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Industrialization, especially in textile industries, has led to increased use of dyes and pigments to impart
colours to fabrics. Textile dyes are one of the chief emerging pollutants of water resources as industrial
effluents. In the current research, we report the development and utilization of pH-sensitive carbon
quantum dots (CQDs) immobilized in polymer thin films acting as sensors for textile dye detection. The
CQDs and CQD-containing polymer films were characterized by various techniques like XRD, TEM, XPS,
and CLSM. The synthesized CQD thin films possess a unique pH-sensitive property that can be used to
detect various model acidic and basic dyes that are important components of industrial effluents from
textile dyes. The detection capability of the sensor films was evaluated by spiking dyes in various water
matrices, like household tap water and river water. The results indicate that pH-sensitive CQD thin film
was able to detect three acidic dyes, namely methyl red, methyl orange, and bromocresol green, and one
basic dye, methylene blue, in a linear range of 0-100 pyM with a response time of 1 minute. The CQD
thin-film sensors have a limit of detection of 26.4 ppb, 214.5 ppb, 46.2 ppb, and 29.7 ppb for methyl red,
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methyl orange, bromocresol green and methylene blue, respectively. The accuracy of detection per-
formed by spiking studies in water resources indicated an ~100% recovery value in all tested acidic and
basic dyes. The sensor films were compared for analytical parameters using UV-visible-fluorescence
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1. Introduction

Industrialization and urbanization of society have led to sig-
nificant amounts of contamination of the environment.
Extensive use of synthetic and chemical-based compounds like
volatile organic compounds (VOCs), pesticides, dyes, anti-
biotics, etc. means these compounds become the main pollu-
tants in various water resources. Among them, synthetic dyes
are chemical compounds used to impart colours to fibres of
textiles due to their simple attachment capabilities. Dyes are
synthetic and/or natural molecules that are used in industries
for imparting colours on clothes (textiles), medicines, leather,
food, and paper products." Sustainability, wide availability,
and cost-effectiveness make synthetic dyes more preferred over
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natural dyes. Around 10 thousands varieties of dyes are present
in the marketplace having production costs of more than
1 million annually.” Based on the functional groups of the
molecular structure, dyes are classified into azo, indigo, vat,
nitro, anthraquinone, carbonium, etc.* Dyes are also classified
into various groups on the basis of solubility, structure, etc.
According to solubility, dyes are classified into acidic, dis-
persed, reactive, and basic dyes.’ Methyl red is a benzoic and
diazinyl group-based acidic dye that is mainly used in the
textile and paper industries.” Similarly, acidic dyes like bromo-
cresol green (triphenyl methane based), methyl orange
(anionic azo dye), and basic dyes like methylene blue (cationic
thiazine) are used in paper, textile, and cotton industries
mainly to impart colour.® The permissible limits of these vary
from dye to dye in the range of 1-16 ppm’ above which the
dyes cause several toxic effects on the environment, mainly
water pollution® and soil pollution.® Several health issues have
been reported when human beings are exposed, such as con-
formational changes and damage in DNA,'® neurotoxic
effects,"* diarrhoea, allergies and hepatotoxicity,” eye and skin
irritation,"” vomiting, jaundice and abdominal issues,"* carci-
nogenic effects,'* etc. Due to the occurrence of all these severe
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and hazardous effects on health and the environment, detec-
tion of dyes in natural matrices is an essential concern for
devising strategies for their degradation and treatment.

Various classical techniques and instruments have been
used for the detection of dyes, such as high performance
liquid chromatography,'® column chromatography,'® ion
mobility spectrometry,’”” derivative spectrophotometry,'®
Raman spectroscopy,’® capillary electrophoresis,®® etc. All
these classical techniques have the ability to detect dyes with
good sensitivity, accuracy and specificity but have many disad-
vantages like high cost, being non-portable in nature, requir-
ing pre-sample treatment, being time consuming, and invol-
ving complicated data analysis.”® A strong requirement exists
for the development of a unique method that can eliminate
these disadvantages and provide the possibility of a point-of-
care approach.

Several studies have been wusing fluorescence-based
approaches for the detection of various environmental analytes
like volatile organic compounds (VOCs),”> heavy metals,*
dyes®® and pesticides.*®

Fluorescence-based techniques rely on many fluorescent
probes, like fluorescent dyes, quantum dots (QDs), and metal
organic frameworks (MOFs), for the detection of analytes in
complex matrices. Quantum dots have unique fluorescence
properties due to which they are gaining attention for the
development of assays based on fluorescence and have many
advantages as compared to other fluorophores, including high
photostability, better fluorescence time, and narrow emission
and broad excitation. QDs can also undergo a variety of mecha-
nisms such as fluorescence resonance energy transfer (FRET),
fluorescence, energy transfer, luminescence, photocurrent
generation, etc.”*®® Carbon quantum dots (CQDs) have
additional advantageous properties such as biocompatibility,
biological tunability, non-toxicity, cost effectiveness etc. With
these additional properties CQDs are capable of being used in
various biological applications where the biggest concern is
toxicity.?°

Use of carbon dots for the detection of dyes is meagre in
the literature and the methods all have the disadvantages of
non-portability, complex mechanisms, use of laboratory-scale
instruments and requirement of improvement of several
analytical parameters like real-time monitoring, sensitivity,
specificity, limit of detection etc. when simple mechanisms are
used.

