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Abstract 
This work presents a novel sensor for detecting nitrates in water using silver 
nanoparticles (AgNPs) modified with cysteine-functionalized carbon quan-
tum dots (Cys-CQDs) reduced by sodium borohydride (NaBH4). This colori-
metric detection method demonstrated a visible color change from yellow to 
pink, responding to both high nitrate concentrations (160 - 800 mg/L) with a 
rapid response time and low concentrations (0 - 40 mg/L) within a 30-minute 
exposure. UV-Vis spectroscopy analysis revealed a broad detection range of 
0.0251 to 800 mg/L using the absorption peak associated with AgNPs at 400 
nm. A linear calibration curve with excellent correlation (R2 = 0.9995) was 
established across this range. The developed sensor exhibited remarkable per-
formance, with a detection limit of 2.5 × 10−2 mg/L, a quantification limit of 8.4 
× 10−2 mg/L, a recovery rate exceeding of 97%, and high precision (<5% RSD). 
These results suggest that this sensor holds great potential for practical appli-
cations in water quality control and nitrate pollution monitoring, offering a 
simple, sensitive, and cost-effective solution for environmental analysis. 
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1. Introduction 

Nitrates ( 3NO− ) play a crucial role in aquatic ecosystems, serving as essential nu-
trients for phytoplankton and plants [1]. This process supports primary use by 
photosynthesis, thus linking the nitrogen cycle to the overall carbon cycle and in-
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fluencing climate regulation [2]. However, excess nitrates, often resulting from 
anthropogenic discharges, can lead to eutrophication of aquatic environments, 
disrupting the ecological balance [3]. In addition to environmental problems, high 
nitrate concentrations in water pose major health risks, notably through the for-
mation of nitrosamines and nitrosamides, which are carcinogenic compounds 
and can cause methemoglobinemia in infants and pregnant women [4]. Faced 
with these various problems, the U.S. Environmental Protection Agency (USEPA) 
and the World Health Organization (WHO) have established a maximum nitrate 
level in drinking water (WHO, 2017; USEPA, 2020). This limit is also in effect in 
Côte d’Ivoire, as stipulated by the NIT 09-01 standard (Ivorian Technical Stand-
ard) relating to the quality of drinking water, which sets the same limit of 50 mg/L 
for nitrate ions ( 3NO− ) (Ministry of Water Resources, 2021). 

To address these challenges, our study focused on the development of sensors 
based on cysteine-modified carbon quantum dots (CQDs). CQDs are synthesized 
from carbon precursors such as lemon powder, while cysteine, a sulfur-containing 
amino acid, serves as both a functionalizing agent (providing thiol-SH and amine 
-NH2 groups) and a passivating agent [5]. This modification confers upon the 
CQDs a particular affinity for metal ions and anions such as nitrates. 

In a complementary approach, we also explored the formation of Cys-CQDs/ 
AgNPs nanocomposites, where silver nanoparticles (AgNPs) are generated in situ. 
This hybrid system combines the optical properties of CQDs with the plasmonic 
effects of AgNPs, offering interesting prospects for improving detection perfor-
mance [6]. 

This study builds upon recent work on functionalized nanomaterials for envi-
ronmental detection [7], while proposing an innovative approach combining the 
advantages of CQDs and AgNPs for more sensitive and selective nitrate detection 
in water. 

2. Materials and Methods 
2.1. Reagents 

All reagents used in this study were of analytical grade. The products used were: L-
cystine (98%), silver nitrate (AgNO3, 99%), anhydrous sodium carbonate (Na2CO3, 
99%), sodium chloride (NaCl, 98%), magnesium chloride (MgCl2, 98%), calcium 
chloride (CaCl2, 99%), sodium hydroxide (NaOH, 98%), and sodium borohydride 
(NaBH4, 99%), supplied by Sigma Aldrich. Lemon powder, obtained by grinding 
lemon peel, was purchased commercially. 

A grinder equipped with a robust JIASOUNG JS8000 C motor, with a power 
rating of 3000 W, a frequency of 50 Hz, and a maximum speed of 5 rpm, was 
used to obtain the lemon powder. A high-speed benchtop centrifuge from the 
company MRCLTD with a maximum capacity of 13,000 rpm, set at 4000 rpm, 
was also used for all centrifugation operations. UV-Vis spectral curves were rec-
orded using an Ocean Optics FLAME spectrophotometer (USA). Fluorescence 
measurements of the CQDs were performed using a UV lamp with two wave-
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lengths (254 and 365 nm). The demineralized water used in this work came from 
the water purification system of Sichuan Zhuoyue Water Treatment Equipment 
CO., Ltd. (Chengdu, China). This system produces demineralized water with a re-
sistivity of 18.25 MΩ·cm. 

