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The Chemistry of Natural Water
Introduction
Water hardness defines the concentration of divalent cations present in a given sample of water. Apparently, hard water contains a higher concentration of divalent cations compared to soft water. Notably, water passes through different minerals as it meanders its way downstream towards a lake, sea, or ocean and in the process, dissolves various minerals, thus obtaining its hardness (Serensits ET AL., 2014). Specifically, this explains the fact that water hardness increases as water flow downstream. Magnesium ions and calcium ions are the most common divalent cations that influence water harness a great deal. Research shows that the consumption of hard water does not pose any risk but, in fact, boosts mineral supply that is necessary for human diet (Ramya ET AL., 2015). However, hard water presents a dangerous risk to industries since when they exposed to elevated temperatures, it vaporizes, hence forming a residue known as a scale. If this solid scale is formed in pipes, evaporators’ surfaces or jets, they can narrow the surface or block it entirely, leading to other risks such fire outbreak and bursting of pipes. Removing the blocked pipes or cleaning out the scale is also expensive and is, therefore, advisable that its formation is restricted (Lopez-Molinero ET AL., 2013).
In order to limit scale formation, it is desirable that water used in the industry be tested regularly to determine its hardness for corrective measures to be undertaken to lower its hardness to recommended levels before allowing it to flow (Ramya ET AL., 2015). In this regard, there exist various approaches used to determine water hardness such as EDTA and absorption spectrophotometry (AA) titration. It should be pointed out that once a concentration value of water sample has been obtained, it is further converted mathematically to part per million (ppm) or gallon, which is the standard water hardness measuring unit enabling determination of water hardness as shown below.
Table 1
Standard water hardness 
	Grains per gallon
	Part per million
	category

	Less than 1.0
	Less than 17.1
	Soft

	1.0 – 3.5
	17.1 – 60
	Slightly hard

	3.5 – 7.0
	60 – 120
	Moderately hard

	7.0 – 10.5
	120 – 180
	 Hard 

	Over 10.5
	Over 180
	Very hard



As indicated above, divalent cation concentration in water can be determined using EDTA and AA approach. Specific metal ions can be analyzed using AA spectrophotometry approach by matching applied monochromatic light  to the atomic  of the substance under analysis. In the process, the substance is excited and eventually absorbs light since it matches its  The amount of light absorbed is then analyzed to ascertain the concentration of the divalent cations present in the solution. Evidently, since the instrument evaluates absorbance of substance, the resulting value is in absorbance (nm) (Serensits ET AL., 2014). It should, therefore, be converted to part per milion concentration using equations shown below.
		
					(1)
On the other hand, the EDTA approach involves complexation titration to ascertain cations concentration of substances (Lopez-Molinero ET AL., 2013). Specifically, this method employs ethylenediaminetetracetic acid in the form of disodium dehydrate (C10H14N2O8Na2•2H2O), NH3 or NH4 buffer solution, and eriochrome black T (EBT). In this titration process, EBT acts as an indicator since its original blue color changes when it combines with Mg2+ to a pink-red color indicating the formation of MgD-,  while EDT serves as the chelating agent. The indicator ideally presents the end point required during serial titration to avoid supplying excess titrant (Ramya ET AL., 2015). On the contrary, NH3/NH4 assists to raise the pH up to approximately 10 before adding EBT. Lastly, EDTA is added serially and immediately reacts with Ca2+ and Mg2+, thus forming CaEDTA and Mg EDTA respectively; both of which are colorless solutions. It is worth noting that as the final products form, HD2- is also developed, resulting in the blue color endpoint. All the above reactions can be summarized by the following chemical equation (Li et al., 2014).
						(2)
The addition of HD2- blue solution results in the following.
MgD- 			(3)
Apparently, the above complex chemical compound reacts with Ca2+ and Mg2+, forming MgD-. In the same process, HD2- dissociates, which results in the formation of EBT, which is blue in color. This illustrates the reaction endpoint (Ramya ET AL., 2015). From the above explanations, it is undeniable that EDTA evaluates all the cations present yielding an imprecise value, unlike AA spectrophotometry, which employs a simplified approach to analyzing cations concentration from overall light absorbance. Other sources of inaccuracies in EDTA include inaccurate measurement of drops of different solution and the use of contaminated solutions (Serensits ET AL., 2014). However, the two methods can be utilized simultaneously to ascertain cations concentration.
As indicated above, devising a method of determining the presence of divalent cations in solutions serves a critical role in industrial settings and helps initiate a corrective measure to soften water before letting it flow in sensitive pipes. This can be achieved by observing the total dissolved solids (TDS), which is one of the simplest approaches (Boyd, 2015). TDS involves evaporating a solution and analyzing the residue left on the evaporating surface. Unquestionably, the residue depends on the hardness of the evaporated sample and reflects the concentration of divalent cations in the entire solution. To determine the concentration level, the residue is compared to a single drop of divalent cations, such as Ca2+ and Mg2+, thus allowing quick prediction of sample solution hardness (Li et al., 2014).
In this experiment, three water samples obtained from different regions of Youghiogheny River and one sample obtained from Aquafina bottled water were analyzed for water hardness using the two approaches explained above. Most importantly, the water samples from Youghiogheny River were collected from different locations downstream. Since Aquafina bottled water is already softened, it is expected that it contains the least divalent cations compared to the sample gathered from the river (Serensits ET AL., 2014). Furthermore, divalent cations concentration in the samples collected from the river were expected to differ such that water samples taken at the furthest point downstream contained higher concentration compared to the sample collected close to the river source. This will further support the argument that as water meanders downstream, it passes through different mineral rocks, hence increasing its hardness (Lopez-Molinero ET AL., 2013).


