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remediation
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Organic pollutants, particularly toxic dyes discharged in large quantities by the textile and food industries,

have attracted considerable scientific attention due to their environmental persistence and detrimental

effects. Metal nanoclusters (NCs), owing to their redox-active metal cores and tunable surface

properties, represent promising candidates for the efficient degradation of such pollutants. In this study,

we report an efficient protocol for the degradation of Rhodamine B (RhB) and Methylene Blue (MB) using

cysteine-capped copper nanoclusters (Cys-Cu NCs) in the presence of hydrogen peroxide (H2O2),

without any external stimuli. The degradation, carried out under neutral pH and aqueous conditions, was

monitored using UV-visible spectroscopy and showed approximately 97% degradation of both dyes (20

mM) within 90 minutes, accompanied by complete decolourization of the solutions. Characterization of

the degradation products using LC-MS, 1H NMR, and ion chromatography confirmed the complete

mineralization of the dyes into non-toxic species. Control and free-radical scavenging experiments

confirmed that the process proceeds through the synergistic action of Cys-Cu NCs and H2O2, primarily

involving reactive oxygen species (ROS) such as hydroxyl (cOH) and superoxide (cO2
−) radicals, thereby

elucidating the underlying degradation mechanism. Comparative studies with other metal nanoclusters

highlight that the superior activity of Cys-Cu NCs arises from the intrinsic redox property of copper,

which plays a pivotal role in ROS generation and dye degradation. Kinetic analyses revealed that RhB and

MB follow distinct degradation pathways. Furthermore, degradation studies performed at varying dye

concentrations, larger reaction volumes, and in real water samples demonstrated the robustness and

practical applicability of the developed method. Overall, the Cys-Cu NC-mediated degradation offers

a sustainable and efficient approach for the remediation of dye-contaminated water.
1. Introduction

The rapid pace of industrialization and urbanization over recent
decades has had a profound impact on the environment, posing
serious threats to ecosystems and human health. Among these,
water pollution resulting from the uncontrolled discharge of
industrial effluents—such as dyes, pharmaceuticals, toxic metal
ions, and acidic compounds—has emerged as a major concern,
spurring intensive research efforts toward sustainable remedi-
ation strategies.1–3 Industrial wastewater from sectors such as
textiles, food processing, paints, and cosmetics oen contains
synthetic dyes that are highly toxic, chemically stable, poorly
biodegradable, and environmentally persistent. Their release
into aquatic systems leads to long-term ecological and health
hazards.3–6 Improper disposal of such dyes not only causes
severe water contamination but also imparts intense colour-
ation to water bodies, hindering sunlight penetration,
f Technology Palakkad, Palakkad, Kerala,

in
suppressing photosynthetic activity, lowering dissolved oxygen
levels, and disrupting the delicate balance of aquatic ecosys-
tems.6,7 Furthermore, untreated dyes entering the food chain
can induce mutagenic, carcinogenic, genotoxic, neurotoxic,
teratogenic, and endocrine-disrupting effects, posing grave
risks to both humans and other organisms.4,8

Several techniques have been developed for treating dyes
and organic pollutants, including adsorption,3,9 ion exchange,10

chemical oxidation,11 ultraltration,1,12 vacuum membrane
distillation,13 microwave treatment,14 coagulation,15 and pho-
tocatalytic degradation.5,6,16,17 However, many of these methods
suffer from low efficiency and/or the generation of harmful
secondary pollutants, complicating waste disposal and
management.17–19 Additionally, most conventional approaches
are limited by high operational costs, complex procedures, and
the need for skilled personnel and advanced technical
expertise.17–19 Among the available strategies, photocatalysis
offers distinct advantages owing to its efficiency and environ-
mental sustainability.5,6,16–18 Under light irradiation and in the
presence of a suitable photocatalyst, organic pollutants can be
© 2026 The Author(s). Published by the Royal Society of Chemistry
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decomposed into harmless end products.16,18 Metal nano-
particles exhibit photocatalytic activity when integrated with
semiconductor systems such as TiO2, ZnO, SiO2, and Nb2O5.19–23

However, in many cases, the photocatalysts themselves exhibit
toxicity, posing additional environmental concerns.17 Alterna-
tively, the advanced oxidation processes (AOPs), which generate
reactive oxygen species (ROS), provide an efficient pathway for
degrading and mineralizing highly stable organic dyes into
carbon dioxide, water, and inorganic ions such as nitrate,
sulfate, phosphate etc.17,18,24,25 Environmentally benign redox-
active materials capable of generating ROS through AOPs
could therefore serve as promising alternatives to conventional
toxic photocatalysts for the efficient, irradiation-free degrada-
tion of organic dyes.