2.2. Sensor Synthesis 

The sensor was manufactured in three (3) main steps: 
Step 1: Hydrothermal Synthesis of Cys-CQDs 
A lemon powder was prepared by calcining lemon pulp at 200˚C for 1 hour. 

250 mg of this powder and 150 mg of L-cysteine were dissolved in 50 mL of de-
ionized water. The mixture was then transferred to a Teflon reactor, sealed in a 
stainless steel autoclave, and heated at 180˚C for 12 hours. After cooling, the so-
lution was centrifuged at 10,000 rpm for 15 minutes and then filtered through a 
0.22 μm membrane to remove aggregates and obtain a pure aqueous suspension 
of Cys-CQDs. 

Step 2: Cys-CQD Reduction 
10 mL of the Cys-CQD suspension is mixed with 50 mg of sodium borohydride 

(NaBH4) under magnetic stirring (500 rpm) at room temperature for 8 hours. The 
excess NaBH4 was removed by centrifugation, thereby significantly minimizing 
the presence of residual borohydride in the final suspension. This step reduces the 
surface functional groups and increases the passivation of the CQDs. 

Step 3: Functionalization of AgNPs with reduced Cys-CQDs 
1 mL of reduced Cys-CQDs was dispersed in 200 mL of distilled water under 

magnetic stirring (600 rpm) for 2 minutes. 0.02 g of silver nitrate (AgNO3) was 
added under stirring for an additional 2 minutes. The mixture was then heated to 
70˚C for 30 minutes, and 0.1 g of sodium hydroxide (NaOH) was added. The reac-
tion was activated under stirring on a hot plate (70˚C, 600 rpm) for 8 hours to allow 
the formation of Cys-CQDs/AgNPs nanocomposites via silver thiol bonding [8]. 

2.3. Colorimetric/UV-Vis Detection of Nitrate Ions 

To two milliliters of standard solution (or water sample), 50 μL of the sensor so-
lution is added, followed by 1 minute of homogenization. After homogenization, 
the color change of the mixture is monitored over time, and then the absorption 
spectrum is recorded. For quantitative analysis, the absorbance was recorded after 
a fixed incubation time of 3 min, corresponding to the plateau region of the kinetic 
response curve. The calibration curve is subsequently established under the same 
conditions with different concentrations of the nitrate ion standard solution (0, 4, 
8, 16, 40, 160, 200, 640, and 800 mg/L), between the difference in absorbance (A0) 
in the absence and maximum absorbance (Ai) in the presence of nitrate ions at a 
wavelength 400 nm, relative to the nitrate ion concentrations (A0 − Ai = f(C)). 

2.4. Validation Criteria for Analytical Methods 

The validation of an analytical method is a procedure that establishes, through 
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experimental studies, that the method’s performance criteria meet the require-
ments of its intended use. It is worth recalling that the objective of an analytical 
assay method is to quantify each unknown quantity that the analyst will have to 
evaluate as accurately and precisely as possible. The objective of validation, on the 
other hand, is to provide the laboratory and regulatory authorities with sufficient 
assurance that each measurement performed routinely with a given method will 
be close to the truth. At this stage, it is important to define some frequently en-
countered terms. 

2.4.1. Linearity 
The linearity range represents the concentration range explored during method 
validation. This range must take into account all possible future results. Indeed, 
if, during routine use of the method, the unknown quantities that the laboratory 
will have to measure fall outside the linearity range, the results provided will not 
be valid considered reliable. The linearity of an analytical procedure is its ability, 
within a certain titration range, according to a predefined mathematical function, 
to obtain the analyte concentration in the sample. Linearity in this study was verified 
by plotting absorbance against concentration. The limit of detection and quantifi-
cation was also determined using this same calibration curve. 

2.4.2. Limit of Detection 
The limit of detection (LOD) is the smallest concentration or quantity of a param-
eter or analyte that produces a detectable signal with a defined reliability and is 
statistically different from that produced by a blank under the same conditions 
[9]. It is calculated using Equation (1): 

   3 /LOD s S= ×  (1) 

With s being the standard deviation of the deviation and S the slope of the cal-
ibration curve. 