Procedure
First of all, distilled water was added to the water samples in a 1:1 ratio to lower divalent cation concentration before analyzing its light absorbance using AA spectrophotometry. After that, the provided check standards were employed to determine suitable values of the resulting absorbance and used to plot two graphs using the graphing software. Subsequently, a line of best fit was obtained from the graph and used to derive concentration for Ca2+ and Mg2+. The resulting concentration of mol/L was then converted into part per million (ppm) and multiplied by the initial dilution factor to obtain final sample hardness. In this case, the dilution factor was 2 since the original sample was diluted with deionized water in a 1:1 ratio. Table 1 provided at the introduction was then used to classify water sample hardness. For TDS analysis, a small portion of each water sample solution was collected and evaporated (Serensits ET AL., 2014). The resulting residue was then compared with a single drop of Ca2+ ring residue, which acted as a reference to the other sample residue.
After that, water samples were diluted using simplified steps obtained from PSU chemtrek and precise transferring skills were used to combine the required sample solutions to accomplish EDTA titration process (Lopez-Molinero ET AL., 2013). Notably, a 112 well strip was used to obtain a small and consistent drop. Additionally, EBT, water sample, and NH3/NH4 buffer were added to each well before serially titrating EDTA to each well. The solution was stirred continuously during this process and the first well to achieve a blue color of EBT marked titration endpoint (Boyd, 2015). The resulting end point of each titration was converted to part per million (ppm) and calcium carbonate water hardness value before classifying the sample using table 1.

Results
The table below illustrates the results obtained from TDS analysis after evaluating varied samples of water that were acquired from various regions.
Table 1
TDS analysis.		
	
	Aquafina bottled water
	Start point
	Mid-point
	End point

	Distilled Water
	No residue
	No residue
	No residue
	No residue

	Ca2+
	Faint ring
	Faint ring
	Faint ring
	Faint circle 

	Water Sample
	Visible ring (lighter than Ca2+)
	Heavy ring
	Faint ring (more than Ca2+)
	Clear ring (heavy)



In the same manner, results obtained from AA spectrophotometry were recorded in the table below.
Table 2
AA spectrophotometry analysis.	
	
	My sample (Aquafina bottled water)
	Fahad’s Sample (Start point)
	Omar’s sample (Mid-point)
	Ahmed’s sample
(end point)

	Ca Absorbance
	0.0004
(original sample)
	0.0743
(original sample)
	0.0825
(original sample)
	0.0432 (diluted by ½)

	Mg Absorbance
	0.0026
(original sample)
	0.0543
(original sample)
	0.0599
(original sample)
	0.0598 (original sample)



The experimental data provided in Table 2 above were further used to plot graphs of Ca2+ and Mg2+ absorbance against Ca2+ and Mg2+ concentration as shown below.
Graph 1

Figure 1: Light absorbance against concentration
It is observable that divalent cation concentration is directly proportional to its absorbance. The equation of a straight line can, therefore, be employed to obtain equation 4 shown below.
											(4)
Where y is the absorbance of calcium ions and x represents its concentration. The resulting concentration of Ca2+ in different water samples were obtained as illustrated below.
For Aquafina bottled water,
		 =  = -0.95 ppm
The same approach was used to evaluate the concentration of other water samples and the resulting data recorded in Table 3 below.