Carbon quantum dots are used as sensing platforms for the
detection of various textile dyes that involve various sensing
strategies like the inner filter effect mechanism associated
with tyre-derived carbon to detect Sudan dyes I, II, III, and IV
with LODs of 0.17, 0.21, 0.62, and 0.53 uM, respectively.’" In
another study sulphuric acid-mediated red-emission-based
carbon dots that were N, S codoped were used in the detection
of food dyes, such as methylene blue, amaranth and brilliant
blue with LODs of 4 nM, 70 nM, and 20 nM, respectively, along
with cell imaging.** The iodide dyes were selectively detected
through carbon dots by a quenching mechanism with an LOD
of 430 nM in the range of 0.5-20 pM.>*?
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In the current study, carbon quantum dot (CQD)-loaded
polymeric thin films were synthesized with the objective of a
point-of-care approach for detection using a fiber-optic
spectrometer. CQD thin films were characterized for various
properties like elemental, optical, structural and morphologi-
cal properties. The pH-sensitive response of the synthesized
CQD thin films was used to detect various acidic and basic
textile dyes (methyl red, methyl orange, methylene blue, bro-
mocresol green) in water matrices through a spiking study.
Analytical parameters like limit of detection, sensitivity, accu-
racy, specificity and response time were evaluated for the thin-
film sensor and compared against the HPLC-based method of
detection.

2. Materials and methods
2.1 Materials

Folic acid (MW 441.40 g mol ') was procured from SRL PVT.
Ltd, India. All dyes, namely methyl red, methyl orange, methyl-
ene blue and bromocresol green, were purchased from Hi-
Media, India. Acetonitrile and methanol were procured from
Thermo Fisher, India. All solvents and chemicals used were of
HPLC grade and double-distilled water was used for all
working solutions, buffers, and synthesis of carbon quantum
dots.

2.2 Synthesis of carbon quantum dots (CQDs) and
immobilization to form CQD-containing thin films

Folic acid (22.6 M) was obtained in double-distilled water for
the preparation of CQDs. The solution was kept in a hot-air
oven at 180 °C for 2 hours (Fig. 1) and then allowed to cool to
room temperature. The synthesized CQD solution was purified
by filtration with 0.2 pm nylon filter rings as CQDs have sizes
ranging between 1 and 10 nm and, after filtration, the filtered
solution was dialyzed in 15 ml of double-distilled water.
Powder CQDs are formed by lyophilizing the dialyzed samples.
Thin films containing CQDs were developed using 5% w/v chit-
osan obtained in 35 mL of DI water. The synthesized CQD sus-
pension was poured into Petri plates and allowed to solidify at
room temperature. The thin films of CQDs prepared were cut
into smaller discs using a paper punching cutter having an
approximate diameter of 3-5 mm.

2.3 Characterization of folic acid CQD loaded thin films

The chemical composition of the synthesized thin film of
CQDs was analysed using X-ray photoelectron spectroscopy
(XPS) (beamline PES-BL-14). For the analysis of crystalline and
lattice parameters, X-ray diffraction (XRD) was performed
using a CuKa X-ray source (1.54 A) (Rigaku Smart Lab). The
morphological characterization and size distribution of the
synthesized CQDs were analysed by transmission electron
microscopy (TEM) (model CM 20, Philips India), where a
copper grid was used to drop cast CQDs for TEM. The chemi-
cal nature and functional group identification of the syn-
thesized CQD thin film were acquired using Fourier transform
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Fig. 1 Schematic diagram of the synthesis of CQDs and work plan of investigation.

infrared spectroscopy (FTIR) (Tensor 27, Bruker, Germany) in
the range 4000-400 cm™'. The optical characterization and
absorbance of the CQDs were observed in a UV-vis spectro-
photometer (Shimadzu, UV1900i, Japan) and the fluorescence
of CQDs was observed in a fiber optic spectrophotometer
(FOS) device (Flame, Ocean Optics, Denmark). Confocal laser
scanning microscopy (CLSM) (IX, Olympus, Japan) was per-
formed for the evaluation of the distribution of fluorescence
obtained from CQDs in the thin film. For the evaluation of
quantum yield, quinine sulphate dye was used as the reference
and absorption of quinine sulphate and CQD solution was
measured along with the emission intensity of the CQD solu-
tion and calculated using the following formula:

Abs of dye
Abs of CQDs

intensity of CQDs
intensity of dye

Quantumyield = QY of dye x

2.4 Evaluation of pH response of synthesized CQD thin films

The pH response of the CQD thin film was evaluated by expos-
ing the CQD thin film to different pH buffers from pH 3 to pH
10. Similarly for the evaluation of pH response of the bare
CQD solution, it was mixed with different buffers of pH
ranging from pH 3 to pH 10. The fluorescence response of the
CQD thin film was recorded at an emission wavelength of
484 nm when excited at 365 nm using the fiber optic spectro-
photometer (FOS) device.

