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Carbon dots derived from polyurethane waste
for photocatalytic dye removal
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Carbon dots (CDs) were synthesized from polyurethane (PU) waste through a simple and sustainable

hydrothermal route. The synthesis promotes carbonization and nitrogen incorporation from the

polymer backbone, resulting in stable, quasi-spherical nanoparticles with graphitic domains and green

photoluminescence. The CDs exhibited excellent colloidal stability, strong absorption at 284 nm

(p - p*), and stable emission over 6 months. Their photocatalytic activity was evaluated in the

degradation of methylene blue (MB) and other dyes under UV-C irradiation in the presence of H2O2.

The optimized material (200CD14) achieved 98.3% MB removal and 92% reduction in total organic

carbon, confirming efficient mineralization. Radical scavenging assays indicated the participation of

both O2
�� and �OH species in the process. The CDs maintained over 80% activity after five reuse

cycles, demonstrating their robustness and potential for wastewater treatment. This work

demonstrates the successful conversion of PU waste into functional nanomaterials, offering a

practical approach within green chemistry and the circular economy for valorizing polymeric residues.

Introduction

The development of new materials drives advances across many
scientific fields, particularly for technological and sustainable
applications. In this context, nanomaterials exhibit unique phy-
sicochemical properties, attributed to their high surface-to-
volume ratio and quantum confinement effects, which are
promising for photocatalysis and advanced oxidation processes.
Among carbon-based nanomaterials, carbon dots (CDs) have
attracted considerable interest due to their structural versatility,
chemical stability, and biocompatibility.1 CDs belong to the class
of quantum dots and are typically spherical nanoparticles with
diameters below 10 nm; they exhibit strong fluorescence, high
water solubility, and the possibility of surface functionalization
with reactive groups.2 These features make CDs promising for
applications in bioimaging,3 fluorescent sensors,4 light-emitting
devices,5 and photocatalysis.6

The classification of carbon-based nanomaterials remains an
open and actively debated topic in the literature. The term
‘‘carbon dots’’ encompasses a broad structural family, including

graphene quantum dots, carbon quantum dots, carbon nano-
dots, and carbonized polymer dots, each distinguished by their
carbon core structure, degree of graphitization, and surface
chemistry.7–9 More recently, size-based criteria have been applied
more strictly, with some authors preferring the designation
‘‘carbon nanostructures’’ for materials in which agglomeration
yields particles exceeding 10 nm in all dimensions.10

A variety of synthetic routes have been explored for CD
production and are commonly grouped into top-down11 and
bottom-up3 approaches. Hydrothermal synthesis, a bottom-up
strategy which by definition utilize controlled molecular assem-
bly from atomic precursor, while top-down methods reduce
macroscopic precursors to nanoscale dimensions via physical
or chemical fragmentation and reassembly, both are critical for
precisely tailoring the morphological and physicochemical
properties of nanomaterials stands out for its operational
simplicity, energy efficiency, and compatibility with organic
precursors, including waste streams.

The literature highlights a wide variety of sustainable and
unconventional precursors. Biogenic and biomass-derived
materials have been extensively explored through hydrothermal
and microwave-assisted synthesis, including amino acid
mixtures,3 chicken feathers,12 lemon juice,13 loblolly pine,14

and folic acid.15 Furthermore, industrial derivatives and bypro-
ducts, such as carbon black,16 and general biomass carbon.17

Beyond these natural precursors, synthetic polymers such as
polyurethane (PU) are also explored.17–19
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The continuous accumulation of non-biodegradable polyur-
ethane (PU) waste has emerged as a critical environmental
issue, reinforcing the need for efficient valorization strategies
aligned with circular economy principles.20 PU is a particularly
advantageous precursor as its polymer structure is not only
carbon-rich but also inherently contains nitrogen and oxygen
within its urethane linkages. This built-in N and O doping
generates a functionalized surface that prevents nanoparticle
agglomeration through electrostatic stabilization and enhances
interactions with diverse chemical environments. Also, these
surface heteroatoms play a crucial role in passivating surface
defects, thereby modulating the electronic structure and boosting
the overall photoluminescence performance of this material.21

