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A B S T R A C T

The study focused on converting tea bag waste into strong fluorescence carbon quantum dots (TBW-CQDs) for 
the detection of acrylamide in drinking water, antimicrobial activity, and photocatalytic degradation. The TBW- 
CQDs exhibited blue luminescence and maximum absorbance at 287 nm under UV light and distinctive fluo-
rescence emission and excitation wavelengths at 425 nm and 287 nm, respectively. TBW-CQDs revealed a 
particle size of 8.12 ± 0.06 nm with a spherical morphology followed by an abundance of 59.29 % carbon and 
39.82 % oxygen. For acrylamide extraction from water, the QuEChERS method was established, which exhibited 
a recovery rate of 97 to 99 %. The fluorescence-based sensor exhibited a low limit of detection of 0.35376 ppm, 
which was validated by HPLC-PDA (LOD 0.300688 ppm). TBW-CQDs degraded 90.62 % of indigo carmine and 
93.19 % of methylene blue under bright sunlight. In conclusion, the fabricated TBW-CQDs provide a promising, 
cost-effective, and precise approach to acrylamide detection in drinking water.

1. Introduction

Acrylamide (AA), a colorless, odorless crystalline compound with the 
molecular formula C₃H₅NO, is primarily utilized as a monomer to pro-
duce polyacrylamide, which finds widespread applications in industrial 
processes, particularly in water treatment, agriculture, paper 
manufacturing, and soil conditioning (Allen, 1978; Fan et al., 2023). 
Polyacrylamide’s role as a flocculant in water purification helps improve 
water quality, ensuring it is suitable for consumption in the food and 
beverage industries. However, a significant concern in using 
polyacrylamide-based filtration membranes is the potential leaching of 
unreacted AA monomers into treated water, resulting in contamination. 
This leaching typically occurs when acrylamide is not fully polymerized 
during membrane manufacturing, allowing residual monomers to 
dissolve gradually into the water stream (Tepe, 2024).

Several factors influence AA leaching from filtration membranes, 

including the polymerization process’s quality, the membrane’s struc-
tural integrity, and the specific conditions in water treatment opera-
tions, such as pH, temperature, and the presence of other chemicals 
(Taloor et al., 2024). Since AA is a known carcinogen, its presence in 
drinking water poses health risks, emphasizing the need for strict quality 
control during manufacturing and continuous monitoring of treated 
water to prevent contamination (Gür et al., 2023). The health impacts of 
AA are well-documented; it is classified by the International Agency for 
Research on Cancer (IARC) as a probable human carcinogen (Group 2 
A), based on animal studies. AA undergoes metabolic conversion to 
reactive derivatives like glycidamide, which can form DNA adducts, 
potentially inducing mutations and cellular disruptions leading to can-
cers, particularly of the kidney, endometrium, and ovaries (Farouk et al., 
2021; Yan et al., 2023). Beyond its carcinogenicity, AA exposure also 
poses genotoxic, neurotoxic, reproductive, and hepatotoxic effects, 
impacting genes, neurotransmitter levels, and hormone regulation 
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(Gupta et al., 2023). Given these risks, AA contamination in drinking 
water is a critical public health concern, and ensuring safe levels re-
quires sensitive detection methods (Agbasi et al., 2024; Priya et al., 
2018).

Traditional analytical techniques for detecting AA include high- 
precision methods such as Liquid Chromatography-Mass Spectroscopy 
(LCMS) (Yazıcı et al., 2023), High-Performance Liquid Chromatography 
(HPLC) (Feng et al., 2023), Surface Enhanced Raman Spectroscopy 
(SERS) (Wang et al., 2024), and Gas Chromatography-Mass Spectros-
copy (GC-MS) (Aghvami et al., 2023). These methods offer accuracy but 
are costly, time-consuming, and may require complex instrumentation, 
limiting their widespread use for routine water quality monitoring. 
Consequently, there is increasing interest in developing alternative 
methods that are cost-effective, eco-friendly, and suitable for real-time 
monitoring of AA in environmental and food samples.

Emerging approaches leverage green and sustainable materials, 
including carbon quantum dots (CQDs) and biosensors. CQDs are fluo-
rescent nanomaterials with sizes ranging from 1 to 10 nm and exhibit 
unique properties such as high photostability, water solubility, 
biocompatibility, and strong, tunable fluorescence. These characteristics 
make CQDs suitable for various applications, including the targeted 
drug delivery (Pourmadadi et al., 2024), bioimaging (Atchudan et al., 
2021; Molaei, 2024), gene therapy (Zhu et al., 2024), detection of heavy 
metals (Vyas & Joshi, 2024), toxins (Wei et al., 2020), and pathogens 
(Hu et al., 2021). Moreover, CQDs have demonstrated significant po-
tential as sustainable alternatives for traditional AA detection methods 
due to their low toxicity and environmentally friendly production, often 
derived from food and agricultural waste, which further aligns with 
sustainable development goals (Pushparaj et al., 2022).

Repurposing food waste to produce CQDs supports the development 
of cost-effective, high-sensitivity nanosensors and contributes to 
reducing environmental waste. Among potential CQD sources, tea bag 
waste (TBW) is particularly promising. Tea, one of the world’s most 
consumed beverages, generates substantial amounts of waste. By 2025, 
global tea production is projected to reach 8.52 million tons, reflecting a 
growth rate of 4.9 % annually (Inayat et al., 2023). TBW contains 
valuable carbon sources and functional groups, such as polyphenols, 
catechins, lignin, and tannins, which are ideal for CQD synthesis (Osorio 
et al., 2021; Rajput et al., 2024). These functional groups enable in-
teractions with acrylamide molecules, creating a measurable fluores-
cence quenching effect suitable for AA detection (Vijeata et al., 2024).

This study explores the use of TBW-derived CQDs for acrylamide 
detection in drinking water. By utilizing food waste as a carbon source, 
we address a dual need: creating a sensitive and eco-friendly sensor for 
AA while promoting sustainable waste management practices. The TBW- 
CQDs were characterized by their optical and morphological properties, 
establishing their suitability as a fluorescent nanoprobe. Additionally, 
the performance of the TBW-CQD sensor was validated through com-
parison with HPLC-PDA analysis, a traditional AA detection method, 
ensuring accuracy and reliability. The TBW-CQDs nanoprobe demon-
strated considerable potential for real-time monitoring and effective 
detection of AA in water, offering a practical solution for quality man-
agement across various sectors.

