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The detection of hexavalent chromium (Cr(VI)) in water remains a significant analytical challenge due to its high toxicity,
widespread industrial origin and high solubility, which facilitates rapid dispersion in aquatic systems. In the present study,
carbon quantum dots (CQDs) were synthesized through a hydrothermal process using squid cartilage derived from Uroteuthis
duvaucelii. The SC-CQDs were prepared by hydrothermal treatment at 200 °C for 8 h, followed by filtration and dialysis, and
chromyl chloride (CrO,Cl,) was used as the Cr(VI) precursor in the sensing experiments. The resulting squid cartilage—derived
CQDs (SC-CQDs) exhibit an average particle size of 4.28 +-0.99 nm and are readily dispersible in aqueous media. Microscopic
and spectroscopic characterisations reveal the formation of nanoscale carbon frameworks enriched with oxygenated surface
functionalities, together with partially ordered carbon domains. The SC-CQDs exhibit excitation-dependent photoluminescence,
along with a measurable dependence on solution pH and a fluorescence lifetime of approximately 4.3 ns. The fluorescence
response of the SC-CQDs was evaluated in the presence of several potentially interfering ionic species, with aqueous Cr(VI)
producing the greatest quenching response under the tested conditions. Increasing Cr(VI) concentration produced concentration-
dependent fluorescence quenching, with a linear response in the lower concentration range and an estimated detection limit of
approximately 5.4 uM. Although these results demonstrate a proof-of-concept Cr(VI)-responsive fluorescent material, further
work is required to establish the quenching mechanism, assess performance in complex environmental matrices, and determine
suitability for field-deployable sensing.

Keywords: Carbon quantum dots; Squid cartilage (Uroteuthis duvaucelii); Hydrothermal synthesis; Photoluminescence quench-
ing; Hexavalent chromium (Cr(VI)); Marine biowaste.

Introduction proach because optical responses can be measured rapidly and

with comparatively simple sample handling>*.
Heavy-metal contamination of water remains a major environ-

mental concern, particularly in regions affected by industrial
discharge. Among these contaminants, hexavalent chromium
(Cr(VD)) is of particular concern because of its high aque-
ous solubility, mobility, and well-documented toxicity. Cr(VI)
contamination is associated with industrial activities including
electroplating, leather processing, textile manufacturing, and
pigment production, while exposure has been linked to oxida-
tive stress and carcinogenic effects 2. Consequently, reliable
detection of Cr(VI) at low concentrations is important for en-
vironmental monitoring and water-quality assessment.
Established chromium-analysis methods include atomic ab-
sorption spectroscopy and inductively coupled plasma-based
techniques, which provide high analytical sensitivity but gen-
erally require specialized instrumentation, controlled labora-
tory conditions, and trained operators. Fluorescence-based
sensing has therefore attracted interest as a complementary ap-

Carbon quantum dots (CQDs) are water-dispersible fluores-
cent carbon nanomaterials whose emission can be influenced
by particle structure, surface states, functional groups, exci-
tation wavelength, and solution environment>®. Their sur-
face chemistry is strongly dependent on precursor composi-
tion and synthesis conditions, enabling interactions with target
analytes to be tuned. Numerous CQD platforms have conse-
quently been investigated for Cr(VI) detection, with reported
mechanisms including static quenching, dynamic interactions,
resonance-energy-transfer processes, and inner-filter effects.

Biomass-derived CQDs are of particular interest because bi-
ological and waste-derived precursors provide chemically di-
verse carbon-containing feedstocks. Recent studies have re-
ported Cr(VI)-responsive carbon dots derived from seaweed,
Ruta graveolens leaves, banana stem, flax straw, and other
renewable precursors’ !9, Squid gladius/cartilage contains
carbon-rich structural biopolymers, including S-chitin and
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proteoglycan-associated components, but its use as a pre-
cursor for Cr(VI)-responsive CQDs has not, to our knowl-
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edge, been reported. Additional primary studies have reported
Cr(VI)-responsive carbon dots prepared from chitosan, Po-
ria cocos polysaccharide, groundnuts, kelp, thymidine, and
synthetic carbon/nitrogen precursors, demonstrating that pre-
cursor chemistry, surface composition, and spectral over-
lap can substantially influence sensitivity and quenching be-
haviour =16,