Metal nanoclusters (NCs), with strong photoluminescence,
ultrasmall sub-nanometer core, tunable properties, high stability,
and environmental adaptability, generally exhibit low toxicity and
therefore could potentially act as promising green redox-active
materials for the degradation of toxic dyes.26–28 Comprising tens
to hundreds of metal atoms stabilized by surface ligands such as
proteins,26,29 amino acids,27,30 DNA,31 or polymers,32,33 these ultra-
small entities exhibit remarkable physicochemical properties.
Among them, amino acid-capped nanoclusters stand out as
versatile materials for a wide range of applications.27,34–38 Although
nanoclusters alone generally lack sufficient capacity for dye
degradation and oen require coupling with semiconductor
systems,19 a recent study reported that noblemetal nanoclusters—
specically silver39—can degrade dyes by harnessing their
intrinsic photocatalytic properties. However, copper nanoclusters
(Cu NCs), despite being more earth-abundant and cost-effective,
remain relatively unexplored in this context.

Herein, we aim to degrade the highly toxic dyes Rhodamine B
(RhB) and Methylene Blue (MB) using Cu NCs. RhB and MB are
widely used synthetic dyes with signicant environmental and
health concerns. RhB, a photostable, water-soluble xanthene dye,
is extensively applied in textiles, food industries, and biological
studies such as uorescence microscopy and cell imaging.18,40 Its
poor biodegradability allows accumulation in aquatic environ-
ments, where even 1 mg L−1 can harm ecosystems and human
health.24,41 RhB is linked to carcinogenicity, genetic alterations,
irritation of skin, eyes, respiratory and gastrointestinal tracts, and
reproductive toxicity,42–44 prompting bans in several countries and
classication as a potential carcinogen by the IARC.45,46MB, a non-
biodegradable dye due to its stable aromatic structure, is toxic and
potentially carcinogenic.47,48 While used medically at low doses
(<2 mg kg−1)49,50 for methemoglobinemia, malaria, and as a tracer
dye, excessive exposure can cause serotonin toxicity and severe
effects on respiratory, renal, cardiovascular, neurological, and
reproductive health.18,51–54 Untreated MB- and RhB-contaminated
wastewater also adversely affects aquatic plants and microalgae,
inhibiting growth and reducing pigment and protein content.55

In this study, a facile cysteine capped copper nanocluster
(Cys-Cu NC)-based approach was developed for the rapid and
complete degradation of toxic dyes such as RhB and MB, under
neutral conditions, without requiring surface modication, any
other transitionmetal doping, or high-intensity irradiation. The
choice of Cys-Cu NCs was motivated by their rapid synthesis
© 2026 The Author(s). Published by the Royal Society of Chemistry
(within 30 minutes) and relatively high photoluminescence
quantum yield compared to other amino acid-capped nano-
clusters.56 Due to their intrinsic redox activity and oxidation
propensity, Cu NCs can generate ROS in the presence of
hydrogen peroxide (H2O2),25,56 which could potentially enable
simple and efficient dye degradation. Upon the addition of Cys-
Cu NCs in the presence of the oxidizing agent hydrogen
peroxide (H2O2), nearly complete degradation (∼97%) of both
RhB (20 mM; 9.6 mg L−1) and MB (20 mM; 6.4 mg L−1) was
achieved within 90 minutes. UV-visible absorption and uo-
rescence measurements showed a gradual decrease in the
characteristic spectral features of the dyes, conrming
progressive degradation. The kinetic and mechanistic aspects
of the process were systematically investigated, and complete
mineralization was veried, indicating the absence of
secondary pollutants. Furthermore, the degradation studies
conducted in real water samples and at the bulk scale demon-
strated the method's robustness and potential for practical
wastewater treatment applications. Overall, this study demon-
strates a green and sustainable AOP for the complete degrada-
tion of organic dyes using Cys-Cu NCs, offering an effective and
environmentally benign alternative for wastewater remediation.
2. Materials and methods
2.1. Materials