2. Material and methodology

2.1. Materials

The research work utilized all chemicals of analytical grade without 
any further treatment. Acrylamide (CAS No. 79–06-1, purity ≥99 %) 
was obtained from Central Drug House (P) Ltd. New Delhi, India. 
β-cyclodextrin (CAS No. 7585-39-9, purity ≥98 %) and syringe filter 
(0.22 μm) were purchased from Hi-Media Pvt. Ltd. Mumbai, India. Tea 
waste was sourced specifically from (Lipton black tea bags), ensuring 
consistency in the raw material used for CQDs synthesis throughout the 
study. Drinking water was obtained from a local market in Jalandhar, 

(Punjab, India). QuEChERS Kit (containing 150 mg MgSO4 + 50 mg C- 
18 Powder +50 mg PSA) was acquired from Thermo Fisher Scientific, 
USA. A hydrothermal reactor (100 mL) utilized to fabricate CQDs was 
acquired from Techinstro Industries Nagpur, Maharashtra, India. 
Acetonitrile (CAS No. 75–05-8, purity ≥99.9 %), n-hexane (CAS No. 
110–54-3, purity ≥99 %), Tannic acid (CAS No. 1401-55-4, purity ≥90 
%), Gallic acid (CAS No. 149–91-7, purity ≥98 %), Caffeine anhydrous 
(CAS No. 58–08-2, purity ≥99 %), Quercetin (CAS No. 117–39-5, purity 
≥95 %), citric acid (CAS No. 77–92-9, purity ≥99.5 %), Methylene blue 
(CAS No. 61–73-4, purity ≥82 %), and indigo carmine (CAS No. 860–22- 
0, purity ≥90 %) were purchased from Loba Chemie Pvt. Ltd. Mumbai, 
India. All the reagents and samples were prepared in deionized water 
(CAS No. 7732-18-5) obtained from Loba Chemie Pvt. Ltd. Mumbai, 
India.

2.2. Proximate analysis of TBW

The proximate composition of TBW was evaluated using the AOAC 
protocol. Various analytical techniques were utilized to determine the 
moisture, crude fat, protein, ash, crude fiber, and carbohydrate content 
of the sample. These parameters were quantified as a percentage.

2.2.1. Moisture content of TBW
The moisture content analysis of the sample was conducted utilizing 

a hot air oven by following the AOAC guidelines proposed by Dilebo 
et al. (2023). The initial weight of empty petri dishes (W1) was recorded, 
following which 3 g of the sample was deposited into the petri dishes 
(W2). Subsequently, the drying was done at 105 ◦C, facilitating the 
gradual removal of moisture till a constant weight. Subsequently, the 
petri dish was placed in a desiccator for cooling and then weighed (W3). 
The moisture percentage within the sample was determined using the 
Eq. (1): 

Moisture content% =
W2 − W3

W2 − W1
×100 (1) 

2.2.2. Ash content of TBW
The ash content was determined using the muffle furnace method by 

following the method given by Mpili et al. (2024). The 1 g of charred 
TBW powder was incinerated in a crucible within a muffle furnace for 4 
h at a temperature of 550 ◦C. Following the cooling process, the ash was 
weighed and ash % was determined using the following Eq. (2): 

Ash (%) =
W
Ws

× 100 (2) 

Where, W = Weight of ash residue.
Ws = Weight of sample.

2.2.3. Crude fat content of TBW
The assessment of lipid content was investigated using the Soxhlet 

method as detailed by Sandeep Kumar Jain et al. (2023). Petroleum 
ether served as the extraction solvent, with the percentage of lipid 
determined using the Eq. (3) provided below: 

Crude Fat (%) =
W1
W2

×100 (3) 

Weight of fat extracted (W1) = Weight of Round bottom flask (RBF) 
after extraction – weight of empty RBF.

W2 = Weight of Sample.

2.2.4. Protein content of TBW
The quantification of total nitrogen in the sample utilizing by the 

CLASSIC DX VA TS, Pelican Equipment, India (Zafar et al., 2023). A 
conversion factor of 6.5, relating nitrogen to protein content, was 
applied for protein determination in the sample (Eq. 4). 
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Protein% =
N × V × 6.25

Ws
×100 (4) 

where, V = volume of the sulfuric acid.
N = normality of the acid.
Ws = weight of the sample.

2.2.5. Crude fiber of TBW
The crude fiber was done according to Olugbuyi et al. (2024). The 1 g 

TBW sample (W) underwent a digestion process for 30 min in a water 
bath containing 0.255 M sulfuric acid. Following cooling, the digested 
sample was filtered, and the residue was rinsed 2–3 times with distilled 
water. Subsequently, the residue was subjected to a 30 min boiling 
process with 0.313 N sodium hydroxide, followed by washing with 
distilled water. The resulting residue was then transferred to a petri dish 
(W1) and heated in an oven at 110 ◦C for 2 h. After cooling, the weight 
was recorded (W2). The moisture-free residue was further placed in a 
muffle furnace for 6 h, and the weight was recorded after cooling (W3). 
The weight of the empty crucible is denoted as W4. The crude fiber (%) 
was estimated using the Eq. (5): 

Crude fiber (%) =
W3 − W4

W
×100 (5) 

2.2.6. Total carbohydrate of TBW
The carbohydrate content in TBW was determined using the differ-

ence method. The rest of the other components such as protein, crude 
fat, ash, and moisture are subtracted from the total weight of the food 
matrices in the Eq. (6). 