Recent studies have extended biomass-based Cr(VI) sens-
ing through control of synthesis conditions.  Solvent-
controlled spinach-derived carbon dots achieved a detection
limit of 0.242 uM 7. Lycium barbarum-derived CQDs further
demonstrate the use of plant feedstocks for fluorescence-based
Cr(VI) detection '8,

Hydrothermally synthesized biowaste-derived carbon dots
have also been investigated as selective Cr(VI) nanoprobes '°.
Other CQD systems combine Cr(VI) detection with optical
thermometry, illustrating the influence of measurement con-
ditions on fluorescence responses?’. Nitrogen-doped carbon
dots prepared from Pueraria residues provide another route
for converting agricultural residues into Cr(VI)-responsive
materials?!.  Kitchen-waste-derived oxygen-doped CQDs
have additionally been applied to Cr(VI) detection in envi-
ronmental water matrices, extending evaluation beyond sim-
ple aqueous standards 2.

Fish-scale-derived carbon dots used for glutathione sens-
ing demonstrate the broader potential of fish-processing by-
products as fluorescent precursors?>.  Carbon dot/chitin
nanocrystal hybrids have also combined metal-ion detection
with removal, supporting interest in chitin-containing materi-
als for water treatment 24,

Beyond precursor selection, surfactant encapsulation of
nitrogen-doped carbon dots has been explored to improve op-
tical properties for Cr(VI) sensing?3. Sulphur-doped carbon
dots responsive to both Cr(VI) and Fe** highlight the impor-
tance of assessing competing-ion responses2®. Carbon dot—
cadmium sulfide composites exhibit Cr(VI)-induced quench-
ing attributed to the inner-filter effect?’. Combined inner-
filter and dynamic-quenching contributions have also been re-
ported, reinforcing the need for absorption and lifetime mea-
surements before assigning a mechanism?3.

Alternative readouts include Cr(VI)-dependent emission
shifts in pepitas-derived carbon dots, extending sensing
beyond fluorescence-intensity changes?’. Waste-biomass-
derived carbon dots have also enabled semi-quantitative visual
detection of Cr(VI) and Fe** 30, Biological-matrix-derived
carbon dots have further been incorporated into visual Cr(VI)
detection kits3!. Together, these studies identify sensitiv-
ity, interference control, mechanistic validation, and practi-
cal readout as benchmarks for evaluating new biomass-derived
probes.

This study therefore investigates squid cartilage as an alter-
native marine-biowaste precursor for fluorescent carbon nano-

materials. The resulting SC-CQDs were characterized by HR-
TEM, AFM, XRD, Raman spectroscopy, FI-IR, XPS, UV-
visible spectroscopy, photoluminescence spectroscopy, and
fluorescence-lifetime measurements. Their optical response
to aqueous Cr(VI) was then evaluated as a proof-of-concept
sensing application.

The objective is not to claim analytical superiority over es-
tablished chromium methods, but to establish the material,
quantify its fluorescence response under the tested conditions,
and define the limitations that must be addressed before prac-
tical environmental deployment.

Materials and Methods

Materials

Fresh squid cartilage/gladius from Uroteuthis duvaucelii was
obtained from a coastal fish market in Kochi, Kerala, India.
All chemicals were analytical grade and were used as re-
ceived.

Deionized (DI) water was used throughout synthesis and
sensing experiments. Chromyl chloride (CrO,Cl,) was used
as the Cr(VI) precursor. For the selectivity experiment, 5 M
test solutions containing AI’*, As’*, Ca’*, Cd**, Cu’*,
Fe?", Nat, Zn**, Pb*", and Cr(VI) were prepared from
analytical-grade reagents.

Preparation of Squid Cartilage-Derived Carbon Quantum
Dots

Fresh squid cartilage/gladius was washed repeatedly with wa-
ter to remove adherent muscle tissue and surface impurities
while retaining the structural matrix of the gladius. The
cleaned material was dried under ambient conditions and sub-
jected to controlled thermal treatment to obtain a fine carbon-
containing precursor.