2.5 Dye sensing studies using the fiber optic
spectrophotometer

Calibration curves were obtained for concentrations of
different textile dyes ranging between 0 and 100 pM and fluo-
rescence intensities of the CQD thin film based on pH
changes. The range of textile dyes was taken according to the
permissible limit in water resources. The CQD thin film was
dipped in dyes of various concentrations, and the fluorescence
of the CQD thin film was recorded with a fiber optic spectro-
photometer (FOS) device.
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2.6 Dye detection using UV-visible spectrometry and high-
performance liquid chromatography (HPLC)

Detection of different dyes in a UV-vis spectrometer was per-
formed at the maximum absorption wavelength. The UV
absorption readings at respective Aya.x values (methyl red,
520 nm; methylene blue, 668 nm; methyl orange, 464 nm; and
bromocresol green, 610 nm) for various concentrations of all
the dyes were recorded and plotted in calibration curves with
absorption at each concentration.

High performance liquid chromatography (HPLC)
(Prominence-I LC-2030C, Shimadzu) was performed to detect
all dyes at various concentrations within the range of
0-100 pM. Different HPLC methods for the different dyes were
used with a common C18 column of 5 um (4.6 x 250 mm)
(Shimadzu, Japan). Methyl red and bromocresol green were
analysed using a mobile phase, set in the isocratic mode, com-
posed of acetonitrile and MilliQ water in a 60 :40 ratio, with
detector wavelengths set to 524 nm and 434 nm, respectively,
and a flow rate of 0.8 mL min~". Methyl orange was evaluated
using acetonitrile and ammonium acetate in a 60:40 ratio
having a flow rate of 0.6 mL min~" with a wavelength of
465 nm and for methylene blue, the wavelength was set at
665 nm with the mobile phase comprising methanol and
MilliQ in a 70 : 30 ratio with 0.7 mL min~" flow rate.

2.7 Dye spiking studies in river water and household water

Water samples from the Narmada river were taken from
Omkareshwar, Khandwa, India, and those from the Kshipra
river were taken from Ujjain, India. The spiking studies of all
dyes in various matrices of water were performed using all
three methods (CQD-based thin film, HPLC and UV-vis). The
estimation of concentration of all dyes was calculated using
the calibration curves for various matrices of water. Analytical
parameters like accuracy, resolution, sensitivity, the limit of
detection (LOD), etc. were calculated using a spiking experi-
ment for each method. Analytical parameters of all three
methods viz. CQD-based thin film, HPLC method and UV-

This journal is © The Royal Society of Chemistry 2023
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visible-based method, were compared with the objective to test
the suitability of the developed sensor against state-of-the-art
and sophisticated laboratory instruments.

2.8 Stability of CQD thin films

The CQD-containing thin films were stored at room tempera-
ture as CQDs are stable at room temperature and all experi-
ments were carried out at room temperature. In order to evalu-
ate long-term storage stability and photostability, the CQD-
based thin films were analysed over a period of 2 months for
fluorescence emission signals at frequent intervals.

2.9 Statistical analysis

The Student paired ¢-test and Pearson correlation coefficient
(r) were calculated and analysed for the significance of experi-
mental data. The ¢test was performed to determine whether
the means of the two groups (real and estimated groups) are
equal/similar.

3. Results and discussion

3.1 Synthesis and characterization of CQDs and CQD-
containing thin films

The synthesis of folic acid CQDs involved a microwave-assisted
one-pot facile method in which folic acid acts as a carbon
source. Absence of any passivant in the synthesis of the CQDs
provides the advantage of a high quantum yield.>* The
quantum yield was calculated for the synthesized CQDs with
quinine sulphate as the reference and found to be around
22%. After synthesis of bare CQDs in the solution phase, the
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thin film was synthesized by mixing the CQD solution in 5%
chitosan solution, as chitosan is a polymer which is used
because of its stability between pH 4 and pHS8, which is a
requirement of dye-sensing strategies.

