
coordination reduces the fraction of neutral –OH detected in C1s and can 
slightly shift intensity within the C–O/C=O envelope.

From a functional standpoint, depletion of –OH together with 
persistent C=O/O–C=O moieties suggests a surface enriched with acidic 
oxygen ligands that are preferred anchoring sites for trivalent REE, 
which is consistent with the chemical composition of the REE-doped 
CQDs. This evolution of surface bonding is also in line with the fluo
rescence behavior discussed elsewhere: stronger metal‑oxygen coordi
nation stabilizes lower-energy surface states and contributes to the 
observed red-shift of photoluminescence. While A component is labeled 
“aliphatic C–C" for simplicity, in disordered carbon dots, it can include 
contributions from both sp3 aliphatic and sp2 graphitic-like domains.

Fig. 14 B-B′ present high-resolution O 1 s spectra of the pristine CQDs 
(B) and the REE-doped CQDs (B′). The O 1 s envelope was deconvoluted 
into four components (A–D) using a Shirley background and constrained 
Gaussian-Lorentzian shapes.

The A component of O 1 s spectrum at ~531.0–531.8 eV was 
ascribed to OH– groups at the surface. In the case of the most intensive B 
peak at BE of ~532.2–533.2 eV, the organic bonding of oxygen to car
bon (O–C) was found. This peak can also be related to water adsorption 
at the analyzed surface. The C spectrum component at ~533.5–535.0 eV 

Fig. 12. Apparent mass variations of CQD and CQD + REE solutions over 
measurement time.
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indicated the presence of double bonds to oxygen (C=O) or a conjugated 
system of O-C-O bonds. The high BE component of O 1 s spectra (D) can 
be ascribed to high-BE shake-up/energy-loss tails associated with π* 
transitions in unsaturated carbon domains.

A pronounced decrease of the A (–OH) and C (C=O) components is 
observed upon REE doping, whereas component B persists or is redis
tributed. This is consistent with consumption of surface hydroxyls via (i) 
coordination-driven deprotonation to form C–O–REE linkages (REE3+ as 
strong Lewis acids) and/or (ii) condensation/oxidative maturation, 
whereby –OH converts into C––O / O–C=O motifs. The evolution mir
rors the C 1 s analysis (loss of C–OH) and aligns with the fluorescence 
behavior, where stronger REE–O coordination stabilizes lower-energy 
surface states and shifts emission toward the red.

Fig. 14 C-C′ display high-resolution N 1 s spectra for the pristine 
CQDs (C) and the REE-doped CQDs (C′).

The N 1 s envelope of the for CQDs sample was deconvoluted into 
four components (A–D) (see Fig. 14), where A peak at ~398.8–399.6 eV 
was assigned to secondary amines / nitrile groups (–C ≡ N), This peak 
captures neutral N–C environments with sp./sp2 character, including 
–NH– in secondary amines and nitriles near ~399 eV. The B component 
at BE of ~400.6–401.2 eV was ascribed to tertiary amines (–NR₃). The 
ammonium groups or quaternary amines were indicated by the C peak at 
~401.8–402.6 eV. Then the D component in the BE range of 
~405.5–407.0 eV was ascribed to oxidized nitrogen in nitro/nitrite 
groups (NOₓ).

The spectrum shows a clear dominance of amine-type nitrogen (A-C), 
with only a minor NOₓ contribution (D), consistent with nitrogen orig
inating from the biomass precursor and mild post-synthetic conditions.

Upon REE incorporation (see Fig. 14 C), the N 1 s envelope simplifies 
and was robustly fitted with two components assigned to tertiary amines 

Fig. 13. XPS survey spectra of A) CQDS and B) REE-doped CQDs.

Fig. 14. High resolution spectra for A) C1s for CQDs, A') C1s for REE doped CQDs, B) O 1 s for CQDs, B′) O 1 s for REE doped CQDs, C) N 1 s for CQDs, C′) N 1 s for 
REE doped CQDs, D) Dy 4d for REE doped CQDs, and D′) Ho 4d for REE doped CQDs.
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(A peak at ~400.7–401.2 eV) or ammonium / protonated amines 
(–NH₃+ / –NR₄+) in case of the B peak at ~402.0–402.8 eV.