Squid gladius contains [-chitin and proteoglycan-
associated organic components, providing a carbon-
containing structural matrix for subsequent hydrothermal
carbonization.

Approximately 2.5 g of the thermally treated precursor
was dispersed in 50 mL of DI water and transferred to a
100 mL Teflon-lined stainless-steel autoclave. The autoclave
was sealed and heated at 200 °C for 8 h under hydrother-
mal conditions. The resulting elevated-temperature, pressur-
ized aqueous environment promoted conversion of the carbon-
containing precursor into nanoscale carbonaceous products.

After hydrothermal treatment, the autoclave was allowed to
cool naturally to room temperature (~25 °C) before opening.
A brown dispersion was obtained and processed immediately
for purification.
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The dispersion was filtered through a syringe filter to re-
move larger particulate matter and subsequently dialyzed
against DI water for 48 h to remove low-molecular-weight im-
purities and unreacted species. The purified dispersion was
designated squid cartilage-derived carbon quantum dots (SC-
CQDs) and stored at 4 °C until characterization and sensing
experiments.

Storage at 4 °C was used as a standardized handling condi-
tion. Long-term storage stability and inter-batch reproducibil-
ity were not systematically quantified in the present study and
are therefore treated as limitations rather than established per-
formance characteristics.

Structural and Morphological Characterization

SC-CQD morphology was examined by high-resolution trans-
mission electron microscopy (HR-TEM). Approximately ten
individually resolved nanodots were measured from represen-
tative HR-TEM images for the reported size estimate, and the
particle-size distribution was summarized as mean + standard
deviation (standard deviation obtained from Origin software).

Atomic force microscopy (AFM) was used to examine sur-
face topography and representative height profiles; because a
statistically robust multi-field AFM height distribution was not
obtained, particle-size determination was based primarily on
HR-TEM.

X-ray diffraction (XRD) was used to assess long-range
structural order, while Raman spectroscopy was used to ex-
amine D- and G-band features associated with disordered and
sp2-rich carbon domains. The broad XRD feature and Raman
intensity ratio were quantified from the recorded spectra.

Surface Chemical Analysis

Fourier-transform infrared (FT-IR) spectroscopy was used to
identify major surface functional groups. X-ray photoelectron
spectroscopy (XPS) was used to determine elemental com-
position and chemical-state assignments, with high-resolution
fitting of the C 1s, O 1s, and Ca 2p regions.

Optical Characterization

UV-visible absorption and photoluminescence (PL) spec-
troscopy were used to characterize the optical response of the
SC-CQDs. PL spectra were recorded over multiple excitation
wavelengths (220-380 nm) to evaluate excitation-dependent
emission. Fluorescence-lifetime measurements were also per-
formed on the native SC-CQD dispersion.

The effect of pH on SC-CQD photoluminescence was eval-
uated over pH 2-12 by adjusting the dispersion with dilute
acid or base and recording the corresponding emission spectra.
These measurements characterize the pH dependence of the

native SC-CQD fluorescence; a complete Cr(VI)-dependent
pH/speciation study was not performed.

Relative fluorescence quantum yield was determined us-
ing quinine sulfate in 0.1 M H,SOy4 as the reference standard
(P = 0.54).

Sample and standard solutions were excited at
360 nm, and quantum yield was calculated from

— Ast Ly 713 : 3
D, = Py (5 n) a2 ) where A is absorbance, I is
X S st

integrated fluorescence intensity, and 7 is solvent refractive
index.

Fluorescence Sensing of Cr(VI) and Interfering Species

Chromyl chloride (CrO,Cl,) was used as the Cr(VI) precur-
sor. In aqueous solution, Cr(VI) is present as pH-dependent
oxyanion species rather than as a free Cr®" cation; reported
concentrations therefore refer to total molar Cr(VI), equivalent
on a 1:1 chromium basis to the amount of CrO,Cl, introduced.

