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Introduction
Chloride is a widespread halide, which constitutes approximately 0.0145% of the earth's crust[1], and is present in various minerals and every natural body of water. Chloride plays an important part in human biology and health[2–5], environmental processes[6,7], pitting corrosion[8–10], and agriculture[11,12]. The determination of chloride, in a variety of matrices, is therefore of great importance. Consequently, many methods for chloride determination have been developed[13–18]. Of these, some of the most common and well established methods for chloride analysis are argentometric methods, based on various analytical techniques, such as colorimetric[19,20], electrochemical[21,22], and fluorescence[23] titrations, atomic absorption[24], x-ray fluorescence[25] or distance measurement[26].	Comment by nadav learner: Sentance is a bit confusing. Maybe:
 
Of these, some of the most common and well established methods for chloride analysis are argentometric methods, based on various analytical techniques, such as titration (colorimetric[19,20], electrochemical[21,22], and fluorescence[23]), atomic absorption[24], x-ray fluorescence[25] or distance measurement[26].
Inductively coupled plasma optical emission spectrometry (ICP-OES) is a powerful and popular elemental analysis technique[27]. ICP-OES instrumentation is simple to operate, offers a wide dynamic range, and can determine multiple elements in a single measurement. Most importantly, ICP-OES can measure nearly every naturally occurring element. However, halide measurement by ICP-OES, such as chloride determination, is very limited. These limitations stem from several factors. The most sensitive emission lines of chloride are located in the vacuum UV region, circa 134 nm[28,29]. Measurements at such low wavelengths require the removal of air components (nitrogen, oxygen, water vapor, etc.) from the optical path of the instrument by using vacuum or purged optical systems, and a detector capable of operation in this region[30]. As a result, this region is below the measurement range of most common ICP-OES instruments. Furthermore, elements with high ionization potential[1], such as chloride, generally have lower sensitivity in argon-based ICP-OES instruments[31], which are the most common. Halides are also easily adsorbed to the plastic tubing of the ICP-OES instruments, leading to issues of memory effects[30,32], and often require complex sample preparation prior to measurement[33]. Despite these limitations, ICP-OES determination of chloride is still sought after. Methods for chloride determination in cement[34], oils and fuels[35–37], plants[38], water[39,40], and milk[41] using ICP-OES have been published. However, all of these methods require either specific ICP-OES instrument models, capable of measurement in the UV region, or the use of additional instrumentation. While various advancements have been recently made in ICP-OES measurements, including new calibration strategies, decreased argon consumption, and improved analytical performance[32], halide determination by ICP-OES still presents a challenge. We herein present an indirect, argentometric method for chloride determination by ICP-OES, which can be performed on any ICP-OES instrument, with no additional equipment required. The method is shown to accurately measure chloride in a variety of matrices, including biological, environmental, industrial, and food samples. 	Comment by nadav learner: Since we present ICP-OES as "elemental analysis" maybe the right word is "halogens" which is the element and not "halide" that refer to the anion.
The problem is measuring chlorine as an element and we present method to measure chloride which is the element after dissolution
Experimental
Chemicals
Single element 1 g L-1 CRM solutions (Cl, Ag, Y, Mn, Fe, Mg, Ca, Cu, Pb, Zn, Al) were purchased from CPI international. Seawater from the Mediterranean Sea was collected at Bat-Yam beach, Israel. Wine samples (white wine, 12% alcohol content) were purchased at a local supermarket. Urine samples were collected from a healthy volunteer. Seawater, wine, and urine were all filtered (syringe filter, NY 0.22 µm) and diluted prior to measurement. All aqueous solutions were prepared using ultrapure water (18.2 MΩ∙cm, Millipore Co, USA).
Instruments\apparatus 
Inductively coupled plasma-optical emission spectrometry (ICP-OES) measurements were performed on an Arcos 2 MultiView instrument (Spectro, Germany) using an axial plasma configuration. Instrument conditions were 1400 W plasma, and flow rates of 13, 0.8, 0.8 L/min-1 for coolant, nebulizer, and auxiliary flow. Ion chromatography measurements were performed on a 930 compact IC FLEX with a conductivity detector (Metrohm, Switzerland), and an 858 professional sample processor autosampler and controlled by the magicnet 3.2 software. Anion separation was carried out in suppressor mode on metrosep A column (250X4mm) connected in series with a Metrosep A guard column (4/5). A low background level was kept by the use of metrohm suppressor module (MSM) for chemical suppression combined with metrohm CO2 suppression module (MCM).
Procedures
Precipitation solution
A silver nitrate (Ag+NO3-) and yttrium nitrate (Y+NO3-) "precipitation solution" (300 mg L-1 Ag+, 60 mg L-1 Y+) was prepared by transferring 15 mL of 1 g L-1 Ag+ standard solution and 3 mL of 1 g L-1 Y+  standard solution to a 50 mL volumetric flask. The solution volume was then diluted to 50 mL using ultrapure water.	Comment by nadav learner: The method calibration mentioned the ag/y  before it was explained how to make it
ICP-OES method calibration
Calibration solutions (chloride concentrations of 0, 0.75, 1.5, 4.5, 7.5, 10, and 12 mg L-1) were prepared by aqueous dilution, using ultrapure water, of a 1 g L-1 chloride (Cl-) standard chloride solution to 12.5 ml then adding 2.5 ml of the precipitation solution. The calibration curve was produced by plotting the Ag+silver/Y+yttrium intensity ratio (at 328.068 nm and 324.228 nm, correspondingly) against chloride concentration. 
[bookmark: _heading=h.1t3h5sf]ICP-OES Measurement procedure
A silver and yttrium "precipitation solution" (300 mg L-1 Ag, 60 mg L-1 tY) was prepared by transferring 15 mL of 1 g L-1 silver solution and 3 mL of 1 g L-1 yttrium solution to a 50 mL volumetric flask. The solution volume was then diluted to 50 mL using ultrapure water. Calibration solutions and s Samples were prepared for measurement by mixing 10 mL of the measured solution with 2.5 mL of the precipitation solution and adding ultrapure water to obtain a final volume of 15 mL. The sample was shaken thoroughly by hand and kept in the dark for about half an hour before being filtered (syringe filter, NY 0.22 µm) into a new vessel, and taken for measurement. The chloride concentration in the samples was then derived from the calibration curve using the Ag+/Y+ silver/yttrium intensity ratio measured for each sample. Samples containing chloride concentrations exceeding the method's working range were diluted as necessary using ultrapure water. 