The L-cysteine (Cys) and L-tryptophan (Trp) used for the
synthesis of nanoclusters were purchased from Sisco Research
Laboratories Pvt. Ltd (SRL). The corresponding metal precur-
sors of nanoclusters, such as copper nitrate (Cu(NO3)2), and
copper chloride (CuCl2), as well as sodium hydroxide (NaOH),
hydrazine monohydrate (N2H4$H2O), hydrochloric acid (HCl)
and hydrogen peroxide (H2O2) were obtained from Nice
Chemicals (NICE). The Rhodamine B (RhB) and Methylene blue
(MB) used for the degradation studies were purchased from
Tokyo Chemical Industry (TCI). The tert-butyl alcohol (TBA) and
2,5-dihydroxy-p-benzoquinone (DHBQ) used for the scavenging
experiments were procured from Spectrochem Pvt. Ltd and
Sigma-Aldrich, respectively. All the reagents were used as
received without further purication and all the solutions were
prepared using doubly distilled water from the Biopak Polisher
Milli-Q water system (CDUFB1001).
2.2. Instrumentation

The UV-visible absorption spectra were recorded from 200 nm
to 800 nm with a scan speed of 1200 nm min−1 using a Thermo
Fisher Scientic UV-visible spectrophotometer (Evolution 201).
Photoluminescence (PL) spectra were recorded using a Perki-
nElmer Fluorescence Spectrometer (FL 6500). The RhB and MB
were excited at 553 nm and 665 nm, respectively, with excitation
and emission slit widths of 10 nm at a scan speed of 240
nm min−1. X-ray photoelectron spectroscopy (XPS) analysis was
performed using a Thermo Scientic NEXSA Surface Analysis
system. The end products of the degradation were characterized
using a Liquid Chromatograph-Mass Spectrometer (LC-MS;
Shimadzu Scientic Instruments, Model: LCMS 8045),
RSC Adv., 2026, 16, 464–473 | 465
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a Proton Nuclear Magnetic Resonance (1H NMR) spectrometer
(JEOL, Model: JNM-ECZ500R), and an Ion Chromatograph
(Metrohm, Model: 930 IC). The Cys-Cu NC solution was
centrifuged using a non-refrigerated centrifuge from Dinesh
Scientic (Model no: DS-NRC-473).
2.3. Synthesis of metal nanoclusters

2.3.1. Cys capped copper nanocluster (Cys-Cu NC). Cys-Cu
NCs were prepared following a previously reported protocol.56

Briey, an aqueous solution of Cys (360 mL of 50 mM (6 mg
mL−1)) was mixed with Cu(NO3)2 (90 mL of 100 mM (24 mg
mL−1)) and 2550 mL of MilliQ water to obtain a nal Cys
concentration of 6 mM and a Cu(NO3)2 concentration of 3 mM
in a total reaction volume of 3 mL (Cu : Cys molar ratio = 1 : 2).
The mixture was stirred at room temperature for 2 minutes. The
pH of the mixture was then adjusted to 11 by the dropwise
addition of 300 mL of 1 M NaOH, followed by continued stirring
for 30 minutes. The resulting solution was centrifuged at 14
000×g for 30 minutes to remove larger particulates. The
supernatant containing the Cys-Cu NCs was collected and
stored in the dark at 4 °C for further use.

2.3.2. Trp capped copper nanocluster (Trp-Cu NC). Trp-Cu
NCs were synthesized following a previously reported proce-
dure.27 An aqueous solution of Trp (833 mL of 18 mM (3.7 mg
mL−1)) was mixed with CuCl2 solution (1.5 mL of 100mM (17 mg
mL−1)) and 2165.5 mL of MilliQ water to obtain a nal concen-
tration of 5 mM tryptophan and 0.05 mM CuCl2 (Trp : Cu molar
ratio = 100 : 1) in a total reaction volume of 3 mL. The reaction
mixture was then stirred at 40 °C for 30 minutes. The pH of the
solution was then adjusted to 12 by adding 100 mL of 1 M NaOH,
followed by stirring at room temperature for an additional 30
minutes. Subsequently, 50 mL of 80% hydrazine monohydrate
was added, and the reaction mixture was stirred continuously at
40 °C for 8 hours. The resulting Trp-Cu NCs were stored in the
dark at 4 °C for further use.
2.4. Degradation of RhB and MB