For the selectivity experiment, the fluorescence response
of SC-CQDs was measured after addition of 5 uM solu-
tions of the tested ionic species (AI**, As’*, Ca?t, Cd**,
Cr(VI), Cu*, Fe?*, Nat, Zn?*, and Pb?t). Each condition
was measured in triplicate (n = 3), and error bars represent
standard deviation. Cr(VI) titration spectra were recorded at
Aex = 320 nm and quantified at 425 nm over an approximately
0-37.5 uM concentration range.

Fluorescence intensity in the absence of analyte was de-
noted /y and intensity after analyte addition was denoted 1.
The full I/l response became nonlinear at higher Cr(VI)
concentrations; therefore, quantitative fitting was restricted
to the lower-concentration linear interval (approximately 5.0—
12.5 uM). Fractional quenching, (Ip —I) /Iy, followed the em-
pirical relation y = 11704.23815[C] — 0.02463 (R?> = 0.993),
with [C] expressed in mol L~ !. The detection limit was cal-
culated using LOD = 30/S, where o is the standard devia-
tion of the blank response and S is the calibration slope. No
analyte-dependent absorbance correction or dedicated inner-
filter-effect experiment was performed.

Results and Discussion

Morphological and Structural Characteristics of SC-
CQDs

HR-TEM revealed predominantly quasi-spherical nanoscale
particles. Measurement of approximately ten individually re-
solved particles yielded a mean diameter of 4.28 +0.99 nm.
A representative high-resolution image showed lattice fringes
with a spacing of approximately 0.21 nm. Because the parti-
cle count was limited, the measured distribution is treated as
representative of the analyzed images rather than as a compre-
hensive population distribution.
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AFM imaging showed nanoscale surface features and corre-
sponding line profiles. However, the AFM lateral features and
line-height profile do not independently establish a 4.28 nm
particle diameter. Accordingly, AFM is used here as qualita-
tive topographic evidence, while the quantitative particle-size
estimate is based on HR-TEM.
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Figure. 1 HR-TEM images of SC-CQDs showing quasi-spherical
nanoscale particles. The measured particle size was 4.28 £+ 0.99 nm
(n=~10).
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Figure. 2 AFM images and corresponding height profiles of SC-
CQDs.

The microscopic observations are consistent with nanoscale
carbonaceous particles containing localized ordered regions
within a more disordered framework. At this length scale, both
carbon-domain structure and surface functionality can influ-
ence optical behavior; mechanistic assignments are therefore
considered together with the spectroscopic measurements be-
low.

The XRD pattern exhibited a broad feature centered at ap-
proximately 20 = 22.12°, indicating limited long-range crys-
talline order. Raman spectroscopy showed the characteristic D
and G bands of disordered/spz-rich carbon, with an I, /I; ratio
of approximately 1.1. Together, the XRD and Raman results

support a predominantly disordered carbon structure contain-
ing short-range graphitic domains.
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Figure. 3 Structural characterisation of SC-CQDs: (a) Raman spec-
trum showing the D and G bands, with an I_D/I_G ratio of approxi-
mately 1.1; (b) XRD pattern showing a broad diffraction feature cen-
tred at 26 = 22.12°.

Taken together, HR-TEM, XRD, and Raman analysis sup-
port the formation of nanoscale carbonaceous particles con-
taining both ordered sp?-rich regions and structural disor-
der. The characterization supports classification of the prod-
uct as a carbon-dot-like fluorescent nanomaterial; however, di-
rect carbon mass-balance, CHNS/TOC, TGA, and precursor-
control experiments were not performed and should be in-
cluded in future work to strengthen attribution of the final car-
bon specifically to residual squid-derived carbon after the pre-
hydrothermal thermal-treatment step.

Surface Chemical Composition

FT-IR spectroscopy indicated oxygen-containing surface
functionality, with bands assigned to hydroxyl-containing
groups together with C—O/C-O-C, C=0, and C=C-related vi-
brations. These functionalities are consistent with a polar,
oxygenated surface that can support aqueous dispersibility.
Their specific role in Cr(VI) quenching cannot be established
from FT-IR alone.