The amine signal remains prominent, whereas nitrile (~399 eV) and 
NOx (~406–407 eV) bands are not detected within the quantifiable 
range after doping. This absence can be rationalized by surface 
complexation and restructuring: (i) inner-sphere coordination of REE3+

to Lewis-basic amine sites (and to deprotonated O-donors seen in C 1 s / 
O 1 s) enhances the relative weight of neutral/tertiary and protonated 
amines; (ii) nitrile/NOx groups are either transformed, screened/atten
uated by the REE-rich overlayer, or fall below the detection limit under 
our settings.

The evolution from a four-component pattern (amine + nitrile +
minor NOx) to a two-component amine-dominated spectrum provides a 
direct spectroscopic indication that N-donor sites mediate REE3+ bind
ing on CQD surfaces. The concurrent trends observed in C1s (depletion 
of C–OH, persistence of C=O/O–C=O) and O 1 s (loss of –OH, growth of 
O–M / C–O contributions) are consistent with the formation of mixed 
N/O ligand fields (C–O–REE / N:→REE). Such coordination environ
ments are known to stabilize lower-energy surface states, in line with the 
red-shifted photoluminescence observed for the REE-doped CQDs.

Fig. 14 D-D′ shows the Dy 4d and Ho 4d core-level XPS regions ac
quired from the REE-doped CQDs. The clear presence of both dyspro
sium and holmium is fully consistent with the magnetic measurements 
reported in Section 3.4 (magnetic properties of the obtained materials), 
i.e., incorporation of strongly paramagnetic 4f ions into the CQD surface 
environment.

The Dy 4d envelope was fitted with two components. Interpretation 
of this region is intrinsically challenging because the Dy 4d manifold 
exhibits final-state multiplet/charge-transfer structure, and-crucially, in 
our geometry, overlaps with the Si 2 s line, which adds intensity near the 
same binding-energy window. As a result, a rigorous oxidation-state 
assignment from Dy 4d alone is not possible under our conditions. 
Within the available reference constraints and the oxygen-rich surface 
chemistry established from C 1 s/O 1 s/N 1 s, the Dy signal is best 
described as an oxidized Dy species, most plausibly Dy3+ coordinated to 
oxygen donors.

The Ho 4d spectrum exhibits a low signal-to-noise ratio (S/N), 
reflecting the low surface concentration. Nevertheless, the line shape 
and binding-energy position are consistent with trivalent holmium 
(Ho3+) most likely coordinated to oxygen ligands, although coordina
tion to nitrogen (either aminic or oxidized) cannot be excluded.

This assignment is in line with the limited but concordant-reference 
data (e.g., compendia akin to NIST listings [57]), while we acknowledge 
that reference coverage for Ho 4d is sparse and the assignment remains 
provisional.

All REE fits used a common set of constraints (background type, 
FWHM bounds, energy windows) across samples to ensure compara
bility. The Si 2 s overlap in the Dy 4d window is the dominant source of 
uncertainty; it can obscure subtle chemical shifts and satellites critical 
for precise oxidation-state discrimination. The Ho 4d analysis is limited 
primarily by counting statistics (S/N). Moreover, the presence of silicon 
– unambiguously confirmed by EDX measurements further complicates 
reliable deconvolution of the Dy 4d and Ho 4d bands, since the Si 2 s line 
(~149.7 eV) lies in close proximity to, and partially overlaps with, the 
broad and multiplet-structured 4d manifolds of the lanthanides (Dy: 
main components ~154–158 eV; Ho: ~160–167 eV [58,59]). As a 
consequence, even minor contributions from the Si signal may mask 
small chemical shifts and satellite structures that are essential for dis
tinguishing oxidation states and coordination environments. The energy 
position of the Si 2 s line (~149.7 eV) is well documented in reference 
databases, while the location and complexity of Dy and Ho 4d states 
(multiplet and charge-transfer features) are described in detail in the 
spectroscopic literature, supporting our interpretation of spectral over
lap as a significant limitation to confident assignments based solely on 
the 4d regions.

To strengthen speciation in future work, we recommend separating 

Si 2 s and REE 4d contributions by: (i) performing parallel analysis of 
REE 3d/4f regions where applicable, (ii) using silicon-free substrates, 
(iii) applying longer acquisition times to improve S/N in Ho 4d, and (iv) 
supporting peak fitting with complementary information from O 1 s, C 1 
s, N 1 s, and/or XAS spectra.