Graph 2	
Figure 2: Light absorbance vs. Mg concentration
Similarly, it is observable that Mg concentration is directly proportional to its absorbance. 
The equation of a straight line was employed to evaluate Mg2+ concentration in different water samples as shown below.
For Aquafina bottled water,
		 =  = -0.59ppm
The concentration of Mg2+ present in other water samples was evaluated in the same manner and the resulting data recorded in Table 3 below (Boyd, 2015). Furthermore, the concentration of calcium and magnesium divalent cations obtained from graph 1 and 2 above were converted to ppm CaCO3 using the equation illustrated below.
			
					
For Aquafina bottled water,
			 = 2.4 ppm CaCO3 
			 = 2.4 ppm CaCO3
The same approach was used to evaluate calcium and magnesium concentration in the other water sample and the resulting data presented in Table 3 below.
Table 3	
	Sample
	AA value for Ca2+
	AA Value for Mg2+
	[Ca2+] (ppm)
	[Mg2+] (ppm)
	[CaCO3] from Ca2+
	[CaCO3] from Mg2+
	Total [CaCO3]
	Actual Hardness (ppm)
	Classification of water sample

	Aquafina
	0.0004
	0.0026
	0.95
	0.59
	2.4
	2.4
	4.8
	9.6
	Soft

	Start point
	0.0743
	0.0543
	13
	4
	33
	16
	49
	98
	Moderately hard

	Mid-point
	0.0825
	0.05999
	14
	4
	35
	16
	51
	102
	Moderately hard

	End point
	0.0864
	0.0598
	15
	4
	38
	16
	54
	108
	Moderately hard



It should be noted that actual hardness of every water sample was obtained by multiplying with the dilution factor, which is 2 in this case due to the dilution ratio of distilled water to water sample indicated in the procedure. Finally, results obtained from sample dilution with EDTA are presented in the table below.
Table 4
EDTA and AA dilution	
	EDTA
	Unsoftened (Q6)
# drops 
	2 drops
40 ppm
	4 drops
80 ppm
	2 drops
40 ppm
	4 drops
80 ppm

	
	Resin softened (Q9)
# drops
	1 drop
20 ppm
	1 drop
20 ppm
	1 drop
20 ppm
	1 drop
20 ppm

	Sample dilution
	Diluted for AA?
	No
	No
	No
	Yes, Ca absorbance only

	
	Diluted for EDTA?
	No
	No
	No
	No



The unknown concentration of divalent cations used in EDTA analysis was obtained by considering the fact that end point resulted due to the presence of EDTA and divalent cations of equal concentration (Serensits ET AL., 2014). The following relationship was used to evaluate their concentration.
		
								(5)
For Aquafina bottled water,
		
		
Consequently, part per million of CaCO3 was also evaluated as shown below.
		
For Aquafina bottled water,
		 = 20 ppm CaCO3
The same formula was used to obtain the concentration of all the other water samples and recorded in Table 5 below.
Table 5
Drops of EDTA at the endpoint and divalent concentration.	
	Sample
	# of drops of EDTA (drops)
	[CaCO3] in the water sample (M)
	[CaCO3] in ppm (ppm)
	Total Hardness [CaCO3] (ppm)
	Actual Hardness (ppm)
	Classification of water sample

	Aquafina
	2
	2.0  10-4
	20
	20
	40
	Slightly hard

	Start point
	4
	4.0  10-4
	40
	40
	80
	Moderately hard

	Mid-point
	2
	2.0  10-4
	20
	20
	40
	Slightly hard

	End point
	4
	4.0  10-4
	40
	40
	80
	Moderately hard



The effects of softening agent illustrated in Table 4 above were also evaluated to ascertain the concentration of divalent cations using equation 5 and the resulting data recorded in Table 6 below.
Table 6
Effects of softener