XPS confirmed carbon, oxygen, and calcium in the ana-
lyzed material. The C 1s fit contained components assigned
to C=C/C-C (~284.7 eV), C-O-C (~286.18 eV), and O-
C=0 (~288.1 eV). The O 1s region contained a component
near 533.75 eV assigned to C—-O-C-type oxygen, while Ca 2p
components were observed near 348.45 and 351.01 eV. The
calcium signal is consistent with residual calcium-containing
species from the biological precursor; the present data do not
establish whether these species are incorporated within the
carbonaceous nanostructure, exist as separate mineral phases,
or remain surface-associated.
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Figure. 4 FT-IR spectrum of SC-CQDs showing characteristic sur-
face functional groups.
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Figure. 5 XPS analysis of SC-CQDs: (a) survey spectrum; (b—d)
high-resolution spectra of the C 1s, Ca 2p, and O 1s regions.

Optical Properties and Photoluminescence Behaviour

The UV-visible absorption spectrum showed prominent ab-
sorption in the UV region. Features in approximately the 230—
260 nm range are consistent with 7—x* transitions associated
with conjugated carbon domains, while absorption in approx-
imately the 290-320 nm range is consistent with n—7* transi-
tions involving oxygen-containing surface groups.

Photoluminescence spectra recorded at excitation wave-
lengths from 220 to 380 nm showed excitation-dependent
changes in emission position and intensity, indicating the pres-
ence of multiple emissive environments rather than a single
uniform emissive state.

The native SC-CQD dispersion exhibited a fluorescence
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Figure. 6 UV-visible absorption spectrum of SC-CQDs showing ab-
sorption features in the 230-260 nm and 290-320 nm regions.
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Figure. 7 Photoluminescence characteristics of SC-CQDs: (a) flu-

orescence emission spectra and (b) fluorescence lifetime measure-
ment, with a measured lifetime of approximately 4.3 ns.

lifetime of approximately 4.3 ns. This value characterizes the
excited-state decay of the unexposed material but does not, by
itself, distinguish core-state emission from surface-state emis-
sion or establish the mechanism of Cr(VI)-induced quenching.

SC-CQD photoluminescence varied systematically across
pH 2-12, confirming that the emissive response is sensitive
to solution protonation conditions. This behavior is consistent
with protonation/deprotonation of oxygen-containing surface
functionalities and associated changes in emissive surface en-
vironments.

Because aqueous Cr(VI) speciation is itself pH dependent,
the pH effect cannot be attributed solely to protonation of the
SC-CQD surface. The present study did not systematically de-
termine Cr(VI)-quenching efficiency across the full pH range;
therefore, an optimum sensing pH is not assigned here.

Future studies should evaluate both CQD surface charge
and chromate/hydrogen-chromate/dichromate speciation un-
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Figure. 8 Effect of solution pH on the photoluminescence of SC-
CQDs over the tested pH range of 2—12.

der controlled pH conditions.

Selectivity among Tested Ionic Species

At a fixed analyte concentration of 5 uM, aqueous Cr(VI) pro-
duced the largest decrease in normalized fluorescence inten-
sity among the tested species. The comparison included AI**,
As3T, Ca?t, Cd?T, Cu?t, Fe2t, Nat, Zn?t, and Pb%*, with
measurements performed in triplicate and plotted as mean +
SD.

Several non-target species nevertheless produced measur-
able quenching. The present experiment therefore demon-
strates a preferential response to Cr(VI) under single-analyte
conditions rather than absolute selectivity. Competitive-ion
mixture experiments are required before selectivity can be
claimed for chemically complex environmental samples.

@
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Figure. 9 Fluorescence response of SC-CQDs in the presence of
5 uM solutions of the tested ionic species. Iy and I represent the
fluorescence intensities at 425 nm in the absence and presence of the
tested species, respectively (Aex = 320 nm).