This chemical composition enables the one-pot, in situ synthesis
of CDs, which are widely reported to exhibit enhanced optical
properties and surface reactivity, thereby increasing their potential
for photocatalytic applications.22

Building upon these electronic properties, the redox cap-
abilities of carbon dots are strictly governed by their specific
surface chemistry. Heteroatoms and functional groups on the
CD surface, such as those derived from urethane linkages, serve
as essential active catalytic sites and charge traps. These
localized surface states not only facilitate the separation of
photogenerated electron–hole pairs but also promote rapid
interfacial electron transfer to adsorbed aqueous species. Con-
sequently, this precise surface chemistry significantly enhances
ROS generation, establishing a direct link between the struc-
tural functionalization of the carbonaceous matrix and its
macroscopic catalytic efficiency.23

Concurrently, the presence of industrial dyes in aqueous
effluents represents a growing environmental challenge due to
their toxicity, chemical stability, and resistance to biological
degradation. Methylene blue (MB), for example, is a cationic
dye widely employed and frequently detected in wastewater; it
is characterized by high solubility, persistence, and environ-
mental impact even at low concentrations.24 Photocatalysis,
particularly when mediated by semiconductor materials such
as CDs, has proven to be an effective approach for dye degrada-
tion in aqueous media.

The application of carbon dots (CDs) as metal-free photo-
catalysts for environmental remediation is a well-established
research area.25 Their catalytic activity is attributed to their
semiconductor-like ability to generate electron–hole pairs (e�/h+)
upon light absorption. These charge carriers react with adsorbed
O2 and H2O to produce Reactive Oxygen Species (ROS),10,26

associated with the radical hydroxyl (�OH) and superoxide
(O2
��). These are potent oxidizing agents that can effectively

mineralize recalcitrant organic pollutants, such as methylene blue,
into simpler products.6 Furthermore, the high surface area and
tunable electronic properties of CDs, often enhanced by doping,
promote efficient charge separation and broaden light absorption,
thereby improving overall photocatalytic performance.6

Although polyurethane-derived carbon dots have been pre-
viously reported,27,28 their application often relies on compo-
site systems,29 semiconductor supports,28 or metal-containing
materials.30 In this work, polyurethane waste is directly

converted into metal-free and support-free carbon dots that
act as the sole photocatalyst for dye degradation, providing a
simple and sustainable route for waste valorization and waste-
water treatment.

Results and discussion
Preparation and characterization of the CDs

Carbon dots (CDs) were synthesized from polyurethane waste
via a hydrothermal route at various temperatures and reaction
times to investigate the impact of these parameters on the
physicochemical and optical properties of the resulting nano-
materials. Five experimental trials were performed, and pH,
conductivity, and fluorescence were analyzed (Table 1).

Entries 1 and 2, carried out at 160 1C (160CD14) and 180 1C
(180CD14) for 14 hours, produced materials with final pH
values between 5.9 and 6.1 and low electrical conductivity (15
to 126 mS), lacking visible photoluminescence. While initial
measurements suggested that electrical conductivity was a pre-
liminary indicator of overall surface ionization, samples synthe-
sized at 200 1C showed a more complex dependence on reaction
time. Entry 4 (200CD14, 14 h) displayed a conductivity of 282 mS
and distinct photoluminescence. Conversely, Entry 3 (200CD7, 7 h)
exhibited lower conductivity (64 mS), and Entry 5 (200CD18, 18 h)
presented the highest conductivity (372 mS) but a complete loss of
photoluminescence. This behavior indicates that although ele-
vated temperatures favor initial CD formation,27,31 excessive reac-
tion times induce over-carbonization. Such extensive thermal
treatment likely degrades the specific fluorophoric surface states
and functional groups responsible for emission, converting them
into non-luminescent structures or promoting the aggregation of
surface defects. This maintains a high concentration of charged
species that contribute to conductivity but completely quenches
fluorescence. This mechanism is consistent with recent literature
emphasizing that CD photoluminescence is strictly governed by
the precise nature and preservation of specific surface functional-
ities rather than the absolute extent of functionalization.32 There-
fore, reaction time must be carefully optimized to balance
carbonization with the retention of emissive surface states.