The degradation of RhB and MB was carried out separately
following an identical procedure. Initially, 2 mL of Cys-Cu NC
solution was taken, and the pH was adjusted to 7 by adding an
appropriate amount of 1 M HCl. Subsequently, 10.2 mL of 30%
H2O2 was added to achieve a nal concentration of 50 mM in
the reaction mixture. This was followed by the addition of 26.7
mL of 1.5 mM of the respective dye solution to obtain a nal dye
concentration of 20 mM. The absorption spectra were immedi-
ately recorded using a UV-visible spectrophotometer. RhB and
MB exhibited maximum absorbance at 553 nm and 665 nm,
respectively. The reaction mixture was then stirred vigorously at
50 °C, and the absorption spectra were recorded at regular time
intervals. The dye concentrations at different time points were
determined using the Beer–Lambert law:

A = 3cl (1)

where A is the absorbance at the absorption maxima (lmax), 3 is
the molar extinction coefficient (106 000 L mol−1 cm−1 at
466 | RSC Adv., 2026, 16, 464–473
553 nm for RhB57 and 74 100 L mol−1 cm−1 at 665 nm for MB58) l
is the path length and c is the concentration (mol L−1). The
degradation efficiency was calculated using the equation:

% degradation ¼ ðC0 � Ct Þ
C0

� 100 (2)

where C0 and Ct represent the dye concentrations at time 0 and
t, respectively.

2.5. Kinetics of dye degradation

To investigate the degradation kinetics of RhB and MB in the
presence of Cys-Cu NC and H2O2, the rate constant (k) and half-
life (t1/2) for each reaction were determined. The dye concen-
trations at different time intervals were plotted as a function of
time. To elucidate the reaction order, the resulting plots were
tted to appropriate kinetic models, and the corresponding
half-lives were calculated.

2.6. Sample preparation for mass spectrometry

For better spectral resolution, the sample obtained aer
degradation was diluted tenfold (100 mL of the sample diluted to
1 mL with Milli-Q water) before being subjected to mass spec-
trometric analysis. The control samples containing RhB, MB,
and cysteine were also diluted in Milli-Q water to nal
concentrations of 4.8 mg L−1, 3 mg L−1, and 12.1 mg L−1,
respectively, prior to mass spectrometric analysis.

2.7. Sample preparation for NMR spectroscopy

20 mL of the degraded sample, obtained following the procedure
described in Section 2.4, was taken in a round-bottom ask, and
the solvent was removed using a rotary evaporator. The resulting
solid residue was then dissolved in D2O for 1H NMR analysis.
Additionally, 1H NMR spectra of the control samples – RhB, MB
and Cys – were recorded by dissolving appropriate amounts of
each solid in D2O to enable comparative analysis.

2.8. Free radical scavenging experiments

To identify the reactive species responsible for dye degradation
and to elucidate the underlying mechanism, free radical scav-
enging experiments were performed. Aer the sequential addition
of Cys-Cu NC, H2O2, and the dye, 19.2 mL of TBA and 20 mL of
DHBQ were introduced separately into two reaction systems as
scavengers for hydroxyl radicals (cOH) and superoxide radicals
(cO2

−), respectively. The degradation of the dyes was subsequently
monitored under identical experimental conditions.

2.9. Scalability and real sample analysis

The scalability of the proposed degradation protocol was eval-
uated by performing the degradation of RhB and MB at larger
reaction volumes while maintaining constant concentrations of
Cys-Cu NC, H2O2, and the dyes. For this purpose, 25 mL of Cys-
Cu NC solution (pH 7) was mixed with 127 mL of H2O2 and 333
mL of the respective stock dye solution to achieve a nal dye
concentration of 20 mM, and the degradation was monitored
over time. Similarly, reactions were conducted in 50 mL of Cys-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Cu NC solution containing 255 mL of H2O2 and 666 mL of the
respective stock dye under identical conditions.

The validity of the developed method was further examined
using real water samples. In this case, 200 mL of polluted pond
water was added to 1.8 mL of Cys-Cu NC solution, and the
degradation of RhB and MB was analyzed following the same
experimental protocol. The results obtained from the pond
water samples were compared with those using Milli-Q water to
assess the performance of the system under real environmental
conditions.

2.10. Statistical analysis

The errors reported in the manuscript represent the standard
error of the mean (SEM) calculated from at least three inde-
pendent measurements, unless otherwise stated.