Synthesized bare CQDs were characterized using a UV-vis
spectrometer (UV1900i, Shimadzu, Japan). It was used to
analyse the absorption spectra of CQDs: A;,.x Was observed at
365 nm for synthesized CQDs and maximum emission was
recorded at 486 nm (blue colour) (Fig. 2A) by using a fiber
optic spectrophotometer (FOS) (Flame, Ocean Optics, USA).
X-ray photoelectron spectroscopy (XPS) was performed to
characterize the chemical composition of the CQDs, and the
peaks at 296 eV for Cls and 532 eV for Ols were observed
(Fig. 2B). These prominent eV peaks show the presence of
mainly 2 elements, carbon and oxygen only, and indicate the
presence of bonds comprising only C and O like C-C/C=C,
C=0, and C-O-H bonds.?® For the analysis of the crystalline
and lattice parameters, X-ray diffraction (XRD) was performed
and the XRD pattern for the synthesized bare CQDs shows a
prominent peak at around 27.13°, which indicates the (002)
plane with a d-spacing value of 0.38 nm, confirming the nano-
metre size of the CQDs synthesised (Fig. 2C). The 20-27° value
of 20 indicates the characteristic peak of carbon.?**® FTIR ana-
lysis was used to identify the functional groups and in folic
acid the peaks between 3400 and 3300 cm ™' show the presence
of the carboxylic group while the synthesized CQD thin film
shows peaks between 3480 and 3360 cm™' and at around
2500 cm™" corresponding to the presence of O-H and N-H
stretching vibrations, which indicate the presence of carboxylic
acid and amine groups as shown in Fig. 2D. Transmission
electron microscopy (TEM) was performed for the morphologi-
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Fig. 2 Characterization of CQDs and CQD-containing films: (A) optical characterization of CQD thin film, (B) X-ray photoelectron spectroscopy
(XPS) analysis, (C) X-ray diffraction analysis of CQDs and CQD thin film, (D) FTIR analysis of CQD thin films, folic acid and chitosan, (E) transmission
electron microscopy imaging of CQDs and (F) confocal laser scanning microscopy analysis of CQD thin film.
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cal and structural characterization of the synthesized bare
CQDs, and revealed a more monodispersed distribution with
size ranges of 7 + 4 nm (Fig. 2E). The characterization of CQD
thin films was carried out similarly to the bare CQD character-
ization, and in the optical characterization, A,,,x was observed
at 365 nm for the synthesized CQDs with the maximum emis-
sion being recorded at 488 nm (blue colour). Similarly for the
chemical analysis, X-ray photoelectron spectroscopy (XPS) was
performed and peaks at 294 eV for Cl1s and 529 eV for Ols
were observed. For the analysis of the crystalline and lattice
parameters, X-ray diffraction (XRD) was used and the CQD
thin films show a prominent peak at around 22.13°, which
indicates the (002) plane with a d-spacing value of 0.22 nm.
For the evaluation of fluorophore distribution in the CQD thin
films, confocal laser scanning microscopy (CLSM) was carried
out, which revealed even distribution with constant and
uniform fluorescence all over the CQD thin films (Fig. 2F).

All the characterization results of the CQD thin films were
found to be comparable with bare CQD characterization
results as shown in Fig. 2B and C, while optical spectra and
pH data are overlaid with those of bare CQDs shown in Fig
S1t, which indicate that the characteristic properties of CQDs
remain the same after formation of CQD thin films without
any interference.

All textile dyes, which are the analytes for detection with
the CQD thin film, have fluorescence emission along with
their respective excitation. With the aim being to check any
interference of excitation-emission of these dyes using CQDs/
CQD-loaded thin films, we recorded the excitation and emis-
sion values of all dyes and CQDs and it was observed that CQD
thin films have excitation (Aay) at around 365 nm, which was
found to be different from those of all the textile dyes: methyl
red (530 nm), methyl orange (470 nm), methylene blue
(665 nm) and bromocresol green (596 nm), as shown in
Fig. 3A. The emission of CQDs was found to be around
484 nm, which was found to be different from those of all dye
analytes: methyl red (625 nm), methyl orange (605 nm),
methylene blue (702 nm), and bromocresol green (590 nm), as
shown in Fig. 3B. The excitation and emission values of all
dyes were found to be different from that of the CQDs thin
film, which indicates that there is no interference of these

A
21 —_caDs —Methyl red
n Methyl orange ——Bromocresol green
| ——Methylene blue ——Neutral red
815 ‘
c
©
=
<
0.5
0

View Article Online

Analyst

textile dyes on the optical properties of CQD thin films. The
absorbance and fluorescence emission spectra clearly indicate
that the peak intensities of dyes do not act as interference for
the CQD response.

