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Abstract
	The detection and quantification of mercury (II) in various environmental samples is of utmost importance due to its detrimental effects on human health and the ecosystem. Traditional methods for mercury detection often involve complex instrumentation, high costs, and time-consuming procedures. Therefore, the development of a simple, cost-effective, and reliable method for mercury detection is crucial. Indigo carmine (IC), a water-soluble dye commonly used in various industries, has recently emerged as a promising candidate for colorimetric chemosensing applications. Its unique chemical properties make it an ideal candidate for detecting heavy metal ions such as mercury (II). The chromogenic probe IC exhibits a strong affinity towards Hg2+ ions, leading to a distinct color change that can be easily observed with the naked eye. The range of linear and the limit of detection of Hg2+ were 0.15-20.2 μM and 0.06 μM, respectively. Also, the relative standard deviation (RSD) based on ten replicates calculated for two different concentrations of 7.4 μM and 15.8 μM of Hg2+ was 2.1% and 1.4%, respectively. The proposed method has advantages such as: simplicity, low cost, high accuracy, wide linear concentration range, low limit of detection, high sensitivity and selectivity, no separation and preconcentration steps, and can be used in neutral water media. The concentration of Hg2+ in tap water, mineral water and plasma samples can be easily detected and determined using this method. It should be noted that this ideal colorimetric chemosensor for Hg2+ has not been reported before.
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I. Introduction
	Mercury ion (Hg2+) is known to be highly toxic and can cause severe health issues in humans and other organisms. It is released into the environment through various industrial processes, such as mining, coal combustion, and waste incineration. Additionally, natural sources like volcanic eruptions and weathering of rocks also contribute to the presence of mercury in the environment [1, 2]. Due to its toxicity and widespread occurrence, it is crucial to develop selective and sensitive chemosensors for detecting mercury ions. These chemosensors can be designed to specifically recognize and bind with mercury ions, allowing for their detection even at very low concentrations. The development of such chemosensors is essential for several reasons. By detecting and quantifying the presence of mercury in water bodies, soil, or air samples, we can assess the extent of contamination and take appropriate measures to mitigate its harmful effects [3, 4]. Brain damage is one of the most concerning effects of Hg2+ exposure. Even at very low concentrations, Hg2+ can disrupt normal brain function, leading to cognitive impairments, learning disabilities, and behavioral disorders. The gastrointestinal system is another target for Hg2+. When ingested through contaminated food or water, this toxic ion can cause various gastrointestinal diseases. It can irritate the lining of the stomach and intestines [5, 6]. The strict regulation by the United States Environmental Protection Agency (EPA) highlights the potential dangers associated with water-soluble divalent mercuric ion (Hg2+). The fact that even low concentrations of Hg2+ (maximum Hg2+ contaminant level in food and drinking water of 0.002 ppm or 0.01 μM) can lead to severe health issues underscores the need for stringent monitoring and control measures [7].
	Colorimetric chemosensors are a promising alternative for the detection of Mercury ions due to their ability to provide a cost-effective, rapid, and real-time monitoring system. Unlike traditional methods such as AAS [8], ICP-AES [9], ICP-MS [10], and HPLC [11], which can be time-consuming and expensive, colorimetric chemosensors offer a more efficient and affordable solution [12]. Colorimetric chemosensors work by utilizing specific chemical reactions that result in a visible color change when exposed to Mercury ions. These sensors are designed with ligands or receptors that selectively bind to Mercury ions, triggering a detectable color response. This color change can be easily observed with the naked eye or measured using simple optical instruments [13]. One advantage of colorimetric chemosensors is their simplicity and ease of use. They do not require complex instrumentation or extensive sample preparation procedures, making them suitable for on-site monitoring applications. Additionally, these sensors can provide real-time results, allowing for immediate action to be taken. The use of Indigo Carmine (IC) (schem 1) as a chemosensor is based on its unique properties that allow it to selectively interact with specific analytes and produce a measurable response. In the previous studies, Indigo Carmine has shown potential in spectroscopic applications for the determination of certain cations [14- 16]. In the mentioned study, Indigo Carmine was utilized as both a fluorescent and colorimetric chemosensor for the detection of Cu2+ and HPO42- ions in a mixed solvent system of H2O/DMSO [17]. This choice of solvent is crucial as it provides an environment where the analytes can readily interact with the dye molecule. The detection mechanism involves the binding of Cu2+ or HPO42- ions to specific sites on the Indigo Carmine molecule, leading to changes in its fluorescence and color properties. These changes can be easily monitored using spectroscopic techniques, allowing for sensitive and selective detection of these analytes.