Ion Chromatography calibration (SI)
Calibration solutions (see SI for details) were prepared from a 1 g L-1 standard chloride solution. A solution of 3.6 mM NaHCO3 was used as eluent at 0.8 ml/ min-1 flow rate and a solution of 0.1 M H2SO4 was used as the regenerant. Elution mode was isocratic and the temperature of the column was kept at 45 oC (maybe 50 oC, will ask asya) for the analysis period. The volume of the sample injection loop was 20 µL.
Results and discussion 
Method principle
Argentometric determination of chloride, based on the low solubility of silver chloride (Ksp = 1.77∙10-10)[1] in aqueous matrices, is well-established. Previously published argentometric methods include amperometric[21] and colorimetric[19,20] titrations, as well as XRF spectroscopy[25] and distance-based μPADs[26]. Adapting the argentometric method for ICP-OES, a predetermined amount of silver is added to each sample, and measured following its reaction with chloride. The changes in the silver concentration are then used to quantify the chloride in the sample. Calibration solutions of known chloride concentrations are used to plot the calibration curve (figure 1). Since the silver concentration decreases as the amount of chloride in the sample increases, a negatively sloped calibration curve is obtained. 
[image: ]
Figure 1: calibration curve
The application of argentometric chloride detection to ICP-OES requires several method parameters to be examined. These include the optimal working range and initial Ag concentration, the instrument sensitivity and precision, and the method's selectivity and robustness. 
Working range
Since argentometric methods are based on indirect chloride measurement, their limit of detection (LOD) and limit of quantification (LOQ) values are determined by the sum of two factors. The first is the instrument variation in the measurement of a blank solution (instrumental LOD), which determines the lowest change in signal that can be attributed to the presence of an analyte. The second is the amount of unreacted chloride in the sample solution left after AgCl precipitation (Chemical LOD). Both these factors are related to the initial Ag+ concentration. The instrumental LOD of the method was derived from the reproducibility of the blank measurement, which contains no chloride; therefore, its Ag+ concentration is equal to the initial concentration added to each sample. Examining the precision of Ag measurements at different Ag concentrations (0.5, 5, 15, 30, and 50 mg L-1, with a yttrium internal standard to minimize random instrument fluctuations), the relative standard deviation (RSD) of the measurements was found to constantly be constantly within the range of 0.54 ± 0.11%. Therefore, at this concentration range, the smallest variation in Ag+ intensity which can be reliably and reproducibly determined (the instrumental LOQ) increases with the initial Ag+ concentration. However, the initial Ag+ concentration also determines the amount of dissolved chloride in the solution. Since Ksp(AgCl) is a constant value (for a given temperature), equal to [Ag+][Cl-], the amount of dissolved chloride which remains in the solution after the Ag+ addition is equal to Ksp(AgCl)/[Ag+]. Therefore, as the initial Ag+1 concentration increases, the number of unreacted chloride ions decreases (improving the chemical LOQ). Hence, the optimized initial AgAg+ concentration value should equilibrate the instrumental and chemical LOQs. In order to ascertain the optimized initial Ag+ concentration, the theoretical chemical & instrumental LOQ values, as well as their sum (Method LOQ), were plotted for different Ag+ concentrations (figure 3a, details in SI). 
[image: ]