3.2 Evaluation of pH sensitivity of synthesized CQDs and
CQD thin films

The pH sensitivity of the bare CQD solution and CQD-loaded
thin films was evaluated by exposing them to various pH
buffers in the range of pH 3-10. An increase of pH and there-
fore basicity means the number of OH™ ions increases and
these bind to the CQD shells, and due to this phenomenon,
the fluorescence of CQDs increases as shown in Fig. 5A. In a
similar fashion, CQD thin films also show an increase in fluo-
rescence as the pH increases from pH 3 to pH 10 as shown in
Fig. 5B. This indicates that the synthesized CQDs have pH-sen-
sitive properties as revealed in Fig. 5B, and that the pH-sensi-
tive properties are retained in the CQD-loaded thin film. The
sensitivity of the fluorescence response was comparable in
both CQDs (0.067/unit of pH) and CQD-loaded thin films
(0.076/unit of pH). The pH profile indicates the suitability of
CQDs for the estimation of pH in an analyte. The pH response
of the CQD thin films was also compared with that of bare or
pure chitosan thin films, as shown in Fig. 5C. It was observed
that there is no upward trend of fluorescence response in the
bare or pure chitosan thin film with increasing pH as is
observed in the CQD thin films with increasing pH.

3.3 Stability of CQD thin films

To evaluate the photostability of CQD thin films, the fluo-
rescence of CQDs was recorded through a fiber optic spectro-
photometer (FOS) device at regular intervals for over 2 months.
It was found that the CQD thin films were photostable with
minimal photobleaching (<20% of initial fluorescence inten-
sity) as indicated in Fig. 5D.

3.4 Dye-sensing studies using CQD thin films

The pH-sensitive property of CQD-loaded thin films is used for
the detection of textile dyes in various water samples. All
tested dyes have pH-changing ability such that methyl red dye
is an acidic dye having a quinonoid structure with pK, value of
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Fig. 3 Overlay of (A) absorption of CQDs and methyl red, bromocresol green, methyl orange, methylene blue and neutral red dyes, (B) fluorescence
emission of CQDs with methyl red, bromocresol green, methyl orange, methylene blue and neutral red dyes.
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5.1 along with a pH range of pH 4.2-6.3, and is soluble in
acetone. Second, methyl orange is an acidic dye but has a
sodium sulfonate-based structure having a pH range between
3.1 and 4.4 along with pK, value of 3.47 and is soluble in
water. Bromocresol dye is also an acidic dye with a triphenyl-
methane structure having pK, value of 4.90 along with a pH
range of 3.8-5.4, and is soluble in water. Of the four dyes
selected as analytes, methylene blue is a basic dye having a
thiazine structure with a pH range of 6-8 and is mainly
soluble in acetone. Due to all described properties of these
dyes, the presence of any one of these dyes will change the pH
of its matrix.

This pH change in the environment is detected by the syn-
thesized CQD thin films, which will provide a change in the

Transferof e
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fluorescence response. Calibration curves were plotted with
different concentrations (0-100 pM), as per the permissible
range of all four textile dyes, i.e. methyl red, methyl orange,
bromocresol green, and methylene blue, from their fluo-
rescence emission values.

The sensing mechanism of the synthesized CQD thin films
was based on the acidic and basic nature of dyes. Acidic dyes
have H'/protons present that withdraw electrons from the
CQDs, which results in the loss of electrons from the CQDs
and a decrease in the fluorescence of the CQD thin film
occurs, while in the presence of basic dyes, which contain
OH" ions that provide electrons to the CQDs, the addition of
electrons in the CQDs causes the fluorescence of the CQD thin
film to increase, as shown in Fig. 4.
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Fig. 4 Mechanism of sensing of dyes with the CQD thin-film-based sensor.
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Fig. 6 Calibration curves of detection of (A) methyl red, (B) methyl orange, (C) methylene blue and (D) bromocresol green in the range of
0-100 uM with CQD thin-film-based detection. The pH changes are described on secondary axes of each graph (A-D) and neutral red dye was

used as a reference dye along with all the dyes for calibration curves (A-D).

The calibration curves were found to be linear with a
decreasing trend in the cases of three of the dyes, namely
methyl red (Fig. 6A), methyl orange (Fig. 6B) and bromocresol
green (Fig. 6D), as they are all acidic dyes and the pH decreases
with an increase of concentration of these three dyes. In the
case of methylene blue (Fig. 6C), the calibration curve was
found to be linear with an increasing trend as methylene blue
is a basic dye, and the pH increases with an increase in the
concentration of methylene blue.

The pH values of all dyes were also plotted on the secondary
axis along with the respective calibration curve. Neutral red
dye is a textile dye having neutral pH, and thus it was used as
the reference dye for the detection of other dyes. A straight
line with minimal slope was observed due to the neutral pH
properties of neutral red dye making it a suitable dye as the
reference for estimation of other acidic/basic dyes that show
an increasing/decreasing trend of fluorescence emission,

respectively.
The CQD thin-film fluorescence intensity response for all
four dyes shows a linear regression equation: y = —0.0055x +

0.9974 for methyl red, y = —0.007x + 0.9898 for methyl orange,
y = 0.0194x + 1.0507 for methylene blue and y = —0.0069 +
0.9894 for bromocresol green. The ratio of the intensity
changes per unit change of concentration of dye was used to
calculate the sensitivity of the sensors.