After excitation at 254 nm for 10 minutes, the UV-vis
spectrum of the selected CD dispersion (Fig. 1b) shows a strong

Table 1 Experimental conditions used in the preparation of the CDs:
sample name, temperature (1C), reaction time (h), final pH, electrical
conductivity (mS), and observed photoluminescence

Entry Name T (1C) t (h) pH Conductivity (mS)
Fluorescence
observed

1 160CD14 160 14 6.1 15 Noa

2 180CD14 180 14 5.9 126 Noa

3 200CD7 200 7 5.9 64 Yes
4 200CD14 200 14 6.0 282 Yes
5 200CD18 200 18 4.8 372 Noa

a Entries 1, 2, and 5 showed no detectable photoluminescence under
UV-C irradiation and are more appropriately classified as carbonized
nanoparticles. The term ‘‘CD’’ was retained for consistency within the
synthesis series.
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absorption band at 284 nm, assigned to p - p* transitions of
aromatic sp2 domains18 and a secondary band around 400 nm
attributed to n - p* transitions of surface groups.33 The intense
green photoluminescent emission under UV excitation is char-
acteristic of CDs bearing surface functional groups33 and is also
often attributed to the quantum confinement effect,34 where
smaller nanoparticles typically exhibit emission in the blue-to-
green region.7 These features confirm the conversion of the
polymeric residue into functional nanomaterials.

During a six-month period, photo stability was measured
after storage under normal laboratory lighting conditions. The
CD dispersion retained its photoluminescence at 3 and 6
months (Fig. 1c), indicating good optical stability for potential
practical applications.35

Fourier-transform infrared spectroscopy (FTIR, Fig. 3a)
revealed structural transformations from the polyurethane pre-
cursor to the carbon dots. Comparison of spectra indicated a
change in intensity of the carbonyl (CQO) stretching band at 1711
cm�1,36 (present in the polyurethane), reflecting the conversion of
these linkages during hydrothermal treatment.36 The band
assigned to NH bending at 1534 cm�1 is observed in PU and in
the CD, suggesting partial preservation of nitrogen-containing
functionalities.36 The NH stretching band, initially at 3393 cm�1

in the precursor, shifts to 3363 cm�1 in the CD and decreases in
intensity, indicating changes in the chemical environment of
amino groups.27 The CH2 stretching at 2867 cm�1 remains
unchanged, while the band at 1086 cm�1 (associated with C–O
or C–N stretching) shows changes in pattern and relative intensity,
evidence of structural reorganization and the formation of new
surface functional groups.14,37 Overall, these FTIR changes con-
firm that the original polyurethane structure (characterized by
carbonyl and NH linkages) was extensively modified, producing a
functionalized carbonaceous material.

The fluorescence quantum yield (QY) of the Carbon Dots
was determined following the comparative procedure using
quinine sulfate in 0.1 mol L�1 H2SO4 as the reference standard,
according to the classical methodology reported by Würth et al.
(2013).38 The photoluminescence (PL) and photoluminescence
excitation (PLE) spectra (Fig. 2) showed emission and excitation
maxima at 418 nm and 350 nm, respectively, enabling direct
calculation of the QY from the slope ratio of integrated fluores-
cence versus absorbance (Fig. 1a). The Carbon Dots exhibited a
very low quantum yield of 1.27%, which is characteristic of
materials synthesized without surface passivation, where non-
radiative decay pathways dominate. Although the sample dis-
plays a clear green fluorescence under UV light (Fig. 1b), the low
QY indicates that most of the absorbed photon energy is not
returned as radiative emission. Instead, the excited-state popula-
tion undergoes extensive non-radiative relaxation, including
photoinduced quenching, vibrational relaxation, electron–phonon
coupling, and even partial energy dissipation as non-radiative
thermal loss.31 While some of this energy is indeed lost to simple
dissipation, a significant fraction can be redirected into charge-
separation processes and surface redox pathways, supporting the
generation of reactive oxygen species under irradiation.6,39