Total Carbohydrate = 100–(Protein+ crude fat+ ash+moisture) (6) 

2.3. Fabrication of CQDs from tea bag waste

CQDs were fabricated from tea bag waste using a simple hydro-
thermal method according to Irmania et al. (2020) with certain modi-
fications. Initially waste tea bag was dried, ground, and finely powdered. 
Dissolve 200 mg of waste tea bag powder in 90 mL of deionized water. 
The solution is transferred to a 100 mL Teflon-lined stainless steel hy-
drothermal reactor and kept at 180 ◦C for 9 h. The yellow suspension is 
further centrifuged at 5000 rpm for 20 min and purified using a 3KDa 
dialysis membrane. The fabricated TBW-CQDs underwent filtration 
using a 0.45 μm syringe filter. The transparent yellow solution (TBW- 
CQDs), exhibiting remarkable fluorescent properties was obtained and 
finally, stored at refrigeration condition (At 4 ◦C) till further 
characterization.

2.4. Characterization of TBW-CQDs

The characterization of waste tea bags derived from carbon quantum 
dots was carried out using a range of analytical techniques such as 
UV–visible spectroscopy, Particle size analyzer and zeta potential, TEM, 
FTIR, DSC, and Fluorescence spectroscopy.

2.4.1. UV–visible spectroscopy of TBW-CQD
The confirmation of TBW-CQDs was achieved through the utilization 

of UV in the visible spectrum according to Kasinathan et al. (2022). The 
UV–visible spectrophotometer (Thermo Scientific NanoDrop Lite UV 
Visible spectrophotometer, Waltham, USA) was used. To prepare the 
sample, 100 μL was diluted in 2.9 mL of deionized water. A quartz 
cuvette with a capacity of 4 mL was filled with the diluted sample, while 
a second cuvette was filled with deionized water as a control. The 
experiment was conducted at ambient conditions, covering a spectral 
range from 800 nm to 200 nm. Subsequently, the spectra were moni-
tored across various wavelengths using a computer equipped with UV- 
probe software.

2.4.2. Particle size analysis (PSA) and zeta potential (ZP) of TBW-CQDs
The PSA and ZP of TBW-CQDs were determined using by Mastersizer 

(3000+ Lab, Malvern Panaltyical Ltd., UK) according to method of 
Marouzi et al., (2021). The sample preparation, 500 μL of TBW-CQDs 
were mixed with deionized water using an Ultrasonic homogenizer 
(HD 4100 SONOPLUS, Bandelin Electronic GmbH & Co. KG., Germany). 
Subsequently, the prepared sample underwent PSA using a 4 mL quartz 
cuvette.

2.4.3. Morphological and elemental characteristics of TBW-CQDs
The internal morphology and elemental analysis of TBW-CQD were 

analyzed by HR-TEM (Thermo scientific Talos™ F200X G2), following 
the method outlined by Sistani and Shekarchizadeh (2021). The sample 
was analyzed with operating at 20 mV. Additionally, HR-TEM was 
equipped with energy dispersive spectroscopy (EDS) from Thermo Sci-
entific at 10 mv and was subjected to further study. The 10 μL of TBW- 
CQD sample was placed over the copper grid, following the sputtering 
process at the voltage of 30 mA for 2 min. The images were recorded 
with the help of Thermo Scientific Velox software at different 
magnifications.

2.4.4. Fourier transform infrared spectroscopy (FTIR) of TBW-CQDs
The functional groups present on the surface of fabricated carbon 

nanoparticles were analyzed using FTIR (Paragon 1000, Perkin Elmer, 
Spectrum Two, USA) ((Zhang et al., 2023). This analysis was performed 
under ambient temperature and working in the mid-infrared region 
spectrum range i.e. 4000–400 cm− 1. This instrument comprises a dia-
mond crystal cell Attenuated total reference (ATR) operated at 0.5 cm− 1 

resolution. The 200 mg of KBr powder was mixed with 20 μL TBW-CQD 
and further loaded onto the sheet. The FTIR spectra of the samples were 
generated in terms of transmittance and wavenumber.

2.4.5. Thermal properties of TBW-CQDs
Thermal properties of TBW-CQDs were analyzed by Differential 

scanning calorimetry (DSC) (Perkin Elmer 6000, Norwalk, USA) 
described method by Thakur, Bains, Kumar, et al. (2024). This analysis 
was conducted under a controlled atmosphere of a nitrogen gas (N2) 
with temperatures ranging from 25 ◦C to 350 ◦C at a constant scanning 
rate of 10 ◦C/min, using a bare aluminum (Al) pan as reference. This 
DSC analysis was utilized to identify parameters such as set temperature, 
onset temperature, melting peak temperature, and melting enthalpy.

2.4.6. Fluorescence spectroscopy (FS) of TBW-CQDs
The fluorescence analysis was conducted in accordance with Alam-

dari et al. (2023) using the Fluorescence Spectrophotometer (F-7000 
Hitachi High-tech Corporation, Japan) featuring a 1.0cm quartz cuvette. 
The excitation wavelength of 287 nm was applied to the sample with a 
scanning rate of 10 nm/min across the 800–350 nm range. A 3.5 mL 
cuvette with a path length of 3.5 cm was used for the synthesized TBW- 
CQD sample, resulting in spectrum generation. The spectrum was 
recorded and analyzed on a computer using the software Spectrum FLR 
version 1.1 at different wavelengths.

2.4.7. Atomic force microscopy (AFM) of TBW-CQDs
The surface topography of tea-derived carbon dots was recorded by 

AFM (Asylum MFP-3D, Oxford, UK) (Kalpana et al., 2023). A single drop 
of TBW-CQDs was added to deionized water, and the resulting mixture 
was spread onto a silicon wafer. Subsequently, the wafer underwent 
drying at 28 ◦C, with a scanning rate of 0.5–1 line.

2.5. Quantum yield of TBW-CQDs

The quantum yield of the TBW-CQDs was measured according to 
Anpalagan et al. (2024) utilizing the Eq. (7): 

Φ = {Φr× I/Ir×Ar/A× η/ηr} (7) 
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In this equation, Φ signifies the comparative quantum yield of the 
CQDs relative to that of quinine sulfate, which has a concentration of 
0.1 mg/L when dissolved in 0.1 M H2SO4 and is used as the reference 
(Φr) with an excitation wavelength of 360 nm. “I” stands for the total 
emission intensity derived from the emission spectrum with a 360 nm 
excitation. “A” is the UV–visible light absorbance at 360 nm, which is 
kept under 0.05 in the 10 mm quartz cell to avoid re-absorption effects. 
The refractive index of the solvent (η) was noted as 1.33.