The sensitivity was found to be 0.0055 per unit of intensity
change per unit micromolar concentration change in methyl
red with R> = 0.991; for methyl orange, the sensitivity was

5184 | Analyst, 2023, 148, 5178-5189

0.007/uM with R* = 0.991; similarly, for bromocresol green and
methylene blue, the sensitivity along with R* was 0.0069/uM
with R* = 0.998 and 0.019/uM with R* = 0.994, respectively.

With respect to sensitivity, methylene blue shows the
highest sensitivity among all four dyes. The sensitivity of the
sensor to basic dyes is greater as compared to that for acidic
dyes because as the pH increases towards basicity, the fluo-
rescence increases and the sensitivity of the sensor in terms of
the slope of the calibration curve is greater. Similarly, in the
case of sensing acidic dyes, as the concentration of acidic dyes
increases the pH moves towards the acidic range and decreases
and due to this the fluorescence of the CQD thin films
decreases, which decreases the slope of the trendline equation
of the calibration curve and sensitivity decreases.

On hydrolysis of the acidic dyes methyl red, methyl orange
and bromocresol green, according to the structure of these
dyes as shown in Fig. S5,f H' ions or protons are released,
which upon contacting with the CQDs of the CQD-loaded thin
film withdraw electrons from the CQDs, due to which quench-
ing of the CQDs occurs and results in a decrease of fluo-
rescence of the CQD-loaded thin film. On the other hand, on
hydrolysis of basic dyes, such as methylene blue, due to the
complex structure as shown in Fig. S5,f OH™ ions are released
that bind with the CQD electrons and strengthen the shells of
the CQDs, which increases the fluorescence of the CQD-loaded
thin films.

The specificity of the slope was analysed by comparing the
slope value of each calibration curve equation of all dyes as

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (A) Comparison of slope values of different dyes, and (B, C and D) spiking studies of CQD thin-film-based detection of dyes in household tap

water, Narmada river water and Kshipra river water, respectively.

shown in Fig. 7A. It is found that the acidic dyes have negative
slope values, such as methyl red, which has a slope value of
—0.0055 units per pM. Similarly methyl orange (—0.007 units
per pM) and bromocresol green (—0.0069 units per uM) have
negative slope values, whereas basic dyes have positive slope
values, such as that of methylene blue, which has a slope
value of 0.019 units per pM. This analysis will help identify
unknown samples of dyes.

In terms of pH, the change in the pH range is found to be
greatest in methyl red as it is the strongest acidic dye among
all four dye analytes having pH decreases in the range of pH 6
to pH 3, followed by methyl orange (pH 6 to pH 3.3), bromo-
cresol green (pH 6.2 to pH 4.2), and the smallest change was
observed in methylene blue as it is a basic dye where the pH is
observed to increase from pH 6.8 to pH 7.8.

3.5 Spiking studies in household water and river water

Three different matrices of water were used for the spiking
studies, mainly household tap water and two matrices from
river water (Narmada and Kshipra rivers). Different concen-
trations of all dyes were spiked in these three matrices separ-
ately and brought into contact with CQD thin films for
sensing. Spiking studies and fluorescence of CQD thin films
were employed to check the suitability of CQD thin film-based
sensors for the detection of textile dyes in water matrices.

The accuracy of the sensing mechanism was observed in
terms of percentage recovery values from spiking studies. In
tap water (Fig. 7B), with CQD-loaded thin films, for methyl
red, the accuracy in terms of % recovery was calculated from
eqn (S3)f and found to be 101.36% with a minimal error of

This journal is © The Royal Society of Chemistry 2023

1.36%. Similar values were obtained for bromocresol green
(100.91% =+ 0.91%), methyl orange (100.70% = 0.70%) and
methylene blue (100.78% = 0.78%). After attaining improved
and better percentages of recovery than those in previous
methods with tap water, the spiking studies in river water
samples were also carried out with all the dyes. In Narmada
river samples (Fig. 7C), the percentage recovery in terms of
accuracy was observed in methyl red at 100.75% with a mean
error of 0.75%. Similar values were found for methyl orange
(101.03% =+ 1.03%), bromocresol green (100.86% + 0.86%), and
methylene blue (100.70% + 0.70%). In a similar fashion, in the
water samples from the Kshipra river (Fig. 7D), the accuracy in
terms of the % recovery was determined for bromocresol green
as 100.78% with a mean error of 0.78%. Similar values for
methyl red (100.84% = 0.84%), methylene blue (100.72% =
0.72%), and methyl orange (101.41% + 1.41%) were obtained.
The percentage recovery in terms of accuracy was determined
to be good and values were all around 100% in the spiking
studies in all three water matrices, which shows the better suit-
ability of the CQD thin-film-based sensor in all three water
matrices for all four textile dyes.