3. Results and discussion
3.1. Cys-Cu NC-mediated degradation of rhodamine B (RhB)
and methylene blue (MB)

In this study, the Cys-Cu NCs-mediated degradation of RhB was
rst investigated. RhB, a common and toxic environmental
pollutant,24,41 exhibited remarkable stability in aqueous solu-
tion (pH 7) under vigorous stirring at 50 °C. Time-dependent
absorption measurements showed that the absorption spec-
trum (lmax

abs = 553 nm) of RhB (∼20 mM, 9.6 mg L−1) remained
essentially unchanged even aer 22 hours, demonstrating its
remarkable stability (Fig. S1A). Upon the addition of Cys-Cu NCs
alone, no appreciable change in the absorption spectra was
Fig. 1 Cys-Cu NC-mediated degradation of (A–C) RhB and (D–F) MB: ti
NC + H2O2. Degradation profiles (C/C0 vs. time) of (B) RhB and (E) MB
changes of (C) RhB and (F) MB (i) before and (ii) after degradation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
observed (Fig. S1B). However, the introduction of both Cys-Cu
NCs and H2O2 led to a rapid decrease in the absorbance
under neutral conditions, suggesting efficient dye degradation
through a synergistic effect between H2O2 and the nanoclusters
(Fig. 1A and B). Within 90 minutes, the reaction mixture grad-
ually changed colour from pink to colourless, signifying the
complete degradation of RhB (Fig. 1C). Quantitatively, the dye
concentration decreased from 20 mM to 0.63 mM, corresponding
to ∼97% degradation (Fig. 1A and B).

Control experiments conrmed that the Cys-Cu NC + H2O2

system exhibited markedly superior degradation efficiency than
either component alone. While H2O2 alone caused a minor
decrease (∼20% within 90 minutes), the combined system
achieved near-complete degradation (Fig. S2 and 1B). Impor-
tantly, no shi in the absorption maximum was detected
throughout the reaction (Fig. 1A), indicating the absence of
intermediate species or side-product formation. Fluorescence
emission spectra of the reaction mixture further validated the
degradation process. RhB displayed a characteristic emission
peak at 586 nm upon excitation at 553 nm. Aer 90 minutes of
reaction, the photoluminescence (PL) intensity at 586 nm was
completely quenched, further conrming the complete degra-
dation of RhB (Fig. S3).

The degradation studies mediated by Cys-Cu NCs were
further extended to other organic dyes to assess whether the
process was specic to RhB or applicable to a broader range of
pollutants. MB, a widely used dye in the textile industry and
a known environmental contaminant due to its toxicity and
persistence,47,48 was chosen as an additional model compound.
me-dependent absorption spectra of (A) RhB and (D) MB with Cys-Cu
with Cys-Cu NC + H2O2 and with different controls. Solution colour

RSC Adv., 2026, 16, 464–473 | 467
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Similar to RhB, MB (∼20 mM, 6.4 mg L−1) exhibited high
stability under neutral pH (7.0) and vigorous stirring at 50 °C,
showing negligible changes in its absorbance prole (Fig. S4).
The degradation of MB was monitored following the same
procedure used for RhB, in the presence of Cys-Cu NCs and
H2O2. A gradual decrease in the absorbance of MB (lmax

abs = 665
nm) was observed over time, accompanied by a distinct colour
change from blue to colourless (Fig. 1D–F). Within 60 minutes,
Fig. 2 LC-MC Mass spectra of (A) pure Cys, (B) pure RhB, (C) RhB after

468 | RSC Adv., 2026, 16, 464–473
more than 90% degradation of MB was achieved—slightly faster
than that observed for RhB (76%)—and aer 90 minutes, the
dye concentration decreased from 20 mM to ∼0.6 mM, corre-
sponding to a degradation efficiency of ∼97% (Fig. 1D and E).

Control experiments were conducted in the absence and pres-
ence of individual components (H2O2 or Cys-Cu NCs) to evaluate
their respective contributions. The results revealed a trend
consistent with that observed for RhB: Cys-Cu NCs alone showed
degradation in presence of Cys-Cu NC and H2O2.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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negligible activity, while H2O2 alone induced only minor degra-
dation, signicantly lower than the combined Cys-Cu NC + H2O2

system (Fig. 1E). Overall, the synergistic action of Cys-Cu NCs and
H2O2 proved to be a highly effective and general strategy for the
degradation of both RhB and MB, highlighting its potential
applicability toward other organic dyes as well. The observed
degradation time-scale and percentage were better or comparable
with other photocatalysts or degradation methods for these two
dyes (Table S1). Further investigation of the mechanistic and
kinetic aspects of this degradation process could provide valuable
insights into the underlying reaction pathways.