Figure 3: a. LOQs vs initial Ag+1 concentration and b. Method working range vs initial Ag+1 concentration	Comment by nadav learner: Is it ok to write "the Initial Ag+1 concentration influance on a. LOQs b. Working range"
?
The plot reveals the lowest LOQ for the method is obtained using an initial Ag+1 concentration of 14.32 mg L-1 and is equal to ca. 0.1 mg L-1. This theoretical value has been confirmed experimentally (see SI). However, in addition to the LOD & LOQ, the initial Ag+ concentration also determines the upper limit of the method's working range. Since the reaction stoichiometry of Ag+ and Cl- is 1:1[1], the highest concentration of chloride which can be determined using this method is 3.04 (Ag+/Cl- atomic mass ratio) times smaller than the initial Ag+ concentration (defined in mg L-1). Examining the working range of the method for different initial Ag+ concentrations (figure 3b), an Ag+ concentration of 50 mg L-1 was chosen for this work, providing a working range of 0.2-16 mg L-1 (see SI for further details). The calibration curve of the method, based on the calculated working range, is presented in figure 1.
Selectivity and robustness
One of the main advantages ICP-OES offers over most chloride detection methods, is the ability to simultaneously quantify additional elements in the sample. This requires the method to be selective, and neither interfere nor be interfered with by the presence of other elements. To test the selectivity of the method, a solution containing 4 mg L-1 of chloride was measured twice; once as-is and once in the presence of eight common elements (Mn, Fe, Mg, Ca, Cu, Pb, Zn, Al). The two measurements were found to be statistically identical (see SI for details), demonstrating the selectivity of the method. Furthermore, the measured concentrations of all eight elements agreed with their calculated values, demonstrating the capability of the method to quantify chloride and other elements simultaneously. It should be noted that in any argentometric method, Ag+ precipitating anions (such as I-, Br-, or CN-) can cause some interference. 	Comment by nadav learner: Theoretical?
The robustness of the method was tested by examining the effects of sample filtration time, pH, and temperature on the measurement. Samples (5 and 0.5 mg L-1 Cl-) were prepared and filtered at different times (relative to Ag+ addition, see SI for details). No significant changes were observed in the Ag+ signal intensity between the samples, indicating complete AgCl precipitation within five minutes. Rapid AgCl formation was supported by DLS measurements, as the hydrodynamic radius of AgCl particles in samples measured five and thirty minutes after Ag+ addition showed almost no change (see SI for details). Samples were also remeasured two weeks after their preparation and showed no significant change in Ag intensity, indicating AgCl precipitation was complete before sample filtration. To examine the effect of pH and temperature and the method, samples containing 4 and 1.5 mg L-1 of chloride, respectively, were prepared at different pH values, and different temperatures (pre-filtration). The results (Table 1) show the method to be robust, with no statistical differences detected between any of the samples. 	Comment by nadav learner: Not sure it's accurate.
Calibration samples were prepared and filtered and measured twice within a two weeks interval	Comment by nadav learner: Maybe acid concentration?	Comment by nadav learner: Why not to mention t-test here as we do in next chapter?
[bookmark: _Ref108606634]Table 1: Selectivity and Robustness results 
	Experiment
	Sample
	Averaged Chloride result [mg L-1]
	Standard deviation [mg L-1]
	T test (Critical Value 2.776)