2.6. Detection of acrylamide using TBW-CQDs

The detection of acrylamide was undertaken with the determination 
of TBW-CQDs fabricated from waste tea bags by the dilution of CQDs 
into deionized water (Wei et al., 2021). Different concentrations of 
acrylamide (0.5, 1.0, 1.5, 3.0, 5.0, and 10.0 ppm) were incorporated into 
3.0 mL of TBW-CQDs and incubated for 30 min. Afterward, the photo-
luminescence (PL) emission spectrum of TBW-CQDs containing different 
concentrations of acrylamide was recorded and analyzed. The change/ 
shift in the PL spectrum of TBW-CQDs due to the presence of variable 
concentrations of acrylamide or fluorescence intensity of TBW-CQDs 
along with different concentrations of acrylamide tends to make an 
impact on the PL spectrum.

2.7. Selectivity of TBW-CQDs for acrylamide detection

The sensitivity, precision, and selectivity of tea bag-derived carbon 
dots were investigated by employing interference of tannic acid, gallic 
acid, caffeine, and quercetin (John et al., 2024). These chemical con-
tainments were incorporated into the solution, and the resulting solution 
underwent fluorescence sensing for evaluation. The shift in fluorescence 
intensity and wavelength of carbon dots were investigated in the context 
of various chemicals mentioned before (reaction time: 30 min, and re-
action temperature 25 ◦C). The evaluating the interaction among the 
TBW-CQD with these different interference substances assists in deter-
mining the specificity and sensitivity of the fluorescent nanoprobe 
throughout the wide range of the analytes.

2.8. Pretreatment of drinking water sample

Drinking water bottles were purchased from a market in Jalandhar, 
Punjab, India. Firstly 10 g of sample was taken along with 10 mL of 
acetonitrile and placed into a 50 mL centrifuge tube. Following that 4 g 
of MgSO4 and 1 g of NaCl were added into the tube. Centrifuge sample 
7000 rpm for 15 min to separate acrylamide from food matrix and keep 
the supernatant for further analysis. QuChERS kit containing 150 mg of 
MgSO4, 25 mg of primary secondary amines, and 25 mg of C-18 powder 
was added to 1 mL aliquot. Following that, emission spectra were 
recorded using a fluorescence spectrophotometer with a 290 nm exci-
tation wavelength. The LOD was determined with the procedure out-
lined by Casanova et al. (2023) as dividing 3 times the standard 
deviation(SD) of the calibration curve’s intercept by the slopes of the 
curve.

2.9. Analysis of food sample

In the analysis of drinking water, two analytical approaches were 
employed TBW-CQDs fluorescence sensor and HPLC-PDA. An aliquot of 
20 μL isolated from a drinking water sample was directly incorporated 
into fabricated TBW-CQDs. The shift in the fluorescence intensity of 
TBW-CQD was used as the confirmation for the presence of acrylamide 
in our sample (drinking water).

Determination of acrylamide in food samples was done with two 
methods i.e. High-Performance Liquid Chromatography and Fluores-
cence sensing with assistance with TBW-CQDs. The gradient flow of 
water/acetonitrile (97:3) was carried out for the analysis with a flow 
rate of 0.7 mL/min and the injected sample volume was 20 μL. The 

wavelength of the PDA detector was maintained at 202 nm. The acryl-
amide was eluted at 3.97 min. The isocratic flow of water/acetonitrile 
(20:80) was utilized for the cleaning of the column. The total run time 
was 40 min. The determination of acrylamide in the food sample was 
based on the spectrum of the sample along with the retention time.

2.10. Antimicrobial properties of TBW-CQDs

The effectiveness of the fabricated fluorescent carbon quantum dots 
(CQDs) against Escherichia coli, Pseudomonas aeruginosa, and, Staphylo-
coccus aureus, was assessed using the well diffusion method as given by 
Pandiyan et al. (2020). To ensure sterility, both the petri dish and the 
samples underwent sterilization at 120 ◦C for 30 min before the anti-
microbial activity testing. Fresh bacterial inoculums were evenly spread 
across the surface of the nutrient agar medium using a sterile cotton 
swab. The preparation of the testing solution entailed the combination 
of the tea-derived carbon dots stock solution with sterile Milli-Q water. 
Initially, the TBW-CQDs were dissolved in sterile distilled water to 
prepare a stock solution. Subsequently, wells were filled with 0.01 μg/ 
mL of the tea derived‑carbon quantum dots solution and incubated for 
24 h at 37 ◦C. The resulting inhibition zones (measured in mm) formed 
in the petri dish were then observed and recorded. Furthermore, the 
minimum inhibitory concentration (MIC) and minimum bactericidal 
concentration (MBC) were assessed using the broth microdilution 
method. the plates were incubated at 37 ℃ for 24 h, with the MICi-
dentified as the lowest concentration of TBW-CQDs that visibly inhibited 
bacterial growth. The MBC was established by subculturing the contents 
from the MIC wells onto MHA plates.

2.11. Photocatalytic dye degradation

The effectiveness of tea-derived carbon dots in catalytic degradation 
of indigo carmine (10 ppm) and methylene blue (10 ppm) dyes was 
evaluated following the approach by Abu-Melha (2024) under natural 
sunlight. To establish absorption-desorption equilibrium, the TBW- 
CQDs-dye solution underwent constant magnetic stirring at 200 rpm 
in darkness for 20–30 min. In summary, 100 mL of dye solution and 10 
mL of TBW-CQDs were mixed in a conical flask and exposed to natural 
sunlight with constant stirring. During the analysis, 2 mL aliquots were 
withdrawn at specified intervals (15, 30, 45, 60, 75, 90, 100, and 120 
min) and centrifuged at 10000 rpm for 15 min. Following centrifuga-
tion, the dye concentration was determined using a Thermo Scientific 
NanoDrop Lite UV Visible spectrophotometer based on absorption 
spectra. The calculation of dye degradation efficiency employed the 
following equation.

Degradation efficiency (%) = (CI–CF)×100.

where CI and CF represent the initial and final dye concentrations 
(mg/L) of the dye-CQDs complex at time 0 and t respectively.