Despite spectral congestion (Dy 4d ↔ Si 2 s) and the modest S/N of 
Ho 4d, the presence of Dy and Ho in the REE-doped CQDs is robustly 
established, and the oxidized, O-ligated character of these ions is 
consistent with the high-resolution O 1 s/C 1 s/N 1 s chemistry and with 
the magnetic response of the materials.

The apparent discrepancy between MP-AES and XPS results arises 
from the fundamentally different information depths and analytical 
selectivity of these techniques. XPS is surface-sensitive and probes only 
the outer few nanometers of the dried CQD surface; therefore, it is 
particularly sensitive to surface-enriched REE species coordinated to 
oxygen- and nitrogen-containing functional groups. In contrast, MP-AES 
quantifies elements present in the bulk leachate or digestion solution 
and is affected by dilution, detection limits, matrix composition, and 
possible spectral interferences. Therefore, the two techniques should be 
regarded as complementary rather than directly comparable. MP-AES 
describes the solution-accessible composition of the spent fluorescent- 
lamp phosphor powder, whereas XPS provides evidence of REE- 
containing species localized at the CQD surface.

This distinction is particularly important for low-abundance REEs, 
for which a weak or non-detectable MP-AES signal does not necessarily 
exclude surface-localized species detectable by XPS, and conversely, an 
element abundant in the leachate is not necessarily efficiently retained 
at the CQD surface.

3.11. Carbon K-edge XAS analysis

All spectra were exported as two-column ASCII/CSV files (energy vs. 
TEY signal). When multiple scans were available for the same sample 
and edge, they were processed identically and then aligned and aver
aged as described below. For each edge, the signal was corrected by 
subtracting a linear pre-edge baseline and normalizing to the post-edge 
level: C K-edge (≈270–345 eV): pre-edge fit over 270–282 eV; post-edge 
normalization to the mean in 310–330 eV. The obtained results are 
shown in Fig. 15.

Noise was estimated as the standard deviation in the pre-edge win
dow (σ_pre). Where useful, we displayed difference spectra (CQDs- REE 

Fig. 15. C K-edge: normalized XAS,
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doped CQDs) on the same energy grid, together with a light ±σ_pre band 
for visual significance. Negative excursions in μ_norm can appear locally 
as a consequence of baseline subtraction and step normalization; our 
REE post-edge flattening was applied to minimize such artefacts and to 
ensure pre-edge ≈ 0 and high-energy post-edge ≈ 1 on both samples.

Measurements addressing the rare-earth component were also per
formed; however, due to the intrinsically low REE content relative to the 
carbon matrix, the REE-to‑carbon signal ratio was insufficient for reli
able quantitative or structural interpretation, and these data are there
fore not discussed further. The REE response was evaluated in the M₄,₅ 
region (~910–1040 eV) using standard pre-edge subtraction and post- 
edge polynomial normalization, confirming a consistently weak REE 
signal. This behavior is consistent with a surface-localized modification 
of the CQDs, with a volumetrically dominant carbon framework and a 
minor REE contribution confined to the outer surface.

3.12. Integrated interpretation, sustainability aspects, and limitations

Taken together, the structural, spectroscopic, optical, and magnetic 
results indicate that the one-step waste-based hydrothermal route en
ables the formation of CQDs whose carbon framework remains largely 
preserved, while the surface chemistry is modified by REE-containing 
species originating from the spent fluorescent-lamp phosphor powder. 
The main functional effects of REE modification are therefore attributed 
to surface coordination, changes in the distribution of emissive surface 
states, and the introduction of paramagnetic centers, rather than to bulk 
reconstruction of the CQD carbon core.