	Sample
	No of drops added
	Actual hardness
	Classification of water sample

	Aquafina 
	1
	10
	Soft

	First point
	1
	10
	Soft

	Mid-point
	1
	10
	soft

	End point
	1
	10
	soft



Discussion
As observed in Table 1, distilled water did not generate any residue after evaporating proving the fact that TDS can be used to predict water sample content. In addition, Ca2+ was evaporated, thus leaving behind a faint ring that was used as a reference for the other water samples. Evidently, the other water sample had residue ranging from a visible ring for Aquafina bottled water to clear ring for water sample collected from the endpoint of Youghiogheny River. Moreover, the residue left behind by all the other water samples was heavier compared to the reference residue except the bottled water, which formed a visible ring since it had already been softened (Serensits ET AL., 2014). Most importantly, the other water samples formed heavier rings since they contained multiple salts collected as they meandered through different rocks and soil in the river. With this in mind, it can be argued that samples obtained from the river contained traces of calcium, magnesium, chlorine, sodium, and other chemical components. However, it is notable that TDS did not indicate the level of concentration of divalent cations present is the samples.
On the other hand, AA instruments introduced sufficient concentration of divalent cations, which was exhaustively converted to part per million (ppm) concentration. Eventually, this concentration was compared to standard divalent cations concentration presented in Table 1 to determine the hardness of each water sample. From the experimental results, it was observed that water samples depicted Ca2+ absorbance that ranged from 0.0004 to 0.0864, which corresponded to 13 to 15ppm while that of Mg2+ ranged from 0.0026 to 0.0598 corresponding to 4ppm (Boyd, 2015). Furthermore, the conversion of sample concentration to CaCO3 by summing up the individual concentration of calcium and magnesium and multiplying the resulting product by 2 generated a trend that conformed to the TDS ring formed. Additionally, it was notable that water sample obtained from different points of Youghiogheny River has the same hardness. This shows that the water samples were collected from locations that were close to each other or regions that had similar soil and rock characteristics.
Determination of divalent concentration was achieved quickly using the ETDA approach, which is a simplified method whose aim is to obtain ad end point and use it to evaluate the concentration of divalent cations. Subsequently, the resulting concentration was converted to part per million using appropriate equations indicated in the results. Apparently, this approach is easy to implement since the number of drops added to any sample form the basis of evaluation and can be deduced that the higher the number of drops the harder the water sample (Serensits ET AL., 2014). Ideally, this approached classified water into two groups: slightly hard and moderately hard, as observed in Table 5 above as per the standard hardness table. 
 It is also notable that ETDA relies on titration that is associated with human errors, thus lowering its precision. Unquestionably, if one obtains an endpoint that is off by 10 ppm, the overall endpoint must be off by 20 ppm after considering the dilution factor, which illustrates that this approach is not precise. In this experiment, it was observed that ETDA titration results were off compared to those of AA spectrophotometry by reasonable values. For instance, the sample solution collected from the midpoint of Youghiogheny River had a slight hardness of 40 ppm, while that of AA spectrophotometry illustrated that the same sample had a moderate hardness of 108ppm. It, therefore, shows that ETDA was off by 20ppm considering the dilution factor (Boyd, 2015).
Finally, experimental results presented in Table 6 above demonstrates that addition of water softener lowers water hardness significantly. It is observable that when the softener was added, all the water samples acquired equal water hardness of 10ppm. Comparing this value with standard water hardness table, it is evident that the water sample had been softened.
Conclusion
Overall, it is without any doubt that all water sample tests conformed to the hypothesis that water samples collected from different locations exhibit varied hardness.  Evidently, AA spectrophotometry classified samples from slightly hard to moderately hard. Notably, EDTA results classified water samples obtained from Youghiogheny River into moderately hard and slightly hard. Consequently, it proved that as water flows along a river bed, it acquires varied hardness depending on the soil and rock component of the river bed.  Furthermore, the experimental results indicated that Aquafina bottled water had slight hardness due to the fact that it had been treated initially removing different types of salts. However, it is clear that the AA spectrophotometry approach presents accurate and precise results compared to EDTA. This is because EDTA is prone to errors as it involves transferring of solutions and repeated measurements that if poorly conducted will negatively influence the results. Lastly, the use of water softener automatically lowered water hardness to a preferably equal level as illustrated by the use of only one drop of Ca2+ to achieve titration end point. To sum up, the objective of the experiment to evaluate water hardness and classify water samples according to their hardness was achieved successfully. 
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