Quantitative Cr(VI) Response and Mechanistic Consider-
ations

Increasing total Cr(VI) concentration produced progressive
quenching of SC-CQD fluorescence. The full response de-

viated from linearity at higher concentrations and approached
a plateau; therefore, calibration was restricted to the lower-
concentration interval. Fractional quenching, (Ip —I)/Iy, was
linear over approximately 5.0-12.5 uM and followed y =
11704.23815[C] — 0.02463 with R*> = 0.993. Using LOD =
30/8, the estimated detection limit was 5.4 uM.

This empirical fractional-quenching calibration is reported
without describing it as a Stern—Volmer plot; conventional
Stern—Volmer analysis would require Ip/I versus quencher
concentration.

The experiments establish concentration-dependent fluores-
cence quenching after addition of aqueous Cr(VI), but they do
not permit definitive assignment of the quenching mechanism.
Possible contributions include static or dynamic interactions
with SC-CQD surface sites and absorption-related inner-filter
effects.

Fluorescence lifetime was measured only for the native SC-
CQDs and was not repeated after Cr(VI) addition, while ana-
lyte absorbance and spectral-overlap corrections were not in-
dependently evaluated. Mechanistic interpretations are there-
fore considered tentative. The current assay also requires lab-
oratory fluorescence spectroscopy; field deployability has not
been demonstrated.
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Figure. 10 Concentration-dependent fluorescence response of SC-
CQDs to Cr(VI): (a) fluorescence spectra recorded at different Cr(VI)
concentrations (4., = 320 nm); (b) fluorescence-intensity ratio as a
function of Cr(VI) concentration.

Comparison with Reported Cr(VI) Sensing Systems

Published CQD-based Cr(VI) sensors span a wide range of
precursor chemistries, analytical ranges, and detection lim-
its. To avoid generalized performance categories, Table 1
compares the present SC-CQD response with individual peer-
reviewed studies using reported quantitative metrics.

The SC-CQD LOD is higher than several optimized or
doped CQD systems; accordingly, the present contribution
is framed primarily as proof-of-concept use of squid carti-
lage/gladius as a fluorescent carbon precursor rather than as
a superior analytical sensor.
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Table 1 Comparison with selected published CQD-based Cr(VI) flu-
orescence sensors

Sensor Linear range (uM) LOD (uM) Reference
Thymidine-derived N-CDs 0.1-430 0.00126 Ming et al., 2019
Poria cocos-derived CDs 1-100 0.25 Huang et al., 2022
Chitosan-derived CDs 1-400 0.59 Feng et al., 2022
Hydrothermal CDs 1-125 0.60 Hahn et al., 2024

Conclusion

Squid-cartilage/gladius-derived precursor material was con-
verted into fluorescent nanoscale carbonaceous particles by
hydrothermal treatment at 200 °C for 8 h. HR-TEM yielded a
mean particle diameter of 4.28 £0.99 nm, while XRD and Ra-
man spectroscopy indicated a predominantly disordered car-
bon structure containing short-range sp>-rich domains. FT-IR
and XPS showed an oxygenated surface together with a de-
tectable calcium contribution from the biological precursor.

The SC-CQDs exhibited excitation-dependent photolumi-
nescence, a native fluorescence lifetime of approximately
4.3 ns, and pH-dependent emission. In sensing experiments,
aqueous Cr(VI) produced the largest quenching response
among the tested ionic species, and concentration-dependent
quenching yielded an estimated LOD of 5.4 uM. Because
measurable responses were also observed for some non-target
species and competitive-ion mixtures were not tested, the cur-
rent data support a preferential rather than exclusive Cr(VI)
response.

The principal contribution of this study is the proof-of-
concept use of squid cartilage/gladius as a marine-biowaste
precursor for a fluorescent Cr(VI)-responsive nanomaterial.
The present work does not establish the detailed quench-
ing mechanism, field deployability, real-water recovery, long-
term stability, inter-batch reproducibility, or environmental
life-cycle performance. Future studies should include precur-
sor carbon-balance/control experiments, analyte-dependent
fluorescence-lifetime and absorption-overlap measurements,
competitive-ion mixtures, spiked environmental-water recov-
ery tests, and systematic optimization of quantum yield and
analytical sensitivity.
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