Fig. 1 (a) Plots of absorbance at 350 nm and integrated fluorescence for
carbon dots (circles) solution and for quinine sulfate in 0.1 mol L�1 H2SO4

(squares) with linear adjustment (solid red line for sulfate quinine and
dotted red line for carbon dot solution), (b) UV–vis spectrum of CD
(200CD14) after 10 minutes of irradiation at 365 nm. (c) spectrum after 3
and 6 months of storage. The insert in (b) shows fluorescence under
365 nm UV-C light after dark storage.

Fig. 2 PL (350 nm, in red) and PLE (418 nm, in black) spectra for the CD
solution (200CD14).
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Thermogravimetric analysis (TG, Fig. 3b) shows that the
polyurethane precursor decomposes in two main stages: the
first (200–400 1C) corresponds to about 50% mass loss related

to degradation of urethane groups and side-chain fragments;
the second stage (4400 1C) an additional mass loss of approxi-
mately 40% attributed to ester groups from the polyol, thus
resulting in the complete degradation of the polymer.40 Con-
versely, the carbon dots present a distinct TG profile: up to
300 1C, there is mass loss likely due to residual water and
residual uretanic fragments. A second mass loss between 300–
450 1C indicates the formation of a more thermally stable
carbonaceous material with a denser nanometric structure
and graphitic cores, typical of hydrothermally obtained carbon
material.40,41

The nitrogen adsorption–desorption isotherm (Fig. 3c) for
the CD is classified as type III with a slight hysteresis, suggest-
ing low overall N2 affinity but the presence of accessible porous
regions.16,42 The calculated specific surface area was 3.5 m2 g�1,
a value consistent with CDs produced by hydrothermal routes
without subsequent physical or chemical activation. Particle
size analysis (Fig. 3d) revealed two distinct distributions: a
minor population centered at 1.8 nm, attributable to individual
carbon dots, and a larger population peaked around 37 nm,
indicative of agglomerates formed from the smaller nano-
particles confirming a nanometric dispersed material with a
tendency to cluster.37

Scanning electron microscopy (SEM) images (Fig. 4) show
heterogeneous structures with regions of agglomeration. These
aggregates form porous, cluster-like structures that can enhance
photocatalytic processes by increasing the surface area and gen-
erating adsorption/charge-transfer sites.25,37 Energy-dispersive X-
ray spectroscopy (EDS) associated with the SEM images indicates
a high carbon concentration in the sample, consistent with the
carbonaceous nature of the nanomaterials derived from the
polymeric precursor.15,43

The primary nanoparticles identified by dynamic light scatter-
ing, with an average size of approximately 1.8 nm, are consistent
with the classical definition of carbon dots.2 In contrast, the
larger structures observed by TEM, around 500 nm, are attributed
to agglomerates formed by particle clustering during drying, as
commonly reported for hydrothermally synthesized CDs.37 There-
fore, the term ‘‘carbon dots’’ is retained throughout this work to
refer to the primary nanoparticulate species, while acknowled-
ging the classification complexity of this class of carbon-based
nanomaterials.7–9

The TEM image (Fig. 5c) shows lattice fringes with an
interplanar spacing of approximately 0.19 nm. Similar lattice
spacings have been reported for carbon dots in the literature,
indicating the presence of partially ordered carbonaceous/
graphitic-like domains.44–46

The crystalline structure of CD directly influences its elec-
tronic states and, consequently, its photoluminescent behavior.
Graphitic domains function as localized quantum confinement
regions, modulating the electronic density of states and the
wavelengths of emission. Variations in local electronic struc-
ture and surface chemistry, therefore, enable tuning of CD
photoluminescence.21,47,48