2.4.3. Limit of Quantification 
The limit of quantification is the concentration equivalent to 10 times the stand-
ard deviation obtained when establishing the limit of detection of the method [10] 
as described by Equation (2). 

   10 /LOQ s S= ×  (2) 

It is also the smallest quantity of a substance to be examined in a sample that 
can be quantified under the described experimental conditions with an acceptable 
coefficient of variation of the response factor [11]. 

2.4.4. Accuracy 
Accuracy, or recovery rate, or percentage recovery is the percentage difference 
between the measured concentration of a fortified sample and the measured con-
centration of the same unfortified sample, divided by the concentration of the 
added substance. This ratio takes into account any chemical transformation that 
has occurred. This rate is expressed by Equation (3). 
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 ( ) ( )    % 100 f aRecovery rate C C C= −×  (3) 

where Cf: Measured concentration of the fortified sample; C: Measured concen-
tration of the unfortified sample; Ca: Concentration of the added substance. 

2.4.5. Precision 
Precision expresses the closeness of agreement (degree of dispersion, coefficient 
of variation) between a series of measurements taken from multiple aliquots of a 
homogeneous sample under the prescribed conditions [11]. It is generally ex-
pressed by the coefficient of variation (Cv in %), which is obtained by dividing the 
standard deviation (SD) of the test results by the mean of the observed responses 
(2) [12]. Precision reflects only the distribution of random errors and has no re-
lation to the true or specified value. Quantitative measures of precision are criti-
cally dependent on the stipulated conditions. 

2.4.6. Sensitivity 
The sensitivity of an analytical procedure can be defined as the ratio of the change 
in the analytical method’s response to the change in the amount of analyte. A pro-
cedure is considered sensitive if a small change in the concentration or amount of 
analyte results in a change in the response. In this study, sensitivity was verified 
by measuring the concentration of nitrate ions in the presence of other com-
pounds that could interfere with its detection. 

3. Results and Discussion 
3.1. Characterization of the Synthesized Sensors 

The different synthesized materials were analyzed by UV-Vis spectroscopy (Fig-
ure 1). First, the spectrum of Cys-CQDs (Figure 1(a)) shows a strong absorption 
picture at 242 nm. This peak is typical of π→π* electron transitions in aromatic 
carbon structures (sp2 domains) that form during hydrothermal synthesis. A small 
shoulder is also observed around 320 nm, corresponding to n-π* transitions of 
heteroatoms such as carbonyl (C=O), amine, etc., groups on the surface. These 
two peaks are characteristic of carbon quantum dots. It should be noted that the 
presence of these heteroatoms contributes to the reactivity and passivation of 
CQDs. Furthermore, the spectrum of reduced Cys-CQDs (Figure 1(b)) shows 
changes at the shoulder at 320 nm. This 

indicates that the surface groups have been modified, confirming that the re-
duction has worked well. This step was necessary to activate the reducing power 
of the CQDs. Finally, the spectrum of the Cys-CQDs/AgNPs nanocomposite (Fig-
ure 1(c)) is very revealing. It clearly shows the combination of the CQDs peak at 
242 nm and a new, broad peak centered at 421 nm. This new peak is the signature 
of the silver nanoparticles (AgNPs): it is the surface plasmon resonance (SPR) 
phenomenon, which proves that the silver ions (Ag+) were indeed reduced to me-
tallic silver (Ag0) by the Cys-CQDs, which in turn underwent oxidation. Thus, 
upon the addition of AgNO3, the reduction of Ag+ ions is primarily attributed to 
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the surface functional groups of CQDs-Cys (notably −OH, −COOH, and −NH2), 
which can act as mild reducing and stabilizing agents. This good stability is essen-
tial for considering a reliable application as a sensor. 

 

 
Figure 1. UV-Visible Spectrum of the synthesized sensors: (a) Cys-CQDs, (b) reduced Cys-
CQDs, and (c) Cys-CQDs/AgNPs. 