2.12. Statistical analysis

The trials were carried out in triplicate, and the standard error of the 
mean was calculated using Microsoft Excel 365. The critical difference 
(CD value) was used to compare means in Microsoft Excel 365 (Micro-
soft Corp., Redmond, WA) with the help of the data analysis tool. The 
software was used to determine standard deviation and average values. 
For statistical analyses, the significance level was set at p < 0.05. Ori-
ginPro 8.5, (OriginLab Co., Northampton, MA, USA) was used to 
generate all the figures. Statistical analysis was performed using ANOVA 
(Analysis of Variance) to evaluate the significance of the results, with a 
threshold of p < 0.05 considered statistically significant.
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3. Results and discussion

3.1. Proximate analysis of TBW

The nutritional breakdown of tea bag waste was determined. The 
moisture content of the TBW was 71.37 ± 0.21 %. Total ash content 
signifies the overall mineral content in food, and across TBW, contains 
ash content of approximately 1.62 ± 0.02 %. The estimation indicated 
protein level in TBW was 15.19 ± 0.17 %. The protein content in spent 
black tea is higher due to the retention of residual tea leaves and par-
ticulate matter after brewing, leading to a concentration of nutrients in 
the spent leaves. Tea contains lipids including triglycerides, fatty acids, 
phospholipids, and sterols, although present in relatively less pro-
portions. The crude fat percentage in TBW was approximately 1.25 ±
0.01 %. The crude fiber content was 5.91 ± 0.06 %.

3.2. 3.2 Synthesis mechanism of TBW-CQDs

In this study, the tea bag waste as a carbon source was utilized for 
tailoring TBW-CQDs. These tea bags contain several organic compounds 
such as lignin, hemicellulose, cellulose, and polyphenols as major cat-
echins i.e. Epigallocatechins-3-gallate, Epicatechin-3-gallate, Epi-
gallocatechin, and Epicatechin. Polyphenols were selected for the 
fabrication of TBW-CQDs owing to their hydrophobic backbone along 
with hydrophilic sidechains comprising -OH and -COOH groups (Inayat 
et al., 2023). Furthermore, these carbon dots derived from tea waste 
showcased negligible toxicity, eco-friendliness, cost-effectiveness, opti-
cal stability, and strong fluorescence properties. This study utilized tea 
waste for the synthesis of CQDs due to the presence of abundant carbon, 
hydrogen, and oxygen in organic molecules. This study utilized different 
time and temperature combinations ranging from 140 ◦C to 180 ◦C for 3 
to 9 h. During the fabrication process of TBW-CQDs, deionized water is 
utilized as a reaction solvent, thus facilitating the detection of AA. In the 
hydrothermal treatment, the carbon source undergoes several controlled 
reactions that result in oxidation leading to an increase in the quantum 
yield. These reactions take place at high temperatures and pressure that 
results in interaction among molecules of water and carbon source 
(Zhong et al., 2023). In a Teflon-lined stainless steel hydrothermal 
reactor, the reaction medium experiences a pressure increase as the 
temperature rises. The increase in the pressures results in the breakdown 
of water molecules into hydroxyl ions (OH− ) and hydrogen ions (H+), 
resulting in repulsion between carbon layers and hydrogen bond for-
mation (Aygun et al., 2024).

The final time and temperature combination was selected based on 
the blue color of CQDs under UV light. In the presence of UV light carbon 
dots exhibit strong blue luminescence without any treatment. During the 
reaction, a reduction in particle size resulted in strong fluorescence 
emission of TBW-CQDs. Due to pressure generated during the treatment 
carbon nanoparticles underwent carbonization and removal of water. 
The color changes of TBW-CQD from dark brown to light brown signify 
the fabrication of carbon dots along with a change in surface 
morphology. The incorporation of hydrophilic components into TBW- 
CQDs’ structure facilitated their efficient dispersion in aqueous solu-
tions, making them viable for utilization in applications such as analyte 
detection, wastewater purification, and dye degradation (Kuppusamy 
et al., 2024). Consequently, the hydroxyl ion interacts with the alcohol 
group within the polyphenol and lignin structure resulting in the elim-
ination of hydrogen and formation of carbonyl moiety. Furthermore, 
water molecule promotes the disruption in π-π carbon bond leading to 
the development of hydroxyl and carboxyl groups on the surface of 
TBW-CQDs. The spontaneous arrangement of fabricated CQDs is 
impacted by hydrogen bonding, mainly associated with atoms such as 
hydrogen and oxygen. The reduction in the distance between -OH 
groups resulted in the development of the O-OH bond. Due to the 
availability of electrons on the H atom for covalent bonding to any O 
atom leading to hydrogen bonding and promotes spontaneous 

arrangement of the TBW-CQDs during the hydrothermal approach, 
facilitating the fabrication of carbon nanoparticles.

3.3. Characterization of TBW-CQDs

3.3.1. Optical properties of TBW-CQDs
Fig. 1A illustrates the UV–visible absorption spectra of the TBW- 

CQDs at a distinctive peak of 287 nm. This absorption peak is attrib-
uted to π-π* transition due to aromatic sp2 hybridization in the TBW- 
CQDs solution. The CQDs fabricated from tea bag waste exhibit strong 
blue luminescence under UV light and light brown color in daylight. 
These CQDs display an excitation wavelength at 287 nm and emission 
wavelength at 425 nm by fluorescence spectroscopy as depicted in 
Fig. 1B. These fluorescence properties of the fabricated TBW-CQDs 
depend upon several factors such as quantum effects, emissive traps, 
and surface area. The results were supported by Atchudan et al. (2021), 
which outlined the UV–visible spectra of CQDs derived from the banana 
peel, observing the peak at 277 nm and 322 nm. This study reported the 
increase in fluorescence intensity of CQDs up to 355 nm and further 
decreased afterward. Furthermore, the emission wavelength of these 
carbon dots demonstrated a redshift.