Zeta potential measurements (Fig. 6) indicate that the CD
surface charge depends strongly on pH. The CD exhibits a

Fig. 3 (a) FTIR spectra of polyurethane and CD; (b) thermogravimetric
(TG) curves of polyurethane and CD; (c) nitrogen adsorption–desorption
isotherm of CD; (d) particle size distribution of CD. CD corresponds to
material 200CD14.
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zero-zeta potential around pH E 7 (point of zero charge),
positive values up to +11 mV at pH 2, and negative values
down to about �6 mV at pH 12.49 This pH-dependent surface
charge behavior is essential for anticipating eslectrostatic
interactions with charged pollutants.18

Application of the CD in pollutant removal

Following physicochemical characterization, the CD’s photocata-
lytic performance was evaluated for the oxidative degradation of
industrial dyes using various dyes as the model compound.50,51

Photocatalytic assays were conducted under UV-C irradiation in
the presence of hydrogen peroxide. Fig. 7.a summarizes dye
removal in the system containing CD + H2O2 + UV-C + dye. In
the presence of anionic dyes, the CD achieved removals of 36.4%
(methyl yellow), 49.1% (methyl red), 62.5% (methyl orange), and
98% (bromophenol blue). For cationic dyes, fuchsin and methy-
lene blue were removed with efficiencies of 89.9% and 98.3%,
respectively, demonstrating generally good catalytic activity across
structurally diverse dyes.52,53 One possible contributor to dye
removal is adsorption mediated by electrostatic interactions.

According to the zeta potential measurements (Fig. 6), the CDs
exhibit a slightly positive surface charge at the reaction pH (B6),
with a zeta potential of approximately +4 mV. This condition may
favor the initial adsorption of anionic dyes through weak electro-
static attraction while slightly disfavoring the adsorption of
cationic dyes. However, the photocatalytic results do not show a
direct correlation with the dye charge, as high removal efficien-
cies were observed for both anionic and cationic dyes. For
example, bromophenol blue (anionic) and methylene blue (catio-
nic) exhibited removal efficiencies above 98%. These findings
indicate that electrostatic interactions alone cannot explain the
observed behavior. The degradation performance is likely gov-
erned by a combination of intermolecular interactions between
the dye molecules and the functional groups present on the CD
surface, as well as oxidation pathways promoted by photocataly-
tically generated reactive oxygen species.32,53–55

Fig. 5 TEM images of carbon dots (200CD14): (a, b) TEM micrographs
showing particle morphology and aggregation, and (c) high-resolution
TEM (HRTEM) image revealing lattice fringes with a d-spacing of 0.19 nm,
indicating the presence of graphitic domains.

Fig. 6 Zeta potential of CD (200CD14) as a function of pH.

Fig. 4 SEM images of sample 200CD14 at different magnifications: (a)
�10.000, (b) �5.000, and (c) EDS elemental mapping showing carbon
(green signal).
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Kinetic tests (Fig. 7b) for the three dyes with the highest
removal rates (fuchsin, bromophenol blue, and methylene
blue) show that removals exceeded 90% within 180 minutes
of irradiation, indicating performance comparable to reported
systems.50 Initially, control tests were performed (Fig. 8a). The
control experiments showed methylene blue removals of 42.0%
with UV-C irradiation alone, 45.7% with UV-C/H2O2, 62.1% with
CDs alone, and 73.2% with the combined UV-C/CDs system.
The highest removal efficiency (98.3%) was achieved using the
complete UV-C/CDs/H2O2 system. These results demonstrate
that neither photolysis nor oxidation by H2O2 alone can
account for the observed degradation efficiency. Instead, a
significant synergistic effect is observed when CDs, UV-C irra-
diation, and H2O2 are combined, indicating that the CDs
actively participate in the generation of reactive species respon-
sible for the enhanced degradation of methylene blue.