3.2. Study of Sensor Fluorescence 

The study of photoluminescence properties revealed distinct behaviors for each 
nanomaterial (Figure 2(B)), providing crucial information on their structure and 
interactions. Cys-CQDs exhibit intense blue fluorescence under excitation at 365 
nm. This strong emission results from the combination of two main mechanisms: 
the quantum confinement effect in nanometer-sized graphitic domains (sp2), 
characteristic of CQDs [13], and the presence of heteroatoms (nitrogen, sulfur) 
from cysteine functionalization, which create surface electronic states amplifying 
light emission. For reduced Cys-CQDs, a significant increase in fluorescence 
intensity is observed. This improvement results from the reduction of carbonyl 
groups (C=O) to hydroxyl groups (−OH) by NaBH4, thus decreasing the density 
of surface “non-radiative traps.” This passivation promotes radiative recombina-
tion, leading to a higher quantum yield, consistent with the mechanisms described 
by Shi and colleagues [14]. The most striking result concerns the Cys-CQDs/AgNPs 
nanocomposite, which exhibits near-total quenching of fluorescence. This phe-
nomenon confirms the formation of an intimate nanocomposite, likely explained 
by fluorescence resonance energy transfer (FRET). In this By this mechanism, 
Cys-CQDs (donors) transfer their excitation energy to AgNPs (acceptors) in 

 

 
Figure 2. Fluorescence of synthesized sensors a) Cys-CQDs, b) reduced Cys-CQDs, and 
c) Cys-CQDs/AgNPs. 
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a non-radiative manner [15]. The efficiency of this transfer, which is highly de-
pendent on distance (1 - 10 nm), confirms the close proximity between AgNPs 
and CQDs [6]. This fluorescence quenching is essential for sensor development, 
as analyte recognition could modulate this signal, thus generating a detectable re-
sponse. 

3.3. Demonstration of a Specific Colorimetric Response 

A preliminary assessment of the nanomaterials’ detector potential was performed 
using a simple colorimetric test. As shown in Figure 3, the solutions of Cys-CQDs 
(a, b) and reduced Cys-CQDs (c, d) showed no visible color change after the ad-
dition of nitrate ions ( 3NO− ) compared to the controls in distilled water. In con-
trast, a clear positive response was observed for the Cys-CQDs/AgNPs nano-
composite. Its color changed from a pale yellow (tube e, control) to a distinctive 
pink (tube f) in the presence of nitrate. This preliminary result indicates that the 
Cys-CQDs/AgNPs nanocomposite is the only one among the materials tested to 
exhibit colorimetric sensitivity to nitrate ions, validating its selection for further 
investigation. This response suggests that this sensor can be used for the colori-
metric detection of nitrates [16] [17]. Nitrate ions ( 3NO− ) interact specifically with 
the sensor through the combined action of Cys-CQDs and AgNPs. The sensing re-
sponse is likely associated with nitrate-induced modulation of the colloidal sta-
bility of AgNPs, possibly through ionic strength effects and electrostatic screen-
ing, leading to nanoparticle aggregation and consequent plasmonic changes. Sim-
ilar behaviors have been reported in related AgNP-based sensing systems [18]-
[20]. 

 

 
Figure 3. Solution of the synthesized sensors in the absence and 
presence of nitrate ions, respectively: (a), (b) Cys-CQDs, (c), (d) 
reduced Cys-CQDs, and (e), (f) Cys-CQDs/AgNPs. 

3.4. Stability Study of the Selected Sensor 

The stability of Cys-CQDs/AgNPs was investigated by recording the absorption 
spectra of the freshly prepared Cys-CQDs/AgNP colloidal solution after 1; 14; 30 
and 60 days of synthesis (Figure 4). 
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Figure 4. Stability of Cys-CQDs/AgNPs. 
 

The absorbance of the colloidal Cys-CQDs/AgNPs solution, after 1, 14, 30, 
and 60 days of synthesis, exhibits the same absorption wavelength as that of the 
freshly prepared solution (400 nm). The results show that there is neither a sig-
nificant decrease in the intensity of the absorbance peak nor a change in the 
position of the maximum wavelength, suggesting excellent stability of the prepared 
Cys-CQDs/AgNPs. 

3.5. Detection 
3.5.1. Calibration of the Detection Method 
In order to determine the detection range of nitrate ions, different concentrations 
of the standard solution were evaluated (0; 4; 8; 16; 40; 160; 200; 640 and 800 mg/L) 
as shown in Figure 5. 

The results indicate that the Cys-CQDs/AgNPs sensors exhibit a color change 
in the presence of nitrate ions. The color gradually changes from yellow to pink, 
intensifying over time and strongly dependent on the concentration. At high con-
centrations (160 - 800 mg/L), the pink coloration appears immediately. At low con-
centrations (4 - 40 mg/L), the complete change takes approximately 30 minutes. 
This encouraging visual observation motivated a more in-depth quantitative 
study. To this end, we established a calibration curve by measuring the change in 
absorbance (ΔA) as a function of concentration (Figure 5(B)). 