The results of this study demonstrate that a one-step, waste-based 
hydrothermal route can be used not only to generate carbon quantum 
dots (CQDs) from agro-industrial waste but also to incorporate rare- 
earth element (REE) dopants from an electronic-waste-derived precur
sor in the same reaction vessel. By grinding cherry seeds and spent 
fluorescent-tube powder together and subjecting the mixture to 
microwave-assisted hydrothermal conditions in HCl/ethanol media, we 
achieve simultaneous carbonization, particle formation, and metal co
ordination without the need for isolated precursor preparation or multi- 
stage post-synthesis functionalization. The HCl/ethanol medium was 
selected to combine two functions: hydrochloric acid promotes the 
release of REE ions from the spent fluorescent-lamp phosphor powder, 
whereas ethanol improves the extraction of soluble organic compounds 
from cherry-seed biomass. This design was intended to favor carbon
ization of extracted biomass-derived species in solution rather than 
carbonization occurring only within the solid precursor particles.

Recent studies further illustrate the rapid expansion of sustainable 
CQD synthesis and application-oriented design. For example, high-yield 
CQDs have been obtained by solvent-free synthesis from glucose and 
boric acid, demonstrating that simplified synthetic media can improve 
the environmental profile of CQD production [60]. In another recent 
example, waste rubber gloves were converted into fluorescent CQDs 
suitable for direct ink writing, highlighting the broader potential of 
waste-derived CQDs for fluorescent patterning and advanced functional 
materials [61]. In this context, the present work extends the waste- 
valorization concept by coupling an agro-industrial biomass precursor 
with an electronic-waste-derived REE source to obtain CQDs with 
combined optical and magnetic functionality.

The absolute synthesis yield of purified CQDs was not determined in 
this proof-of-concept study. The post-reaction mixture contains CQDs 
together with low-molecular-weight fluorophores, soluble biomass- 
derived organic products, residual acid, salts, free or weakly coordi
nated REE species, and other components originating from the spent 
fluorescent-lamp phosphor powder. Therefore, gravimetric drying of the 
crude product or dialyzed retentate would not provide a reliable yield of 
pure CQDs. Future work should include standardized purification, sep
aration of molecular fluorophores, determination of the isolated CQD 
fraction, and optimization of the cherry-seed/phosphor-powder ratio to 
enable meaningful comparison with other biomass-derived CQD 

systems.
The term “green synthesis” is used here in the context of precursor 

selection, process integration, and waste valorization rather than to 
imply negligible energy input. Hydrothermal carbonization requires 
elevated temperature and pressure to promote biomass decomposition, 
dehydration, aromatization, and CQD nucleation. In the present system, 
these conditions are also important for releasing REE species from the 
spent fluorescent-lamp phosphor powder and enabling their interaction 
with the forming CQD surface. Thus, the sustainability rationale of the 
process arises from the use of low-value waste precursors, the avoidance 
of purified REE salts, and the integration of carbonization and REE 
modification into a single reaction step. At the same time, we recognize 
that energy demand, pressure operation, reagent consumption, and 
purification losses must be optimized before any scale-up or quantitative 
environmental assessment can be claimed.

The present work should be considered a proof-of-concept study 
rather than a complete process-optimization, techno-economic, or life- 
cycle assessment. Therefore, quantitative claims regarding production 
cost, synthesis yield at scale, energy demand, or environmental impact 
would be premature. The synthesis has not yet been optimized with 
respect to CQD yield, REE incorporation efficiency, reagent consump
tion, purification losses, or process scale-up. Nevertheless, the route has 
a clear qualitative environmental rationale: cherry seeds represent an 
underutilized agro-industrial by-product, while spent fluorescent-lamp 
phosphor powder is a problematic waste stream containing valuable 
REEs. The proposed strategy explores the direct conversion of these low- 
value waste-derived precursors into a functional nanomaterial, avoiding 
purified REE salts as dopant sources. Its potential economic advantage 
would therefore not rely on bulk REE recovery alone, which is often 
limited by low margins, but on transforming waste-derived REE-con
taining material into higher-added-value CQD-based products. Further 
work is required to quantify yield, optimize purification, evaluate im
purity transfer, assess biosafety, and perform a dedicated techno- 
economic and life-cycle analysis.

While one-step synthesis of nanodots simultaneously doped with 
REE ions has been reported in the literature as a strategy for developing 
dual-function materials for MRI and fluorescent imaging [62,63], the 
use of spent fluorescent lamp phosphors as an in situ REE source rep
resents a novel approach, aligning with waste valorization trends and 
enabling the generation of highly functional new materials. This 
streamlined approach greatly simplifies scale-up and ensures intimate 
mixing of REE ions with nascent CQD nuclei, promoting efficient surface 
binding as evidenced by the appearance of Ln–O IR bands and new 
UV–Vis and photoluminescence features.