	
Scheme 1. Structure of IC.

II.  Experimental
A. Chemical substances and reagents  
	The choice to purchase analytical grade chemicals from Merck ensures the highest level of purity and quality for the experiments. Indigo Carmine dye, di sodium salt, was specifically selected for preparing the solutions due to its known properties and suitability for the desired analysis. To prepare the solution of Hg2+ and all cations, including Na+, K+, Mg2+, Ca2+, Sr2+, Ba2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Ag+, Cd2+, Pb2+, their respective nitrate salts were used. Nitrate salts are commonly employed in such experiments as they readily dissolve in deionized water, ensuring a homogeneous solution.

B. Apparatus
	Shimadzu 1601 PC UV-Vis spectrophotometer with 10.0 mm diameter quartz cuvettes was used to record and measure all absorption spectra. Deionized water was used in the reference cell. A Jenway 3510 digital pH meter calibrated with two standard buffer solutions was used to measure pHs. Using a 50 μL Hamilton syringe, the desired amount of analyte solution was introduced into the cuvette.

C. Measurement methods 
	After preparing the stock solutions of IC and Hg(NO3)2 with concentrations of 1.0 × 10-3 M and 1.0 × 10-2 M in deionized water, respectively, the next step was to perform the measurement. To begin, 3-540.0 μL of the Hg(NO3)2 solution with a concentration of 0.1 mM was added to 2.0 mL of IC with a concentration of 25.0 μM. The two solutions were carefully mixed to ensure thorough blending. Once the mixing was complete, UV-vis spectra were taken at room temperature using an appropriate spectrophotometer or UV-visible spectrometer. This allowed for the analysis and characterization of the resulting solution.The UV-vis spectra provided valuable information about the absorption and transmission properties of the solution at different wavelengths within the ultraviolet and visible regions of the electromagnetic spectrum.

III. Results and discussion

The observation suggests that the interaction between IC and Hg2+ ions is unique compared to the other metal ions tested. The color change from indigo to light blue, along with the distinct spectral shift at 610.0 nm, indicates a specific chemical reaction or complex formation between IC and Hg2+. The lack of color change and spectral shift with the other metal ions implies that they do not have a strong affinity for IC or do not form stable complexes under experimental conditions. This could be due to differences in their electronic structures, charge densities, or coordination preferences. The specific interaction between IC and Hg2+ could be attributed to factors such as the size and charge of the Hg2+ ion, as well as its ability to coordinate with the functional groups present in IC. These factors may facilitate a unique coordination geometry or electronic transition that leads to the observed color change and spectral shift. (Fig. 1).
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Fig. 1. (a) Absorption spectrum, (b) The color changes of IC (25.0 µM) with the various cations (1.0 equiv.).
	
	The UV-vis titration experiment revealed important information about the interaction between IC and Hg2+. As Hg2+ was added to IC, the absorption band at 610.0 nm gradually decreased in intensity. Simultaneously, a new absorption band emerged at 666.5 nm. This observation suggests that the addition of Hg2+ caused a change in the electronic structure of IC, leading to a shift in its absorption spectrum. An interesting feature of the obtained curve is the presence of an isosbestic point at 640.5 nm. An isosbestic point indicates that during the course of the reaction, only two species are involved, and their concentrations change in a stoichiometric ratio. In this case, it suggests that there is a direct interaction between IC and Hg2+, resulting in the formation of a stable complex. The molar extinction coefficients provide additional insights into the nature of this interaction.
	The molar extinction coefficients provided suggest that there are two distinct peaks in the absorption spectrum of the compound being studied. The first peak, with a wavelength of 610.0 nm, has a higher molar extinction coefficient of 3.58 × 104 M-1cm-1, indicating a stronger absorption at this wavelength. This peak is attributed to a mercury-based d-d transition. A d-d transition refers to an electronic transition within the d-orbitals of a metal ion. In this case, the presence of mercury suggests that it is the central metal ion involved in this transition. The specific energy required for this transition corresponds to a wavelength of 610.0 nm. On the other hand, there is a second peak observed at 666.5 nm with a lower molar extinction coefficient of 4.36 × 103 M-1cm-1. This lower value indicates weaker absorption at this wavelength compared to the first peak.	
[image: ]

Fig. 2. UV–vis IC spectrum (25.0 μM) with stepwise addition of Hg2+ (0.15–21.26 μM) and
the color change of IC.
 