A combination of multiple acidic dyes or a combination of
multiple basic dyes can very well be detected using the devel-
oped CQD thin-film-based sensor. The only limitation where
the sensor might not work is when the combination of acidic
and basic dyes in a single real sample leads to a neutral pH.
Small modifications (e.g. use of a secondary light source and
sequential analysis will negate false positives coming from
solutions like alkaline/acidic water of pH 8/pH 4 and analysis
at different wavelengths other than 500 nm) in instrumenta-
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tion along with the developed sensor films will aid in the
identification of different types of dyes present in water
resources.

Alternatively, since the dyes used in the study are also fluo-
rescent in nature, a secondary light source, which can be
sequentially operated after the first measurement using CQDs,
can be used. Using the second light source, a secondary emis-
sion peak will emerge corresponding to the emission of the
dyes.

3.6 Dye detection and spiking studies using UV-visible
spectrometry and HPLC

With the aim of comparing the sensing data of CQD thin-film-
based detection of dyes with data from standard instruments,
we carried out the detection of dyes using a UV-vis
spectrometer.

In UV-vis-based detection, the spectra of all dyes are
recorded to find out the A,,.x of the respective dyes. The UV
spectra of the dyes indicate Ayax Of the dyes as follows: for
methylene blue A,.x was found at 664 nm; for methyl orange,
464 nm; bromocresol green, 434 nm; and for methyl red,
524 nm. The absorption of different concentrations of dyes in
DI water was recorded at their respective maximum wave-
lengths. The calibration curves of all dyes were plotted in the
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0-100 uM concentration range. The calibration curves of all
dyes were found to be linear, as shown in Fig. S2.}

A comparison of CQD thin-film-based detection with highly
sophisticated instruments, such as HPLC-based detection, of
all four textile dyes was done. The concentration of dyes was in
the range of 0-100 pM. The retention time for methyl red was
found at 7.87 minutes, for bromocresol green it was
3.97 minutes, for methyl orange it was 5.60 minutes and for
methylene blue it was 4.977 minutes, as shown in Fig. S2.1 All
calibration curves of all dyes with HPLC were found to be
linear as, shown in Fig. S3.}

In spiking studies of dyes in three matrices of water (house-
hold tap water, and Narmada and Kshipra river samples), the
accuracy in terms of the percentage recovery in both UV-vis-
and HPLC-based detection was also found to be around 100%
with minimal average errors of 3-5% as in CQD thin-film-
based detection, as shown in Fig. 8. The sensing parameters of
both these methods (CQD thin film with UV-vis and HPLC) are
compared.

3.7 Comparison of analytical paramerters of all three dye
detection methods

The comparison CQD thin-film-based detection with standard
instrument-based detection, ie. UV-vis spectrometry and
HPLC, is presented in Table 1. The accuracy in terms of the
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Fig. 8 Spiking studies of UV-vis spectrometer-based detection of dyes in (A) tap water, (B) Narmada river water, and (C) Kshipra river water, and
spiking studies of HPLC-based detection of dyes in (D) tap water, (E) Narmada river water, and (F) Kshipra river water.
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Table 1 Comparison of analytical parameters of detection of dyes with CQD thin-film-based and standard methods

Methyl red Methyl orange Bromocresol green Methylene blue
Analytical CQD thin CQD thin CQD thin CQD thin
Parameters film UV-vis HPLC film UV-vis HPLC film UV-vis HPLC film UV-vis HPLC
Accuracy
Tap water 101.3%  100.6% 100.8% 100.7% 100.3% 101.7% 100.9% 100.3% 100.4% 100.7%  100.4% 100.6%
Narmada river 100.7%  100.6% 100.6% 101.1% 100.6% 100.4% 100.8% 100.6% 100.4% 100.7%  100.8% 100.7%
Kshipra river 100.8% 100.7% 100.6% 101.4% 100.5% 100.8% 100.7% 100.7% 100.5% 100.7% 100.3% 100.8%
Linear regression  0.991 0.997 0.998 0.991 0.999 0.998 0.998 0.994 0.998 0.991 0.999 0.998
Response time (in 1 2-3 7.87 1 2-3 5.60 1 3.97 2-3 1 2-3 4.77
minutes)
Sensitivity (LM) 0.0055 0.0047 0.74 0.007 0.0022  8.041 0.0069 0.023 2.71 0.0019 0.0049 0.390
Limit of detection 26.4 ppb 264 ppb 6.6 ppb 214.5 ppb 66 ppb 8.25 ppb 46.2 ppb  16.5 ppb 9.9 ppb 29.7 ppb 36.3 ppb  23.1 ppb
(LOD)
Limit of 79.2 ppb 792 ppb 19.8 ppb 643.5 ppb 198 ppb 24.75 ppb 138.6 ppb 49.5 ppb 29.7 ppb 89.1 ppb 108.9 ppb 69.3 ppb
quantification
(LOQ)
Resolution 8 80 2 65 20 2.5 14 5 3 9 11 7
(in ppb)