3.2. Verication of degradation end products

One of the major challenges in dye degradation processes—and
a key advantage of our system—is achieving complete miner-
alization of dyes without generating any secondary toxic by-
products. To verify this, the possible end products aer degra-
dation were examined and compared with pure RhB/MB and
the amino acid scaffold, Cys, using different analytical tech-
niques such as LC-MS, 1H-NMR, and ion chromatography.

The LC-MS spectra of Cys and RhB (Fig. 2A and B) displayed
characteristic peaks at m/z 123.2 ([M + H]+ for Cys)59 and m/z
443.35 ([M]+ for RhB),60,61 respectively. Aer 90 minutes of degra-
dation, the LC-MS spectrum of the reaction mixture (Fig. 2C)
showed a complete disappearance of the RhB peak at m/z 443.35,
conrming full degradation of the dye. A residual peak at m/z
122.95 corresponded to undegraded Cys, while the absence of any
additional characteristic peaks indicated complete mineralization
Fig. 3 1H-NMR spectra of (A) pure RhB (pink), (B) RhB after degradation in
after degradation in the presence of Cys-Cu NC and H2O2 (green), and (E)
is denoted by an asterisk (*).

© 2026 The Author(s). Published by the Royal Society of Chemistry
of RhB, leaving Cys as the only detectable species. A similar
observation wasmade forMB. Themolecular ion peak ofMB atm/
z 284.3,62 was entirely absent in the degraded sample, and only
a prominent peak at m/z 123.2, corresponding to Cys, was detec-
ted (Fig. S5). This conrmed that MB also underwent complete
mineralization with no detectable intermediates or secondary
products.

To further validate the complete breakdown of the dyes, the
degraded samples were analyzed by 1H NMR spectroscopy in
D2O, using pure dyes and Cys as controls (Fig. 3). The spectrum
of Cys exhibited a characteristic signal at 3.9 ppm correspond-
ing to the a-proton, along with multiplet peaks between 3.09–
2.97 ppm attributed to b-protons.63 Pure RhB and MB, on the
other hand, displayed distinct aromatic proton peaks in the
range of 8.0–6.5 ppm (Fig. 3).64,65 Additionally, RhB showed di-
ethyl proton signals at 3.4 and 1.13 ppm, whereas MB exhibited
a methyl proton signal at 3.16 ppm.64,65 In the spectra of the
degraded samples, all characteristic signals corresponding to
aromatic, ethyl, and methyl protons were completely absent
(Fig. 3), conrming the total decomposition of RhB and MB
without the formation of any detectable organic intermediates.
Interestingly, the disappearance of Cys-related multiplets in the
3.09–2.97 ppm region indicates its degradation during the
process, with only a small residual peak at 3.9 ppm corre-
sponding to a trace amount of the unreacted Cys (Fig. 3).

Previous studies report that during complete mineralization
of RhB and MB, in addition to CO2 and H2O, RhB generates
NO3

− and NH4
+, whereas MB produces NO3

− and SO4
2−.66,67 To
the presence of Cys-Cu NC and H2O2 (red), (C) pure MB (blue), (D) MB
pure Cys (black). The strong solvent peak of D2O observed at 4.79 ppm
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conrm the formation of these anions, ion chromatography was
performed on the post-degradation samples of RhB and MB.
The analysis conrmed the presence of NO3

− and SO4
2−, along

with Cl− (Fig. S6). The SO4
2−detected in the RhB-degraded

sample likely originated from Cys degradation, while the Cl−

ions in both samples can be attributed to the HCl used for pH
adjustment. These observations collectively conrm that the
developed system enables complete mineralization of the dyes
into non-toxic, non-hydrocarbon species.
3.3. Mechanism of dye degradation

The copper core in Cys-Cu NCs predominantly consists of Cu0 with
a trace amount of Cu+, as demonstrated by XPS analysis in earlier
studies.56 Due to its propensity for oxidation, Cu0/Cu+ can readily
convert to Cu2+ in the presence of H2O2, generating ROS such as
hydroxyl radicals (cOH). To elucidate the fate of copper and the role
of the metal core in facilitating dye degradation, XPS analysis was
performed on the post-reaction sample. The spectrum exhibited
two additional satellite peaks, in addition to the main Cu 2p3/2
(932.1 eV) and Cu 2p1/2 (952.0 eV) peaks corresponding to Cu

0/Cu+.
These satellites, located around 942.0 eV and 962.0 eV,
Fig. 4 (A) XPS spectrum of the sample obtained after RhB degradation
using Cys-Cu NC and H2O2. Degradation profiles (C/C0 vs. time) of (B)
RhB and (C) MB in the absence and presence of free radical scavengers
TBA and DHBQ.