	Benesi-Hildebrand analysis [18] was used to determine the stoichiometry of IC binding to Hg2+. Absorption titration data (Fig. 3) show that the complex formed between IC and Hg2+ has a stoichiometric ratio of 1:1 (Eq. 1) and the binding constant of Hg2+ is 2.77×103 M-1.

Eq. 1                	



Fig. 3. Benesi-Hildebrand plot of IC (1/(A0-A) change at 610.0 nm versus 1/[Hg2+] function) based on 1:1 binding stoichiometry with Hg2+.

	The observation suggests that the pH of the environment plays a crucial role in the interaction between IC and Hg2+ ions. At acidic pH levels (2.5-7.0), IC remains stable and does not exhibit any changes in absorption even in the presence of Hg2+ ions. However, at pH 7.0, there is a noticeable increase in absorption upon the addition of Hg2+ ions. This pH dependence of IC-Hg2+ interaction has significant implications for environmental systems. It indicates that the presence or absence of Hg2+ ions can be influenced by the pH level of the environment. In environments with acidic conditions, such as acid mine drainage or polluted water bodies, IC may not effectively interact with Hg2+ ions, potentially leading to their accumulation and persistence. On the other hand, at neutral pH (7.0), where many natural aquatic systems are typically found, IC shows an increased absorption when exposed to Hg2+ ions. The study aimed to understand how the proposed method would perform in different pH conditions, particularly in environmental systems. To achieve this, experiments were conducted both in the absence and presence of Hg2+ at various pH levels ranging from 2.5 to 12.6. Fig. 4 illustrates the results obtained from these experiments, showcasing the effect of pH on the detection of Hg2+. The data collected revealed that the proposed method remained effective and reliable within a wide range of pH values (5.2-9.0), without any significant alteration in its ability to detect Hg2+. Based on these findings, it was decided that pH 7.0 would be selected as the standard for all colorimetric measurements. This choice was made due to its compatibility with environmental conditions and its consistent performance in Hg2+ detection. By investigating the impact of pH on the proposed method's functionality, this study has provided valuable insights into its potential application in real-world environmental scenarios. This observation suggests that the presence of Hg2+ ions somehow affect the behavior of the IC. Without Hg2+ ions, the IC remains stable and does not show any significant changes in absorbance across the pH range of 2.5-7.0. However, when Hg2+ ions are introduced, there is a noticeable increase in absorbance specifically at pH 7.0. This change in absorbance indicates that the interaction between the IC and Hg2+ ions is pH-dependent, with pH 7.0 being particularly favorable for this interaction. Based on these findings, it can be concluded that pH 7.0 provides optimal conditions for the proposed method involving the IC and Hg2+ ions. This specific pH value likely enhances the sensitivity or selectivity of the IC towards Hg2+, leading to a more pronounced change in absorbance.	


Fig. 4. Effect of pH.

	The interaction time of the IC sensor with Hg2+ was investigated (Fig. 5). The results showed that the reaction occurs in the first few seconds and remains constant for the next 40 minutes at the absorption wavelength of 610.0 nm.


Fig. 5. Effect of time.

	To verify the linear range of the proposed method, a calibration curve was plotted (Fig. 6). The linear range was 0.15-17.36 μM, and the regression equation for the data was A610.0 = 0.8766–0.025CHg (μM) with R2 = 0.9901. The limit of detection and limit of quantification for the measurement of Hg2+ were calculated to be 0.06 and 0.22 μM, respectively. The relative standard deviation for two concentrations of Hg2+, 7.4 and 15.8 μM and 10 replicate measurements, was 2.1% and 1.4%, respectively.
		