	Selectivity
	With impurities
	4.00
	0.05
	1.95

	
	Without impurities
	4.06
	0.01
	

	pH
	0.5 ml HNO3
	4.06
	0.04
	2.57

	
	2 ml HNO3
	3.97
	0.04
	

	temperature
	25oC
	1.57
	0.04
	2.21

	
	4oC
	1.51
	0.03
	



Precision, accuracyAccuracy, and application
To obtain the precision of the method, a chloride sample of a known concentration (7.69 mg L-1) was measured 20 times. The precision, determined using the coefficient of variation of the 20 measurements, gave a value of X%. To assess accuracy, as well as the practicality of the argentometric method, samples covering a wide range of matrices were analyzed (Table 2table X). The samples included wine (food), seawater (environment), urine (biological), and spiked-purified water (industry). To validate the measured values, all samples were also measured by ion chromatography, a well-established method for chloride quantification[42]. Each sample was measured three times and the results of the two methods (presented in Table 2table X) were analyzed using a t-test (confidence level set at 95% critical t value 2.776). The results showed no statistical difference between the ICP-OES and IC results for all of the examined samples. The method accuracy was calculated by using the reference sample measurement result and the value obtained was 0.26%. These results confirm both the accuracy and the applicability of the new ICP-OES argentometric method to a variety of fields.	Comment by nadav learner: We did it only as part of the working range experiment and it was not a ref solution but "blanks" with diffrent Ag concentrations
[bookmark: _Ref108608298]Table 2: samples measurements results using the argentometric method and Ion Chromatography
	Experiment
	Sample
	Averaged Chloride result [mg L-1]
	Standard deviation [mg L-1]	Comment by nadav learner: Rsd of IC would be mentioned in the si?
	T t-test (Critical Value 2.776)

	 Reference (7.69 mg L-1)

	argentometric method
	 7.71
	 0.08
	0.89

	
	Ion Chromatography
	7.59
	0.22
	

	Sea Water

	argentometric method
	23311.99
	233.12
	1.36

	
	Ion Chromatography
	22763.63
	657.87
	

	Wine

	argentometric method
	51.75
	0.52
	1.08

	
	Ion Chromatography
	52.75
	1.52
	

	Urine
	argentometric method
	6636.74
	66.37
	1.32

	
	Ion Chromatography
	6795.04
	196.38
	



Conclusions
In this paper, An indirect ICP-OES method for Chloride determination, using argentometric principles, was presented and the method's analytical principles were evaluated thoroughly. The dependency of the method working range on the initial Ag+ concentration was determined and the optimal LOQ was both calculated and experimentally proved. The method was shown to be robust to changes in nitric acid concentration in the sample and to the temperature during the sample preparation process. Selectivity was determined by the analysis of both chloride and 8 additional elements in the same reference sample. The results show that one of the main advantages of using ICP-OES, simultaneous quantification of multiple elements, was successfully preserved. A reference sample was used to determine the accuracy error of the method and the value found was 0.26%. Finally, the method was used to determine chloride content in samples covering a wide range of matrices from different industries. The measured results were analyzed and compared, using a t-test, to results obtained using Ion chromatography showing a good statistical fit between the two analytical methods. The sum of the results demonstrates the method's use for the determination of chloride and shows the potential of using indirect methods for ICP-OES.
An argentometric method for chloride measurement by ICP-OES was presented
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