3.3.2. PSA and ZP of TBW-CQDs
The particle size of TBW-CQDs was depicted in Fig. 1C revealed the 

average size of carbon dots was 8.12 ± 0.06 nm along with a poly-
dispersity index of 0.3 ± 0.07. There were several factors influencing the 
particle size of C-QD derived from tea bag waste. The particle size below 
10 nm and PDI (Polydispersity index) below 0.4 is appropriate for 
further analysis. The zeta potential on the surface of TBW-CQD was 
represented in Fig. 1D. The observed negative surface charge of − 13.8 
mV confirmed the stable aqueous solution. The noted results confirmed 
the stability of TBW-CQDs to avoid aggregation among the particles due 
to the electrostatic interaction of the molecules. These results are well 
supported by the findings of Hu et al. (2021), who outlined the negative 
surface charge of − 31.2 mV for CQDs derived from orange peel for the 
detection of Escherichia coli in milk samples.

3.3.3. Molecular characterization of TBW-CQDs
The FTIR spectrum of TBW-CQDs was depicted in Fig. 1E, in which 

different functional groups were identified by utilizing FT-IR spectros-
copy. The TBW-CQDs showed a distinctive peak of 3334.92 cm− 1 

associating with the -OH functional group. This recommends the hy-
drothermal cleavage of the crystalline linkage produced by oxygen in tea 
bags resulting in highly water-soluble carbon dots. A sharp peak was 
attained at 2989.99 cm− 1 indicating the C–H stretching of the alkyl 
group. A distinctive peak was recorded at 2360.81 cm− 1 due to the 
presence of acetylene group or double bonds. The IR spectra at 1636.38 
cm− 1 were attributed to the stretching vibration of the C––O group. The 
peaks at 1406.32 cm− 1 were associated with the bending vibration of 
C–H alkanes and the stretching vibration of the C––C aromatic group., 
while the peak at 1056 cm− 1 corresponds to the ether group (C–O). 
Furthermore, the absorption peak at 589.64 cm− 1 corresponded to the 
C–O bond and epoxy groups highlighting the different surface func-
tional groups present in the TBW-CQDs. These findings align with a 
study by Tungare et al. (2020), where CQDs fabricated from Phoenix 
dactylifera were discovered in various functional groups such as -OH, 
-COOH, and C–O. This study highlighted the presence of C–O, and C-N- 
C on the surface of carbon dots.

3.3.4. Morphological and elemental characterization of TBW-CQDs
The HR-TEM micrographs of TBW-CQDs, exploring the structure and 

internal morphology of the tailored TBW-CQDs were indicated in 
Fig. 1F. HR-TEM was employed to analyze the fabricated TBW-CQDs at 
high temperatures, monitoring the aggregation of small particles to 
produce larger ones. The elemental composition was revealed by 
energy-dispersive X-ray spectroscopy coupled with HR-TEM resulting in 
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Fig. 1. Characterization of TB-CQDs (Tea bag waste-derived Carbon quantum dots). (A) UV–visible spectrum; (B) fluorescence emission spectra; (C) average particle 
size (D) zeta potential; (E) Fourier transform infrared spectroscopy; (F) high-resolution transmission electron microscopy; (G) energy dispersive X-ray spectroscopy 
mapping; (H) differential scanning calorimetry; and (I) Atomic force microscopy. Data are presented as means±SD (n = 3).
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a composition of 59.29 % C, 39.82 % O, 0.46 % K, and 0.43 % Ca by total 
weight. These results also validated the metal-free TB-CQDs sample. As 
depicted in Fig. 1G, TBW-CQD exhibited uniform spherical particles 
ranging from 1 to 9 nm, with an average size of 3.43 nm. TBW-CQDs 

showcased monodisperse size regardless of being light in weight. Our 
results are well aligned with the findings of Baslak et al. (2023), who 
fabricated CQD from fermented tea and attained the monodisperse size 
of 10.0 nm with a spherical shape.

Fig. 1. (continued).
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3.3.5. Thermal properties of TBW-CQDs
The thermal properties of TBW-CQDs were shown in Fig. 1H. The 

Differential scanning calorimetry (DSC) curve revealed the removal of 
water, illustrated by exothermic reaction with an enthalpy of 203.69 J/g 
at temperatures of 68.50 ◦C and 84.25 ◦C. The TBW-CQDs thermally 
decomposed at 101.12 ◦C along with an enthalpy of 203.69 J/g. The 
release of organic content from carbon sources occurs at a temperature 
of 101. 97 ◦C.The breakdown of the bonds among organic components 
results in energy release. Consequently, this leads to the oxidative 
decomposition. The TBW-CQDs experienced oxidative degradation in 
the second step at onset and endset temperatures of 105.26 ◦C and 
126.02 ◦C respectively. Also, mass loss was monitored throughout the 
second stage. The outcomes were in line with the results of Thakur, 
Bains, Inbaraj, et al. (2024), revealing two notable endothermic peaks of 
Phaseolus vulgaris-derived CQDs during the heating. The initial peak 
attributed at 79.74 ◦C highlights the breakdown of H-bonds between 
carbon atoms. Then, another peak at 103.08 ◦C indicates the evapora-
tion of the liquid part (water). Moreover, the absence of a degradation 
peak below 100 ◦C illustrates the expectational thermal stability of 
Phaseolus vulgaris-derived CQDs.

3.3.6. Atomic force microscopy of TBW-CQDs
The homogeneity and uniform aggregation of TBW-CQD particles are 

displayed in Fig. 1I. AFM revealed the roughness and surface topography 
of the tea-derived carbon dots. These images were utilized to determine 
the interaction surface force among the probe tip and TBW-CQDs. The 
shape and height of TBW-CQDs were analyzed through these images 
resulting in a height of 3.2 μm within a 25 × 25 μm scale. Hence, the 
TBW-CQDs particle comprises 1 to 3 layers, supporting previous studies. 
The CQD structure primarily consists of hydrogen and oxygen groups. 
These outcomes are aligned with the study of Kechagias et al. (2023), 
who fabricated carbon nanoparticles from Greek crayfish food waste for 
the strawberry preservation. This study revealed the presence of 1–4 
layers.

3.4. Quantum yield of TBW-CQDs

The fluorescence emission spectrum of the TBW-CQDs and reference 
were recorded with an excitation wavelength of 360 nm. The quantum 
yield of TBW-CQDs was found to be 40.86 %. This suggests efficient light 
emission properties, which could be valuable in various applications 
such as fluorescence imaging, biosensors, and photocatalysis. Our out-
comes are well supported by the highlights of Salman (2024), who 
synthesized sucrose and urea-derived CQDs for the detection of Allura 
red dye in food beverages. This study reported a high quantum yield of 

36 %.