Fig. 6. Calibration curve.

Furthermore, the use of different metal cations in determining selectivity for Hg2+ in Figure 7 highlights the versatility and reliability of the proposed method. By testing various metal cations, it becomes evident that the IC exhibits a high degree of selectivity towards Hg2+ ions. This selectivity is crucial in analytical chemistry as it ensures accurate and precise detection of specific target analytes. The results obtained from these experiments demonstrate that the proposed method holds great potential as a chemosensor for detecting Hg2+. The ability to selectively detect Hg2+ ions is particularly significant due to their harmful effects on both human health and the environment.  The use of the IC as a potential chemosensor offers several advantages. Firstly, its selectivity ensures that false positives or false negatives are minimized, leading to more reliable detection results.	
[image: ]
Fig. 7. Effect of coexisting substances on (a) Absorption spectrum, 
(b) absorbance of IC in the presence of Hg2+.

	To determine Hg2+, the proposed method was used in real samples, but Hg2+ could not be detected in the samples. Therefore, the spiking method was carried out. The measurement of Hg2+ in the samples was repeated three times, and the recovery values between 96.00 and 103.90% showed good accuracy of the proposed method (Table 1). The results show that this method can be used to measure Hg2+ in real samples.	









Table. 1. Determination of Hg2+ in real samples by spiking method.
	Sample
(n = 3)
	Hg2+ (μM)
	Average recovery (%)
	Relative error (%)

	
	Amount added
	Amount found
	
	