The degradation kinetics of methylene blue (Fig. 8b) were
over 180 minutes, accompanied by quantification of total
organic carbon (TOC). Color removal reached 98.3% after 180
minutes, with a simultaneous TOC reduction of 92%, evidence
that the process promoted significant mineralization of the
pollutant rather than mere decolorization.56,57

While the photocatalytic removal of dyes using semiconduc-
tor quantum dots (such as ZnS or CdSe) is well-documented,58,59

these materials often rely on toxic heavy metals or require
complex synthesis methods involving hazardous precursors.
Regarding Carbon Dots (CDs), although they are recognized as

eco-friendly alternatives, most of the literature employs them
as photosensitizers or co-catalysts in composite systems typi-
cally supported on TiO2 or ZnO rather than as primary active
species. In distinct contrast, this work demonstrates the
efficacy of waste-derived CDs as standalone, metal-free photo-
catalysts. By valorizing polyurethane residues as a carbon
source, we present a sustainable, ‘‘support-free’’ approach
that simplifies the catalytic system while maintaining high
degradation efficiency, thus addressing both waste manage-
ment and water remediation challenges simultaneously.

To elucidate the degradation mechanism, radical scaven-
ging experiments were performed (Fig. 8b). Addition of DMSO
(a selective �OH scavenger26 led to only a 5% drop in removal
efficiency, while methanol (also a �OH scavenger)24 produced a
about 25% decrease. Ethanol, which can scavenge both �OH and
superoxide radicals (O2

��),54 produced the largest inhibition

Fig. 7 (a) Dye removal efficiency of CD (200CD14) for different dyes; (b)
removal kinetics for the three dyes with the highest efficiency under UV-C
irradiation.

Fig. 8 (a) Comparison of MB removal efficiencies obtained using UV-C
irradiation, H2O2/UV-C, CDs, CDs/UV-C, and CDs/H2O2/UV-C systems.
(b) Kinetics of methylene blue degradation over 180 minutes and variation
in total organic carbon (TOC). (c) Radical scavenging tests using DMSO,
methanol, and ethanol.
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(B42%). This pattern indicates that reactive oxygen species play
a central role in the degradation process, with superoxide
radicals (O2

��) appearing to be the dominant oxidizing species
and hydroxyl radicals (�OH) providing a secondary contribution.
The scavenger experiments therefore support a ROS-mediated
degradation pathway under the investigated conditions.60

Reusability tests were performed for five consecutive photo-
catalytic cycles (Fig. 9) without intermediate purification, dry-
ing or reactivation only fresh dye aliquots were added under the
same operating conditions. The material exhibited a small loss
of activity across cycles, with a maximum decrease of B15% after
five uses, associated to catalyst leaching because of laboratory
conditions, demonstrating high structural and functional robust-
ness that is favorable for potential large-scale application.26,61

ESI-MS analysis over the reaction time (Fig. 10) revealed that
the signal at m/z 285, associated with methylene blue, decreased
progressively and disappeared after 60 minutes consistent with
full degradation of the parent dye.52 From 15 minutes onwards,
fragment ions at m/z 234, 261, 141 and others were detected and
attributed to oxidation intermediates;62 these fragments presented
low intensity, suggesting only trace concentrations of such
intermediates.62,63 These observations agree with TOC data and
further corroborate the efficient oxidative degradation and miner-
alization pathway promoted by the CDs under UV-C irradiation.

Taken together, the results indicate that dye removal by the
CDs occurs via a combined mechanism of adsorption and
photocatalysis. Surface functional groups such as –OH, –COOH

and –NH2 promote adsorption especially for anionic dyes via
electrostatic interaction42 and, under UV-C in the presence of
H2O2, the CDs act as semiconductor photocatalysts: upon photo-
excitation electron–hole pairs are generated and react with water
and peroxide to form reactive oxygen species (ROS) such as
hydroxyl radicals (�OH) and superoxide (O2

��).6,54 These ROS
oxidize dye molecules, breaking aromatic structures and driving
partial to substantial mineralization. The detection of oxidation
intermediates and the observed reduction of TOC during photo-
catalytic assays confirm the effective operation of this combined
mechanism.50,57