3.5. Selective sensing of acrylamide

The utilization of TBW-CQDs in the detection of acrylamide was 
depicted in Fig. 2. The interaction between TBW-CQDs and acrylamide 
was explored based on the shift in fluorescence intensity of TBW-CQDs. 
The emission spectra of TBW-CQDs were recorded with an excitation 
and emission wavelength of 287 nm and 425 nm respectively. Moreover, 
different concentration of acrylamide (0.5 to 10 ppm) was incorporated 
into TBW-CQDs to explore the stability and sensitivity. The shift in the 
wavelength of TBW-CQDs confirms the presence of acrylamide, which 
resulted in a decrease in the emission intensity of TBW-CQDs. AA in-
teracts with TBW-CQDs by altering surface states and causing charge 
transfer. These interactions modify the electronic structure, increasing 
the band gap, which leads to higher energy transitions and shorter 
emission wavelengths (blue shift). This effect is due to changes in energy 
levels and electron density distribution within the TBW-CQDs. The 
initial intensity without AA is denoted with the F0 and the fluorescence 
intensity in the presence of AA by F. The linear regression equation was 
(F0 -F/F0) = 0.0381× + 0.0067, where x was the concentration of AA.

As the concentration of acrylamide increases, the fluorescence 

Fig. 1. (continued).

Fig. 2. Fluorescence emission spectra of TB-CQDs were recorded at different 
concentrations of acrylamide ranging from 0.5 ppm to 10.0 ppm. Data are 
presented as means ± SD (n = 3).

N. Sharma et al.                                                                                                                                                                                                                                Food Chemistry: X 25 (2025) 102043 

8 



intensity decreases, and the fluorescence wavelength shifts to 520 nm. 
The linear range covers concentrations from 0.5 ppm to 10 ppm, 
exhibiting a high correlation coefficient (R2 = 0.9991). The limit of 
detection (LOD) was calculated by LOD = 3*Standard Deviation/ slope 
of the calibration curve. Notably, the LOD of the fabricated fluorescent 
sensor was around 0.35376 ppm, owing to their good reliability and 
sensitivity.

The results of the developed fluorescent sensors were validated with 
the HPLC-PDA analysis. The different concentration of AA (0.5, 1.0, 1.5, 
3.0, 5.0, and 10.0 ppm) was incorporated into the sample and injected 
into the instrument. The analysis was conducted using a mixture of 
water and acetonitrile in a ratio of (97:3), with a flow rate of 0.7 mL/ 
min. The elution of AA occurred within the timeframe of 3.87 min as 
displayed in Fig. 3 (overlay chromatogram). The linear regression 
equation was Area = 350,760×-60,769, where x was the concentration 
of AA as depicted in the calibration curve. This analysis provided us with 
the correlation coefficient R2 = 0.9994 and revealed the LOD was 
around 0.300688 ppm. This clearly illustrated the results from the 
developed TBW-CQDs were close to the HPLC-PDA, which validated our 
results.

3.6. Acrylamide interference study

The selectivity of TBW-CQDs towards acrylamide is represented in 
Fig. 4. The selectivity of TBW-CQDs towards acrylamide was explored by 
mixing with tannic acid, gallic acid, caffeine, and quercetin. There was 
no particular change in the fluorescence intensity of the solution in 
contrast to the TBW-CQDs solution as illustrated in Fig. 2C. However, 
acrylamide was incorporated into an aqueous solution of TBW-CQDs, 
and a significant decrease and shift in fluorescence intensity was 
observed. This leads to the change in the emission spectra of TBW-CQDs, 
which serves as confirmation of acrylamide presence and selectively of 
TBW-CQDs. Moreover, TBW-CQDs was incorporated into the mixture 
comprising all non-quenching analytes, and fluorescence intensity was 
recorded. Our results are supported by the study of Wei et al. (2020) who 
utilized sucrose, L-aspartic acid, and Ca2+ as interference agents in the 
detection of acrylamide using citric acid-derived CQDs.

3.7. Acrylamide sensing in drinking water

The determination of AA in actual food samples is summarized in 
Table 1. During the analytical procedure, the aqueous extract of the 
sample is filtered through a 0.45 μm syringe filter to remove the large 
particle. Subsequently, different concentrations of the AA (15, 25, and 

35 ppm) were deliberately added to pre-treated drinking water samples. 
The outcomes showcased exceptional accuracy and consistent recovery 
rates ranging from 98 % to 99 % for TBW-CQDs. However, HPLC-PDA 
provides a recovery rate of 97 to 98 %, which highlights the precision 
and accuracy of fabricated fluorescent nanoprobes. These results are 
consistent with the research conducted by Wei et al. (2020), which 
detected acrylamide in potato chips by employing citric acid-derived 
CQD, attaining a (LOD) of 2.6 × 10− 7 M. Fig. 5 illustrates the increase 
in the particle size of TBW-CQDs in the presence of acrylamide. The 
results obtained from PSA and HR-TEM revealed a significant increase in 
particle size of carbon dots up to 270.72 ± 31 nm and 50.96 ± 14 μm 
respectively. This increase in particle size is attributed to the aggrega-
tion of carbon nanoparticles.

3.8. Antimicrobial properties of TBW-CQDs

The evaluation of the antibacterial attributes of TBW-CQDs demon-
strates their efficacy against both Gram-positive and Gram-negative 
bacterial strains, as illustrated in Fig. 6A. In comparison to the chlor-
amphenicol (positive control), which exhibited a notably larger zone of 
inhibition (26.02 ± 0.47 mm), LW-CQDs displayed a significantly 

Fig. 3. Overlay Chromatogram of a drinking water sample spiked with various concentrations of acrylamide. Data are presented as means ± SD (n = 3).