470 | RSC Adv., 2026, 16, 464–473
respectively, conrm the formation of Cu2+ species in the degraded
sample (Fig. 4A).68–70 The pronounced oxidative response of the
nanocluster toward H2O2 was further corroborated by the
quenching of its photoluminescence (PL) intensity (Fig. S7).56

Therefore, the degradation of dyes can be attributed to redox
reactions between the copper core of the nanocluster and H2O2,
leading to the generation of ROS, which are responsible for effi-
cient dye degradation.

To assess the role of the redox properties of the metal core,
the degradation of RhB was further evaluated using an addi-
tional amino acid-scaffolded copper nanoclusters, namely Trp-
Cu NCs. Among the two nanoclusters, Cys-Cu NCs demon-
strated higher degradation efficiency (Fig. S8). Notably, Cys or
Trp alone, either in the absence or presence of H2O2, did not
exhibit any dye degradation (Fig. S9), conrming that the
observed activity can be ascribed to the copper core. Although
the presence of copper in Trp-Cu NCs contributed to effective
dye degradation, the overall rate was slightly lower, with
approximately 70% degradation of RhB achieved within 90
minutes. This difference is likely attributable to the nature of
the coordinating scaffold, which does not directly participate in
dye degradation but modulates the stability and redox accessi-
bility of the metal core. Consequently, Trp-Cu NCs exhibit
greater resistance to oxidation in the presence of H2O2 than Cys-
Cu NCs, resulting in a slightly reduced degradation rate.27,56

To identify the primary reactive species responsible for dye
degradation, control experiments were performed using specic
radical scavengers—tert-butyl alcohol (TBA) for hydroxyl radi-
cals (cOH) and 2,5-dihydroxy-p-benzoquinone (DHBQ) for
superoxide radicals (cO2

−).70,71 In the presence of either scav-
enger, a noticeable reduction in the slope of the C/C0 versus time
plots was observed, indicating a slower degradation rate of both
RhB andMB (Fig. 4B and C). For RhB, the degradation efficiency
aer 90 minutes dropped dramatically from ∼97% to ∼6% and
∼27% upon addition of TBA and DHBQ, respectively. A similar
trend was observed for MB, with degradation efficiencies
decreasing to ∼36% (TBA) and ∼35% (DHBQ) aer 90 minutes.
These results conrm the crucial roles of cOH and cO2

− radicals
in the degradation process. The interaction of the copper core of
the nanocluster with H2O2, in the presence of visible light,
generates cOH and cO2

− radicals, which facilitate the stepwise
degradation of the dyes into low-molecular-weight, non-toxic
products. Based on the XPS analysis, scavenger experiments,
and previously reported studies,25,67,72–74 the degradation
mechanism for both organic dyes can be proposed as follows:

Cu0 / Cu2+ + 2e−

Cu+ / Cu2+ + e−

H2O2 + e− / OH− + cOH

O2 + e− / cO2
−

RhB/MB + cOH/cO2
− / CO2 + H2O + inorganic anions

(NO3
−, SO4

2−)
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Degradation profiles (C/C0 vs. time) of (A) RhB and (B) MB
carried out in Milli-Q water and pond water.
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3.4. Kinetics of dye degradation

To investigate the degradation kinetics of RhB and MB in the
presence of Cys-Cu NCs and H2O2, dye concentrations at
different time intervals were calculated from their absorbance
maxima and plotted against time, enabling determination of
the corresponding kinetic order, rate constants (k) and half-lives
(t1/2). For RhB, a linear decrease in concentration with time was
observed, indicating unusual zero-order kinetics (Fig. 5A). The
rate constant, determined from the slope, was 0.25 mM min−1,
corresponding to a half-life of 40 minutes. In contrast, MB
exhibited an exponential decay in concentration, consistent
with rst-order kinetics (Fig. 5B), as commonly reported in
earlier studies.75 The rate constant was calculated as
0.035 min−1, with a corresponding half-life of 20 minutes,
indicating a faster degradation than RhB. Thus, although both
RhB and MB undergo efficient degradation under identical
conditions in the presence of Cys-Cu NCs and H2O2, the kinetic
analysis reveals that they degrade at different rates and follow
distinct kinetic pathways.
3.5. Scalability and real-world applicability

Degradation studies were carried out at varying dye concentra-
tions to evaluate the efficiency and robustness of the Cys-Cu
NC–H2O2 system under different dosages. Under identical
conditions and xed Cys-Cu NC concentration, the initial
concentrations of RhB and MB were varied from 5 to 100 mM
(2.4 to 48 mg L−1), and the degradation efficiency was moni-
tored over time. For RhB, approximately 93% degradation was
achieved within 45 minutes at 5 mM, while nearly complete
degradation (>97%) required 60, 90, 120, and 240 minutes for
10, 20, 50, and 100 mM RhB, respectively (Fig. S10). A similar
concentration-dependent trend was observed for MB. These
results indicate that the degradation efficiency of the system
remains high even at elevated dye concentrations.