	Tap water
	0.00
	-
	-
	-

	
	4.00
	3.98 ± 0.02
	99.50 
	-0.50

	
	8.00
	8.31 ± 0.05
	103.90
	3.00

	
	10.00
	10.15 ± 0.03
	101.50
	3.88

	Mineral water
	0.00
	-
	-
	-

	
	4.00
	3.95 ± 0.03
	98.75 
	-1.25

	
	8.00
	8.08 ± 0.02
	101.00
	1.00

	
	10.00
	9.76 ± 0.04
	96.00 
	-2.40

	plasma
	0.00
	-
	-
	-

	
	4.00
	4.01 ± 0.04
	100.25
	0.25

	
	8.00
	8.06 ± 0.05
	100.75
	0.75

	
	10.00
	10.10 ± 0.06
	101.00
	0.06




IV. Conclusion

	The proposed method using IC as a chemosensor for the detection of Hg2+ offers several additional benefits. Firstly, its simplicity allows for easy implementation in various settings, including field testing or on-site monitoring. This is particularly advantageous when rapid and real-time detection is required. Secondly, the absence of separation and preconcentration steps reduces the overall analysis time and eliminates the need for complex sample preparation procedures. This not only saves time but also minimizes the risk of sample contamination or loss during these additional steps. Moreover, the low cost associated with this method makes it accessible to a wider range of users, including resource-limited laboratories or environmental monitoring agencies with budget constraints. The affordability factor also enables frequent monitoring and surveillance of Hg2+ levels in different water sources or industrial effluents. The high accuracy achieved by this method ensures reliable and precise measurements of Hg2+ concentrations. This is crucial in environmental monitoring scenarios where even trace amounts of toxic substances can have significant impacts.
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6.6766666666666659	3.3433333333333324	2.2322222222222217	1.6766666666666665	1.3433333333333333	1.1211111111111107	0.96238095238095223	0.84333333333333327	0.75074074074074071	0.67666666666666653	0.58142857142857129	0.5099999999999999	0.45444444444444437	0.40999999999999992	0.37363636363636366	0.34333333333333332	0.31769230769230766	0.29571428571428565	0.27666666666666667	0.25999999999999995	0.23988505747126435	0.22276595744680849	0.20801980198019798	0.19518518518518518	0.18391304347826085	0.17393442622950817	0.16503875968992246	0.15705882352941175	0.1498601398601398	0.14333333333333331	0.13738853503184711	0.13195121951219513	0.12695906432748535	0.12235955056179774	0.11810810810810811	0.11526315789473683	0.11256410256410253	0.11	0.10756097560975608	0.10523809523809523	0.10302325581395348	0.10090909090909091	9.8888888888888887E-2	9.6956521739130427E-2	9.5106382978723397E-2	9.3333333333333324E-2	9.1632653061224492E-2	0.09	8.8431372549019588E-2	8.6923076923076908E-2	8.5471698113207525E-2	8.4074074074074051E-2	8.2727272727272705E-2	8.1428571428571433E-2	8.0175438596491219E-2	7.8965517241379318E-2	7.779661016949152E-2	7.6666666666666647E-2	7.5573770491803277E-2	7.4516129032258058E-2	7.3492063492063484E-2	7.2499999999999981E-2	7.1538461538461523E-2	7.0606060606060603E-2	6.9701492537313434E-2	6.8823529411764686E-2	6.7971014492753612E-2	6.7142857142857129E-2	6.6338028169014074E-2	6.5555555555555547E-2	6.4794520547945197E-2	6.4054054054054052E-2	6.3333333333333325E-2	6.2631578947368413E-2	6.1948051948051933E-2	6.1282051282051268E-2	6.0632911392405044E-2	0.06	5.9382716049382715E-2	5.8780487804878032E-2	5.8192771084337347E-2	5.7619047619047625E-2	5.7058823529411752E-2	5.6511627906976745E-2	5.5977011494252868E-2	5.5454545454545444E-2	5.4943820224719088E-2	5.4444444444444434E-2	5.3956043956043954E-2	5.3478260869565211E-2	5.3010752688172041E-2	5.2553191489361703E-2	5.2105263157894738E-2	5.1666666666666659E-2	5.1237113402061843E-2	5.0816326530612244E-2	5.0404040404040402E-2	4.9999999999999989E-2	4.9603960396039593E-2	4.9215686274509785E-2	4.8834951456310678E-2	4.8461538461538459E-2	4.8095238095238087E-2	4.7735849056603767E-2	4.7037037037037037E-2	188.6792452830199	88.495575221239122	56.818181818181984	50.50505050505069	41.32231404958678	31.446540880503203	25.706940874036032	22.026431718061676	20.120724346076472	17.331022530329296	14.727540500736385	12.468827930174573	12.690355329949242	12.853470437017998	12.755102040816322	11.778563015312136	10.787486515641856	10.834236186348869	9.6525096525096501	8.6730268863833508	8.9686098654708566	7.9428117553613973	7.4404761904761925	7.4404761904761925	6.8634179821551164	6.195786864931847	5.7208237986270039	5.6980056980056988	5.2603892688058931	4.9309664694280082	4.909180166912126	4.677268475210477	4.6425255338904377	4.409171075837742	4.2283298097251594	4.1152263374485596	3.9729837107667869	3.7481259370314852	3.6523009495982479	3.6036036036036041	3.5198873636043646	3.443526170798898	3.4411562284927739	3.3749578130273372	3.3046926635822871	3.2992411745298589	3.2362459546925573	3.1826861871419485	3.125976867771179	3.0835646006783848	3.0367446097783182	2.9850746268656718	2.9463759575721871	2.9095141111434391	2.9120559114735007	2.8710881424059722	2.8320589068252624	2.8074115665356545	2.8097780275358248	2.7716186252771617	2.7412280701754383	2.7070925825663243	2.679528403001072	2.656748140276302	2.6315789473684212	2.6048450117218023	2.6034886748242645	2.5799793601651189	2.556237218813906	2.5284450063211126	2.5322866548493286	2.5113008538422905	2.4943876278373662	2.4709661477637761	2.4479804161566707	2.4319066147859925	2.4125452352231607	2.4061597690086622	2.4044241404183699	2.3872045834328004	2.3866348448687353	2.3803856224708406	2.3663038334122102	2.346866932644919	2.3310023310023311	2.3185717597959661	2.3046784973496202	2.2893772893772897	2.292000916800367	2.2784233310549102	2.2639800769753227	2.2522522522522523	2.2381378692927485	2.238638907544213	2.2291573785109229	2.2182786157941439	2.2089684117517119	2.1992522542335604	2.1862702229995628	2.1853146853146854	2.1767522855899002	2.1635655560363478	2.1537798836958864	2.1445421402530562	2.1249468763280919	(1/[Hg2+]) (µM-1) 


1/(A0-A)  at  610.0 nm
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