Fig. 4. Effects of interferents on the fluorescence performance of TB-CQDs. 
Data are presented as means ± SD (n = 3).
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higher zone of inhibition against the gram-positive Staphylococcus aureus 
(24.12 ± 0.38 mm) relative to Gram-negative counterparts. The 
observed zones of inhibition for Escherichia coli, and Pseudomonas aer-
uginosa were measured at 21.89 ± 0.26, and 21.45 ± 0.29, respectively. 
Additionally, Fig. 6B outlines the Minimum Inhibitory Concentration 
(MIC) and Minimum Bactericidal Concentration (MBC) data of TBW- 
CQDs against each bacterial strain. The determined MIC values Escher-
ichia coli, Pseudomonas aeruginosa, and, Staphylococcus aureus, were 
recorded as 7.82 ± 0.35, 7.53 ± 0.23, and 4.23 ± 0.12, μL/mL, 
respectively. Also, the observed MBC values were 5.38 ± 0.31, 5.21 ±
0.21, and 2.93 ± 0.09 μL/mL, respectively. The inhibitory efficacy of 
TBW-CQDs on microbial growth is attributed to the presence of diverse 
functional groups within the carbon dots, potentially interfering with 
cellular enzymatic processes and impeding cellular proliferation. The 

antimicrobial mode of action of TBW-CQDs is reported to involve 
reactive oxygen species generation, electrostatic interactions, and sus-
ceptibility to light exposure. FTIR and EDS (Energy dispersive X-ray 
spectroscopy) identified reactive oxygen species ROS, including 
carboxyl groups and hydroxyl radicals. These species are responsible for 
showcasing antimicrobial effects. The presence of positively charged 
hydrogen elements on TBW-CQDs facilitates their adherence to nega-
tively charged microbial surfaces, leading to membrane penetration and 
subsequent microbial demise. These results are similarity trend with 
(Nguyen et al., 2024) highlighting the antimicrobial efficacy of orange 
juice-derived CQDs against Escherichia coli by recording MIC of 1 ppm.

Table 1 
Recovery of Acrylamide in real food sample.

TB-CQDs HPLC-PDA

Sample Found Value 
(ppm)

Spiked 
Value 
(ppm)

Observed 
value after spiking 
(ppm)

Recovery 
(%)

Found Value 
(ppm)

Spiked 
Value 
(ppm)

Observed 
value after spiking 
(ppm)

Recovery 
(%)

Drinking 
Water

0 15 14.84 ± 0.26 98.93 ±
0.47b

0 15 14.63 ± 0.33 97.53 ±
0.39a

0 25 24.39 ± 0.39 97.56 ±
0.52a

0 25 24.57 ± 0.41 98.28 ±
0.42b

0 35 34.68 ± 0.42 99.08 ±
0.61b

0 35 34.47 ± 0.19 98.48 ±
0.28a

aReal food sample is drinking water. Data were expressed as mean ± standard deviation. Mean values within a row with different lowercase superscripts (a-b) are 
significantly different (p < 0.05) from each other based on Duncan’s multiple range test.

Fig. 5. Surface morphology and size distribution of TB-CQDs in the presence of acrylamide (A) Particle size Analysis (B) HR-TEM. Data are presented as means ± SD 
(n = 3).

Fig. 6. Antimicrobial efficacy of TB-CQDs against Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus (A) Zone of inhibition, and (B) MIC and MBC. 
The results were expressed as mean ± standard deviation of >3 independent replicates. The mean value with different lowercase (a-c) alphabets within the column 
represents significantly different values from each other which was analyzed based on the ANOVA (analysis of variance) and post hoc test.
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3.9. Photocatalytic dye degradation

The UV spectrums of methylene blue and indigo carmine in the 
presence of TBW-CQDs under sunlight are given in Fig. 6. The results 
demonstrate a significant degradation of 91.62 % and 95.29 % of indigo 
carmine and methylene blue under 120 and 90 min, respectively.

In the beginning, there was no apparent removal observed. However, 
after 45 min, 51.96 % of methylene blue and 48.29 % of indigo carmine 
were degraded. Following this, the rate of degradation increased to 
93.19 % after 90 min and 90.62 % after 120 min for methylene blue and 
indigo carmine, respectively. Fig. 7 demonstrates the reduction effi-
ciency of both dyes by TBW-CQDs under natural sunlight. Similar results 
have been highlighted by Edakkaparamban et al. (2023), who fabricated 
CQDs from coconut husk and utilized them to degrade methylene blue 
up to 94 % within 150 min.

4. Conclusion

The present work developed sustainable and novel fluorescence tea- 
derived carbon quantum dots by utilizing the hydrothermal method for 
the determination of acrylamide in drinking water samples and dye 
degradation. The TBW-CQDs exhibit excellent stability and strong 
fluorescence properties. The particle size, chemical structure, and 
morphology of the TBW-CQDs were explored by utilizing advanced in-
struments such as a particle size analyzer, HR-TEM, AFM, FTIR, and DSC 
highlighting the fabrication of nanoparticles. The approach provides 
various advantages including economical, sensitive, biocompatible, 
waste utilization, and easy sample preparation. Despite several advan-
tages, the developed method determined a broad acrylamide with a 
remarkably low LOD of 0.35376 ppm. Moreover, this green fluorescence 
approach displayed exceptional accuracy, precision, and repeatability. 
Furthermore, when these results were compared to the HPLC technique, 
the TBW-CQD-based sensor provided sensitive and similar results. Our 

Fig. 7. (a) Photocatalytic Dye Degradation by TB-CQDs (A) UV–visible spectra of Methylene blue dye after 90 min. (B) UV–visible spectra of Indigo carmine dye after 
120 min. Data are presented as means ± SD (n = 3). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.) 
(b) Photocatalytic Dye Degradation by TB-CQDs (A) Degradation (%) of Methylene blue (B) Degradation (%) of Indigo carmine. Data are presented as means ± SD (n 
= 3). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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work effectively employed TBW-CQDs for the photocatalytic degrada-
tion of 90.12 % indigo carmine and 95.26 % methylene blue under 
sunlight within 120 and 90 min, demonstrating their promising poten-
tial in wastewater treatment applications. These TBW-CQDs hold sig-
nificant antimicrobial potential against Escherichia coli, Pseudomonas 
aeruginosa, and, Staphylococcus aureus and emerge as promising tech-
niques for practical application in drug delivery, gene therapy, bio-
imaging, and biosensors.
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