The proposed degradation pathway, Fig. 11, evidences that
the process is driven by the successive fragmentation of the
precursor molecule. The analysis of the formed intermediates
predominantly highlighted the mass-to-charge ratio (m/z) peaks
285, 261, 165, 141, 87, and 73. The decay of the parent molecule
(m/z 285)63 initiates with oxidative attacks generating the inter-
mediate at m/z 261, followed by the opening of aromatic rings
and the formation of lower molecular weight byproducts (m/z
165 and 141).62 Finally, the detection of aliphatic fragments at m/
z 87 and 73 indicates an advanced oxidation stage, progressing
towards the complete mineralization of organic compounds.

The excellent photocatalytic performance observed in this
work, with degradation efficiencies above 90% for both anionic
and cationic dyes, corroborates the low quantum yield, which
reflects a photophysical regime in which the absorbed energy is
largely directed to non-radiative channels, thereby increasing
photocatalytic activity.64

Experimental
Preparation of the carbonaceous precursor

Polyurethane (PU) waste obtained from discarded flexible
foams provided by a local mattress manufacturer was ground
in a knife mill (model SL-30, Solabs) and sieved through a 30-
mesh screen to produce a more homogeneous particle size
distribution. The resulting powder was used as the carbonac-
eous precursor for the synthesis of carbon dots (CDs).

Preparation of carbon dots

The CDs materials were prepared via a hydrothermal route. In a
typical procedure, approximately 2.0 g of PU powder was

Fig. 9 Stability and reusability of CD (200CD14) for methylene blue
removal over five consecutive cycles.

Fig. 10 ESI(+)-MS spectra for the degradation of methylene blue (50 mg
L�1) in the presence of CD (200CD14) and H2O2.

Fig. 11 Proposed degradation pathway of Methylene Blue, highlighting
the major intermediates identified by mass spectrometry at m/z 285, 261,
165, 141, 87, and 73 leading to mineralization.
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dispersed in distilled water and transferred into a Teflon-lined
stainless-steel autoclave. Reactions were conducted under differ-
ent conditions of temperature (120, 140, 160, 180, and 200 1C)
and reaction time (7, 12, 14, 18, and 24 h) to evaluate their
influence on the yield and properties of the material. After
cooling and separating via centrifugation, the suspensions
obtained were centrifuged and subsequently filtered through
0.22 mm syringe filters. The colloidal dispersions were stored
under refrigeration at 7 1C.

Characterization of the CDs

The optical stability of the colloidal dispersions was investi-
gated by irradiation under UV-C light (254 nm) for 10 minutes,
followed by acquisition of the UV-vis spectrum (Kasvi K37-
UVVIS, 190–1100 nm). The same experiment was repeated after
3 and 6 months to study photoluminescence stability. Electrical
conductivity and pH were measured using a Kasvi bench-top
meter. Fourier-transform infrared spectroscopy (FTIR-ATR) was
performed on dried solid samples using an IRPrestige-21
spectrometer (Shimadzu) in the 4000–400 cm�1 region. Ther-
mogravimetric and derivative thermogravimetric analyses
(TG/DTG) were carried out in synthetic air flow (50 mL min�1)
up to 900 1C, at a heating rate of 10 1C min�1, using a DTG60H
analyzer (Shimadzu). Textural properties were determined by
nitrogen adsorption–desorption isotherms at 77 K using an
Autosorb analyzer (Quantachrome Corp.), after degassing at
150 1C for 12 h. SEM images were obtained using a Shimadzu
SSX-550 microscope. After drying aliquots of the dispersion,
redispersing in acetone, and drop-casting onto silicon sub-
strates, the samples were sputter-coated with gold. TEM images
were obtained using a FEI Tecnai G2-20 SuperTwin microscope
operated at 200 kV. Zeta potential and particle size distribution
were determined at 25 1C using a Malvern Zetasizer Nano; for
this analysis, 500 mL of dispersion was diluted in 20 mL of
distilled water, sonicated for 30 minutes, and the pH was
adjusted sequentially to 2, 4, 6, 8, 10, and 12 to build the surface
charge curve. The fluorescence quantum yield (QY) was calcu-
lated using quinine sulfate (QY = 0.59 in 0.1 mol L�1 H2SO4) as
reference, following a comparative method. For both the refer-
ence and the sample, absorbance was adjusted to 0.05–0.15 at
350 nm, and the integrated emission areas were plotted as a
function of absorbance to obtain the respective slopes (gradR and
gradS). The quantum yield was then obtained using eqn (1),
correcting for the refractive index of each solvent (nS and nR).
This procedure ensured linearity, low inner-filter effects, and
reproducibility of the emission response.