FT-IR spectra confirmed the presence of abundant oxygen-containing 
functional groups (–OH, –COOH, C––O) on the CQDs, which serve both 
as stabilizers in aqueous suspensions and as coordination sites for REE 
dopants. The observed shifts in vibrational bands for REE-containing 
samples indicate direct dopant interaction with the CQD surface 
chemistry. Complementary XRD analysis of the lamp phosphor precur
sor confirmed the presence of crystalline rare-earth oxides and phos
phates, validating the source of REE species responsible for doping. HR- 
TEM imaging further revealed well-defined, quasi-spherical nanodots 
with a narrow size distribution (2–6 nm), where the presence of dopants 
occasionally introduced local lattice distortions but did not disrupt 
overall structural homogeneity. Such uniform morphology is critical for 
the reproducibility of optical and magnetic properties. Similar mor
phologies were observed for Gd3+-doped carbon dots in “Gadolinium- 
doped fluorescent carbon quantum dots as MRI contrast agents and 
fluorescent probes,” with particle sizes ranging from 2 to 8 nm [52], 
while in “One-pot synthesis of gadolinium-doped carbon quantum dots 
for high-performance multimodal bioimaging,” particle sizes were re
ported as 15.0 ± 5.0 nm [62]. Compared to these reports, our CQDs 
show a narrower size distribution and reduced aggregation, suggesting 
enhanced structural uniformity that may contribute to more reproduc
ible optical and magnetic behavior.
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Perhaps most striking is the three-fold enhancement of magnetic 
responsiveness observed in the REE-doped CQDs compared to their 
undoped counterparts. Whereas undoped CQDs exhibit only weak, 
paramagnetic behavior arising from surface defects, the incorporation of 
Ce3+/Eu3+/Tb3+ (or other lanthanide) centers imparts strong, tunable 
magnetic moments that remain accessible in aqueous colloids. This 
magnetic amplification, coupled with the retention of excitation-tunable 
fluorescence, suggests that the materials may be relevant to future dual- 
mode imaging concepts. However, at the present stage, this should be 
regarded only as a materials-level indication of combined optical and 
magnetic functionality, not as validation of biomedical applicability. 
Before any bioimaging application can be considered, cytotoxicity, 
colloidal stability in biologically relevant media, protein-corona for
mation, biodistribution, clearance, and possible REE ion leakage must be 
systematically evaluated. The functionality of REE-doped CQDs as a 
dual-contrast agent has already been evaluated in comparison with 
commercial agents such as Gadobutrol, in a study where Gd-doped 
carbon quantum dots were synthesized from glucose via a one-step hy
drothermal process [52].

XPS analysis provided direct evidence of successful doping, revealing 
REE ions stabilized as oxides or coordinated to oxygen-rich surface 
groups. The chemical-state mapping confirms that doping is surface- 
mediated and modifies the electronic environment without disrupting 
the carbon backbone.

The carbon-edge analysis indicates that the CQDs preserve a well- 
defined carbon framework dominated by sp2-hybridized domains, 
accompanied by oxygen-containing surface functionalities. The pres
ence and relative intensity of features associated with these groups 
suggest that the electronic structure of the carbon core remains largely 
intact, while surface chemistry plays the primary role in defining the 
near-edge response. This behavior supports the interpretation that the 
observed modifications in the CQDs arise predominantly from surface 
effects rather than from fundamental restructuring of the carbon 
backbone.