 

 
Figure 5. Calibration curve: (a) 0 mg/L, (b) 4 mg/L, (c) 8 mg/L, (d) 16 mg/L, (e) 40 mg/L. 
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The results obtained show a linear curve with Equation (4): 

 ( )5
3  9 10 NO 0.0025A − − ∆ = × × +   (4) 

The R2 coefficient is 0.9995, extremely close to 1. This confirms that the rela-
tionship is not only linear but also highly reliable. Therefore, this equation can be 
used to determine the nitrate concentration of an unknown water sample simply 
by measuring the change in absorbance. 

3.5.2. Limit of Detection and Quantification 
The limits of detection and quantification were calculated using Equation (1) and 
Equation (2). The results obtained are LOD = 2.51 × 10−2 mg/L and LOQ = 8.38 × 
10−2 mg/L. These results indicate that the sensor has an ultrasensitive detection 
capability, perfectly suited for environmental applications, as observed in other 
systems based on hybrid nanomaterials [21] [22]. 

3.5.3. Sensor Reliability 
The sensor’s reliability was evaluated through recovery rate experiments. Three 
(3) NaNO3 solution samples at different concentrations were analyzed, with three 
(3) independent replicates for each. The results (Table 1) show recovery rates 
ranging from 97% to 104%, indicating excellent sensor reliability, in accordance 
with analytical criteria [23]. 
 
Table 1. Mean recovery rate and standard deviation (n = 3). 

Introduced concentration (mg/L) Found concentration (mg/L) Recovery ± SD (%) 

16 16.67 104.10 ± 0.007 

40 38.89 97.22 ± 0.0007 

120 116.66 97.00 ± 0.07 

 
These results demonstrate that the Cys-CQDs/AgNPs sensor provides reliable 

measurements suitable for practical applications of monitoring nitrates in water. 

3.5.4. Sensor Accuracy (Reliability) 
The sensor accuracy was verified by inter-day and intra-day measurements of 
three (3) nitrate solution concentrations. Each concentration was measured three 
(3) times independently on the same day and on three (3) consecutive days. All 
values found (RSD) were less than 5% (Table 2). This high accuracy suggests that 
our chosen sensor can be used to detect nitrate ions. 
 
Table 2. Relative recovery rate and standard deviation. 

Introduced  
concentration (μg/mL) 

Found concentration (μg/mL) RSD RSD accuracy (%) (n = 3) 

Intra-day ± SD Inter-day ± SD Intra-day Inter-day 

16 16.61 ± 0.070 16.63 ± 0.098 0.421 0.589 

40 38.79 ± 0.012 38.80 ± 0.141 0.031 0.363 

120 116.61 ± 0.071 116.63 ± 0.098 6.763 0.084 

RSD: Relative Standard Deviation. 
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3.5.5. Interference Test on Nitrate Ion Detection by Our Sensor 
Water contains many dissolved ions, the main ones being calcium (Ca2+), mag-
nesium (Mg2+), sodium (Na+), potassium (K+), carbonates ( 3CO− ), bicarbonates 
( 3HCO− ), sulfates ( 2

4SO − ), chlorides (Cl−), and nitrates ( 3NO− ). Therefore, com-
pounds such as Na2CO3, NaCl, MgCl2, and CaCl2 were tested at concentrations 10 
times higher than those of nitrate ions ( 3NO− ) in the presence of our sensor to 
evaluate their interference with these different ions (Figure 6). The near 100% 
recovery rates confirm that variations in ionic strength do not affect the sensor’s 
response [24]-[27]. 

 

 
Figure 6. Recovery rates (A) of nitrate alone at 16 mg/L and of 
nitrate in the presence of 160 mg/L, including (B) NaCl, (C) 
MgCl2, and (D) CaCl2. 

3.5.6. Nitrate Detection in the Real Matrix 
To evaluate the effectiveness of the Cys-CQDs/AgNPs sensor under environmen-
tal conditions, water samples from wells, boreholes, lagoons, and taps were col-
lected (2 mL each) and mixed with 50 μL of the Cys-CQDs/AgNPs nanocompo-
site. A distinct pink coloration was observed in all the tested matrix, visually con-
firming the presence of nitrate ions. Nitrate concentrations were then measured 
in each matrix (Table 3). The results show that the sensor effectively detects ni-
trates at both low and high concentrations, confirming its suitability for applica-
tions on complex environmental samples. 
 