Qs ¼ QR �
gradS
gradR

� �
� nS

nR

� �2

(1)

Application of CDs in dye removal

The photocatalytic activity of the CDs was evaluated in the
degradation of methylene blue (MB) under UV-C irradiation
(254 nm). For each assay, 10 mL of a 100 ppm MB solution was

mixed with 500 mL of CD dispersion and 300 mL of hydrogen
peroxide at the natural pH (approximately 6), under continuous
stirring. The degradation process was monitored by UV-vis
spectroscopy by following the decrease in MB absorbance at
667 nm over time until equilibrium was reached. Control
experiments were performed without a catalyst, in the absence
of H2O2, and without irradiation. Additional tests were con-
ducted using other dyes of varying structures, including methyl
yellow, methyl red, methyl orange, bromophenol blue, and
basic fuchsin, to compare performance and simulate industrial
effluent conditions. The removal kinetics of the three dyes with
the highest efficiency under visible-light irradiation were eval-
uated under the same conditions as for methylene blue, as
described above. The reusability of the material was verified
over five consecutive cycles without intermediate purification
or reactivation, simply by adding a fresh dye solution under the
same conditions. Radical scavenging assays were also per-
formed with dimethyl sulfoxide (DMSO), methanol, and etha-
nol to identify the main reactive oxygen species involved in the
degradation.26 The total organic carbon (TOC) was measured
using a Shimadzu TOC-L analyzer. The subproducts formed
after oxidation were investigated by electrospray ionization
mass spectrometry (ESI-MS) with direct injection in a Shimadzu
LCMS-8050 triple quadrupole spectrometer (positive full scan,
m/z 70–300, scan rate 476 m s�1, nebulizing gas N2 at 3 L min�1,
heating gas air at 10 L min�1, interface temperature 350 1C,
desolvation line 250 1C, desolvation temperature 602 1C, flow
0.3 mL min�1 with 0.1% formic acid in methanol, injection
volume 1 mL).

Conclusions

This work reports the hydrothermal conversion of post-
consumer polyurethane foam waste into carbon dots (CDs)
with photocatalytic activity. Optimization of the synthesis con-
ditions identified 200 1C and 14 h as the most suitable para-
meters, yielding CDs with quasi-spherical morphology, graphitic
domains, green photoluminescence, good colloidal stability, and
pH-dependent surface charge. The optical properties remained
stable over six months of storage.

Photocatalytic experiments under UV-C irradiation
demonstrated efficient degradation of both anionic and
cationic dyes, with removal efficiencies reaching 98.3% for
methylene blue and TOC reduction of 92%, indicating sub-
stantial mineralization. Radical scavenging experiments
revealed the participation of reactive oxygen species in the
degradation process, with superoxide radicals playing a
major role. The CDs also showed good reusability, retaining
over 80% of their initial activity after five consecutive cycles
without regeneration.

These findings demonstrate that polyurethane waste can be
valorized as a low-cost carbon source for the production of
functional nanomaterials. The resulting metal-free and support-
free CDs represent a promising and sustainable platform for
photocatalytic wastewater treatment.
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51 A. Bożęcka, M. Orlof-Naturalna and M. Kopeć, Methods of
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