Our comprehensive spectroscopic analysis further reveals that REE 
incorporation modulates key optical properties of the CQDs. UV–Vis 
spectra remain largely unchanged in the core π–π* transition at 212 nm 
and the n–π* shoulder at 293 nm, indicating structural preservation of 
the graphitic domains, while a new, weak shoulder around 316 nm in 
doped samples points to metal-to-ligand charge transfer states. In par
allel, photoluminescence profiles shift in opposite directions upon 
dialysis and REE doping: undoped CQDs blue-shift from λₑₘ ≈ 502 nm 
(pre-dialysis) to 440 nm (post-dialysis), highlighting removal of long- 
wavelength surface traps, whereas doped CQDs exhibit red-shifted 
emission (460 nm pre-dialysis to 500 nm post-dialysis) consistent with 
metal-induced trap states and ligand-to-metal charge transfer pathways. 
Such tunability in excitation/emission wavelengths underscores the 
versatility of this one-step platform to tailor optical outputs simply by 
varying dopant identity and purification protocols. These results are 
consistent with previous reports on Tb-doped CDs, where REE incor
poration also introduced additional absorption shoulders and emission 
bands characteristic of lanthanide centers (e.g., 490–625 nm for Tb, 
[62]). In our case, however, the effect manifests primarily as a weak 
UV–Vis shoulder at 316 nm and a red-shifted photoluminescence profile. 
While Tb-doped CDs typically display narrow, element-specific f–f 
transitions superimposed on the broad CD emission, the Gd-doped CDs 
investigated here exhibit mainly a modulation of the band-edge emis
sion with no distinct lanthanide-related peaks, underscoring that the 
photoluminescence response is strongly dependent on the REE ion 
incorporated and the one-step hydrothermal route employed. While the 
sustainability and functional advantages of this one-step process are 
clear, safety considerations will be paramount for future development. 
The use of strong acids and pressurized, high-temperature reactors ne
cessitates careful engineering controls and waste management. More
over, the fate and toxicity of residual rare-earth ions in biological 
environments must be rigorously evaluated before any in vivo 

application. Nevertheless, because the doping occurs concomitantly 
with nanoparticle formation-avoiding separate ligand-exchange or post- 
functionalization steps-contaminants and unbound ions can be more 
readily removed by dialysis or ultrafiltration.

4. Conclusions

In this work, we have demonstrated a sustainable, one-step hydro
thermal synthesis of CQDs directly from cherry-seed biomass and spent 
fluorescent-tube waste, achieving in situ doping with rare-earth ele
ments (REE). The REE-modified CQDs retain the graphitic sp2 core 
structure while exhibiting a new FT-IR band at 877 cm− 1, assigned 
cautiously to carbonate-related or mixed REE–O/carboxylate surface 
modes, together with subtle UV–Vis features around 316 nm that suggest 
metal-related surface-state contributions. Carbon-edge XAS/EXAFS 
analysis indicates that the CQDs preserve a stable graphitic carbon 
framework, with spectral features consistent with a largely intact sp2 

network and surface-localized functional groups rather than bulk 
structural reconstruction. Raman spectroscopy further supports this 
interpretation, showing broad D and G bands characteristic of a defec
tive sp2-rich carbon framework in both undoped and REE-doped CQDs. 
The comparable ID/IG ratios indicate that REE incorporation does not 
substantially disturb the carbon framework, suggesting that rare-earth 
species are mainly associated with surface coordination sites. No 
distinct low-wavenumber Raman bands attributable to Ln–O vibrations 
were detected; therefore, Raman spectroscopy was used primarily as a 
probe of the carbon framework, while evidence for REE incorporation 
and coordination was derived mainly from XPS, FT-IR, and comple
mentary spectroscopic analysis. Photoluminescence studies reveal 
dopant-induced red-shifts and charge-transfer pathways, and the doped 
CQDs display magnetic responsiveness three times greater than undoped 
analogs. Together, these properties indicate that REE-modified CQDs 
combine optical and magnetic functionalities that may be relevant to 
future imaging-related material concepts; however, biomedical appli
cability cannot be claimed without dedicated cytotoxicity, stability, 
biodistribution, and REE ion-leakage studies. Beyond their photonic and 
magnetic performance, the CQDs show a small average size (~3.5 nm), 
uniform spherical morphology, and surface groups favorable for 
aqueous dispersibility and potential bioconjugation. The hydrothermal 
route demonstrates high reproducibility and eliminates the need for 
external dopant precursors, directly valorizing industrial waste. While 
safety and biocompatibility assessments remain essential future steps, 
our streamlined green approach offers a versatile platform for producing 
multifunctional nanomaterials from waste streams with minimal post- 
processing.

Future work should focus on improving REE incorporation control, 
quantifying ion leakage and long-term colloidal stability, optimizing the 
synthesis yield, and evaluating biosafety before any biomedical appli
cation is considered.
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