To assess the scalability of the process, degradation experi-
ments were performed at larger reaction volumes (25 mL and 50
mL) containing 20 mM of each dye, while maintaining the same
dye: Cys-Cu NC–H2O2 ratio as in the smaller-scale experiments.
At a 25 mL scale, using the same concentrations of Cys-Cu NC
and H2O2, degradation efficiencies of 99.6% (RhB) and 98.9%
Fig. 5 Kinetic study of degradation: concentration vs. time plot for (A)
RhB (pink) shows a linear fit (black), indicating zero-order kinetics,
while (B) MB (sky blue) follows an exponential fit (black), characteristic
of first-order kinetics. Inset of B shows the corresponding ln(C/C0) vs.
time plot (blue) with linear fits (black).

© 2026 The Author(s). Published by the Royal Society of Chemistry
(MB) were achieved within 180 minutes. When the reaction
volume was increased to 50 mL, efficiencies of 98.9% for RhB
and 99.7% for MB were obtained within 300 minutes. These
results demonstrate that the system maintains comparable
degradation performance upon scale-up, with only a modest
increase in reaction time. The process can be further acceler-
ated by proportionally increasing the Cys-Cu NC dosage, high-
lighting its potential for larger-scale applications.

The degradation performance was further validated using
real water samples collected from a polluted pond. Although the
absorption spectrum of the pond water showed noticeable
absorbance in the UV region, no measurable absorbance was
observed at 553 nm or 665 nm (Fig. S11). This conrms that the
inherent contaminants did not contribute to the signals at these
wavelengths. The pond water was spiked with 20 mMRhB orMB,
and degradation studies were conducted under identical
conditions. Aer 90 minutes, degradation efficiencies of 96%
for RhB and 97% forMB were achieved (Fig. 6), closely matching
those obtained in Milli-Q water. This demonstrates that the
presence of impurities or competing species in natural water
had minimal impact on the degradation performance, con-
rming the practical applicability of the Cys-Cu NC–H2O2

system for real-world wastewater treatment. Overall, these
results underscore the robustness and scalability of the Cys-Cu
NC–H2O2 system, demonstrating its strong potential for prac-
tical wastewater treatment applications.
4. Conclusions

This study demonstrated the potential of Cys-Cu NCs as an
efficient, simple and environmentally benign system for the
degradation of toxic organic dyes. The synergistic Cys-Cu NC–
H2O2 system effectively degraded both RhB and MB under
aqueous and neutral conditions without the need for external
irradiation or harsh reagents. UV-visible absorption and PL
spectra recorded during the degradation process revealed
a progressive decrease in both absorbance and PL intensity over
time, achieving approximately 97% degradation of both dyes
within 90 minutes. Complementary LC-MS, 1H NMR, and ion
chromatography studies veried that the dyes were fully
mineralized into non-toxic end products. Mechanistic investi-
gations established cOH and cO2

− radicals as the key reactive
oxygen species driving the degradation process. The observed
RSC Adv., 2026, 16, 464–473 | 471
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superior activity of Cys-Cu NCs, as compared to other nano-
clusters, underscores the crucial role of copper's redox behav-
iour in driving ROS formation and subsequent dye degradation.
Kinetic studies revealed distinct reaction orders with RhB
following zero-order kinetics and MB following rst-order
kinetics. Importantly, the process maintained its efficiency in
real water samples and at larger reaction volumes, demon-
strating strong scalability and environmental relevance. Overall,
this work not only provides mechanistic insights into
nanocluster-mediated advanced oxidation processes but also
presents a sustainable and practical approach for wastewater
remediation using amino acid–stabilized metal nanoclusters,
while minimizing the production of hazardous byproducts. The
simplicity, high efficiency, and green nature of the method
make it a promising candidate for future large-scale water
treatment applications.
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