Table 3. Detection of nitrate in real matrix (n = 3). 

matrix Concentration (mg/L) 

Tap water 16.6 

Well water 66.66 

Lagoon water 105 

Borough water 94.44 

 
These results confirm the effectiveness of nanomaterial-based sensors for the 

rapid and sensitive detection of nitrate ions in real water samples, consistent with 
previous work on environmental nitrate detection [28]. 
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3.5.7. Comparison with Other Methods 
To better illustrate the performance of the implemented technique, a comparison 
with results from the literature was conducted. The detection method, colorimetry 
using carbon quantum dots modified by silver nanoparticles (Cys-CQDs/AgNPs), 
showed a limit of detection (LOD) of 0.0251 mg/L, which is competitive with other 
methods. This colorimetric method is valued for its simplicity and efficiency, al-
lowing direct visual detection without additional equipment [29]. Comparatively, 
other nitrate detection methods, such as high-performance liquid chromatography 
(HPLC), have higher limits of detection. For example, Uddin reported a limit of 
detection (LOD) of 2.26 mg/kg for nitrate determination in fruits and vegetables, 
which is significantly less sensitive than the Cys-CQDs/AgNPs method [30]. Fur-
thermore, techniques such as flow injection analysis have also been used, with an 
LOD of 0.34 mg/kg, which is less effective than the aforementioned colorimetric 
method [31]. Other approaches, such as electrochemical sensors, have shown prom-
ising performance. For example, one study demonstrated that electrodes modified 
with palladium-gold nanoparticles detected nitrates with a sensitivity of 4.7 
μA·mg−1·L [32]. However, these methods are hampered by more complex experi-
mental conditions and heavy equipment. Furthermore, the systems Lab-on-a-chip 
devices have been developed for in situ analyses, achieving LODs of 0.025 μM, but 
they are generally more difficult to implement in the field [33]. In summary, the 
Cys-CQDs/AgNPs nitrate ion detection method with an LOD of 0.0251 mg/L is 
competitive with other techniques such as HPLC, flow injection analysis, and elec-
trochemical sensors. Its simplicity, speed, and efficiency make it an attractive op-
tion for nitrate detection in various settings. 

4. Conclusions 

This work aimed to synthesize a new, simple, sensitive, and inexpensive chemical 
sensor for the detection of nitrate ions ( 3NO− ) in water. 

To achieve this objective, an innovative approach was adopted, based on the hy-
drothermal synthesis of cysteine-functionalized carbon quantum dots (Cys-CQDs) 
from agri-food waste (lemon peel), followed by their assembly with silver nanopar-
ticles (AgNPs) to form a Cys-CQDs/AgNPs nanocomposite. Optical characteriza-
tion (UV-Vis and fluorescence) confirmed the formation of the nanomaterials 
and revealed the synergistic interaction between the CQDs and the AgNPs, nota-
bly via energy transfer leading to fluorescence quenching. Real-world evaluation 
showed that the sensor reacts specifically to nitrate ions with a visible and distinct 
color change, shifting from yellow to pink, attributable to controlled aggregation 
of the silver nanoparticles induced by nitrate adsorption. 

The analytical performance of the Cys-CQDs/AgNPs sensor is remarkable: it 
exhibits exceptional linearity (R2 = 0.9995) over a wide detection range (0.0251 - 
800 mg/L), covering both low natural concentrations and high levels of contami-
nation. Its sensitivity is high, with a limit of detection (LOD) of 2.51 × 10−2 mg/L 
and a limit of quantification (LOQ) of 8.38 × 10−2 mg/L, well below the regulatory 

https://doi.org/10.4236/ojapps.2026.163049


I. B. I. Williams et al. 
 

 

DOI: 10.4236/ojapps.2026.163049 809 Open Journal of Applied Sciences 
 

threshold of 50 mg/L. Reliability and accuracy are confirmed by coefficients of 
variation (RSD) of less than 5% and recovery rates close to 100%. The sensor also 
shows notable selectivity towards common ions present in natural waters, mini-
mizing the risks of interference, and its validation on real matrices (well water, 
borehole, lagoon and tap water) demonstrates its practical potential for environ-
mental monitoring. 
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