percentage recovery of CQD thin-film-based detection was
found to be similar and comparable with that of UV-vis- and
HPLC-based detection. For the linearity of all dyes in terms of
the regression coefficient (R*), CQD thin-film-based detection
has similar and comparable linearity with that of both stan-
dard methods (HPLC and UV-vis), which is above 0.99 indicat-
ing high significance. The response time of detection of dyes
is much lower in CQD thin-film-based detection and is around
5- to 6-fold lower than in HPLC and 1- to 2-fold lower than in
UV-vis-based detection. This indicates that CQD-based thin
films have potential for detection in response times shorter
than those of HPLC and UV-vis-based detection. The sensi-
tivity of the sensing mechanism, which was revealed by the
regression equation, was higher in HPLC for all dyes as it is a
highly sophisticated technique. The sensitivity with UV-vis-
based detection is high as compared with CQD thin-film-
based detection in three dyes, i.e. methyl red, methyl orange
and bromocresol green, and lower in the case of methylene
blue. The sensitivity of HPLC is 157- and 136-fold greater than
that of CQD thin-film- and UV-vis-based detection of methyl
red, respectively. Similarly, for methyl orange, HPLC sensitivity
was 3655- and 1148-fold higher, for bromocresol green it was
117.8-fold and 392-fold greater, and for methylene blue it was
79.5-fold and 205.8-fold higher than the sensitivity of UV-vis-
and CQD thin-film-based detection, respectively. Most of the
sensitivity, LOD, and LOQ values were superior using the
HPLC method, which was obviously predicted considering the
sophisticated nature of the HPLC instrument. However, con-
sidering economic reasons, HPLC cannot be used for on-site
detection. Overall the LOD and LOQ of the sensing mechanism
are comparable with respect to CQD thin-film-based and UV-
vis detection, while they are better in the case of HPLC-based
detection. CQD-based thin films were able to show the best
LOD for methylene blue and methyl red to an extent of being
1.25 10 times better in comparison with their UV-vis counter-

This journal is © The Royal Society of Chemistry 2023

parts. On the other hand, the CQD-loaded thin films showed
the best sensitivity for methyl red, methyl orange and bromo-
cresol green, which were 1.17-3.18 times better than that from
the UV-vis method. Furthermore, it was found that HPLC,
being a sophisticated instrument for detection, showed excel-
lent results in terms of low LODs for almost all dyes.

The LOD of HPLC-based detection was 10-fold and 4-fold
lower for methyl red as compared to UV-vis- and CQD-based
detection, respectively, and CQD thin films have 10-fold lower
detection as compared to UV-vis-based detection, while for
methyl orange it was 8-fold and 26-fold lower, for bromocresol
green, 2-fold and 5-fold lower, and for methyl blue, 1.5-fold
lower and the same LOD as compared to UV-vis- and CQD-
based detection, respectively. This suggests that CQD thin-
film-based detection has comparable LOD and LOQ with
respect to the UV-vis- and HPLC-based detection methods with
ppb detection capabilities. The resolution of HPLC is better,
and other than that the CQD thin film and UV-vis spectro-
meter have comparable resolution.

The comparison of analytical parameters shows that CQD
thin-film-based detection of the dyes has good sensitivity,
better resolution and good ppb LODs, and is comparable to
standard instruments used in UV-vis spectrometry. The CQD
thin films can be used for point-of-care and on-site detection
of dyes in different matrices of water and are able to replace
standard instruments, which are expensive, less portable and
require complex sample preparation, for real-time monitoring
and detection of dyes.

4. Conclusion

This study demonstrates the application of the pH-sensitive
property of folic acid CQD thin-film-based sensors for the
detection of textile dyes in different matrices of water. The
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presence of dyes causes changes in the pH of the water
matrices corresponding to the nature of the dyes (acidic, basic
or neutral). The changes in pH can be detected using folic
acid CQD thin films. The analytical parameters of sensing
studies involving CQD thin-film-based detection are compared
with those of sophisticated instruments, such as HPLC. CQD
thin-film-based sensing uses fiber optic spectrometric
measurements, which are able to show the point-of-use
approach for the detection of dyes in water in real-time moni-
toring with a response time of 1 minute. The results show that
the CQD thin-film sensor can be used for pH-sensitive detec-
tion of all dyes that are chemically acidic or basic in nature
using a portable approach so that it can be substituted for
highly expensive and high-end analytical equipment.
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