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Abstract

:

A drastic level of resource degradation was revealed through a preliminary evaluation (completed in 2016) of water quality in a recreational lake in the second industrial city in Dammam, Saudi Arabia. The primary signs were a foul smell, algal bloom, high turbidity, and lack of aquatic life. This study aims to evaluate the influence of reverse osmosis (RO) on lake water quality. The recreational lake consists of two connected lakes (Lakes 1 and 2), which receive treated effluent from an industrial wastewater treatment plant. Composite samples were collected from the lakes to analyze their physiochemical parameters. Descriptive analyses were performed, and two water quality indices were developed to observe the variations in water quality conditions between the two periods (2016 and 2021). The results indicated that the water parameters of total dissolved solids (TDS), sulphate (SO42−), biological oxygen demand (BOD), and dissolved oxygen (DO) in 2016 (3356, 4100, 516, and 1.32 mg/L, respectively) were significantly improved in 2021 (2502, 1.28, 9.39, and 7.79 mg/L, respectively). The results of the water quality index (WQI) and comprehensive pollution index (CPI) indicated that the water quality in Lake 1 was significantly enhanced in 2021 (WQI = 85, CPI = 1) in comparison with assessment data from 2016 (WQI = 962, CPI = 8). However, the data from Lake 2 revealed higher pollution levels in 2021 (WQI = 1722, CPI = 18) than those recorded in 2016 (WQI = 1508, CPI = 13). As indicated by the absence of bad smells, algal blooms, and restoration of aquatic life, the RO intervention successfully improved the water quality in Lake 1. The WQI and CPI were helpful tools for evaluating lake water quality.
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1. Introduction


Water is an essential element for all living organisms. It plays a crucial role in their development on the Earth’s surface [1,2,3,4]. There is escalating concern about the deterioration of water resources, raising interest in the challenging issue of water quality on national and international levels [5,6,7]. Water pollution from different sources, primarily industrial and anthropogenic activities, amplifies the need for well-established policies and regulations, particularly for evaluating water quality [8,9,10].



Worldwide industrial development has increased the amount of industrial pollutants dumped into the environment [11]. The improper discharge of untreated industrial wastewater is a significant concern for human health and the environment, leading to serious health hazards and environmental pollution [12]. The disposal of untreated wastewater from industrial areas to various water bodies can cause environmental problems such as a significant concentration of pathogenic microorganisms or toxic chemicals, large amounts of nutrients and organic compounds, and malodorous gases. These can lead to eutrophication, dissolved oxygen deficiency, and water contamination, eventually harming aquatic life and degrading water quality [13].



Among the primary goals of the second industrial city in Dammam is the obligation toward social responsibilities and accountabilities in various environmental protection activities. For this reason, this industrial city has established a recreational lake, which is considered the most prominent industrial lake in the Kingdom of Saudi Arabia. Significant attention has been directed toward sustainable development and environmental sustainability. Under the umbrella of laws and mechanisms for environmental sustainability, the conservation of natural resources has become a primary sustainable development goal in Saudi Arabia. Therefore, the second industrial city has moved toward adopting best practices so that bodies of water may be renewable resources.



Due to significant concern about water deterioration, its impact on the environment, and its economic threat, several methods have been developed to assess water quality. Several scholars have proposed the WQI globally to evaluate water quality within different water bodies [14,15,16,17,18]. The WQI is advantageous in its capacity to enable researchers to evaluate water quality in specific locations and compare it between different locations [19]. The CPI uses a statistical formula to assess the level of pollution in bodies of water [20] and has been used for the same purpose as the WQI in several studies [21,22,23,24].



The lake in the current study consisted of two lakes that were industrial lagoons in the ancient past. In 2016, many complaints were made about the lake’s condition, including its foul smell, algal bloom, high turbidity, and lack of aquatic life. Therefore, in 2019, an RO treatment unit was retrofitted as a further treatment step before discharging the wastewater into the lake. A study showed that RO significantly influences water quality through dilution [25].



The main objective of this research was to evaluate the impact of RO intervention as a tertiary industrial wastewater treatment method on improving water quality in the second industrial city lake in Dammam, Saudi Arabia. Emphasis was given to assessing various water quality parameters and developing the WQI and CPI to assess the magnitude of improvement from 2016 to 2021.




2. Materials and Methods


2.1. Study Area


The second industrial city in Dammam (26°13′32.8″ N 49°58′38.4″ E), located in the Eastern Province of Saudi Arabia, contains a recreational lake. It was developed to meet the increasing need for industrial lands, to achieve industrial growth, and boost the economy [26]. The lake is considered the largest recreational lake in the kingdom and receives effluent from an industrial wastewater treatment facility. The lake is designed as two partially connected lakes (see Figure 1). The first (labeled Lake 1) is bottom-isolated and receives effluent from the wastewater treatment plant. The second (labeled Lake 2) is non-isolated and is partially connected to Lake 1.




2.2. Sample Collection


The samples were collected from four different points in each lake (26°13′32.8″ N 49°58′38.4″ E) in February of 2016 and 2021. For water analysis, three independent replicates were collected in clean, sterilized, 250 mL plastic bottles from each point (N = 24 for each year). All water samples were cooled to 4 °C and immediately transferred to the laboratory within 24 h to preserve water properties.




2.3. RO Membrane Specifications


As shown in Table 1, the membrane type used in the treatment plant was a thin film composite (TMC) (cross-linked fully aromatic polyamide composite).




2.4. Analytical Methods


pH, TDS, and electrical conductivity (EC) were measured with standard electrodes directly immersed into the samples [27] and an OrionTM 3-Star Benchtop pH Meter device (Thermo ScientificTM, USA). Turbidity and free chlorine were measured by transferring 10 mL of deionized water or the sample into the turbidity sample cells [28] and using an LTC-3000we Turbidity Meter and a Chlorine Benchtop Meter (LaMotte Company, Newark, DE, USA). DO and BOD were measured using a 5-day-long BOD test [28]. The chemical oxygen demand (COD) test was conducted using the closed reflux titrimetric method [28]. Sulfate (SO42−) was measured using the turbidimetric method [28]. Phosphate (PO43−) was measured using the ammonium molybdate–stannous chloride method [28]. Iron (Fe) and manganese (Mn) were measured with an iCAP 6300 Duo Inductively Coupled Plasma–Optical Emission Spectrophotometer (ICP-OES, Thermo Fischer Scientific, Waltham, MA, USA) [29]. Alkalinity and hardness were measured by titration [28].




2.5. Statistical Analysis


The data in this assessment were statistically analyzed using an Excel sheet to calculate the mean and the standard error of the mean. The Excel sheet was also used to generate multiple charts to compare levels of water quality parameters between 2016 and 2021, and to compare the results of the different water quality indices used in this study. R studio 4.2.2 was used to calculate Pearson’s correlation coefficients and generate the plots.




2.6. Water Quality Index (WQI)


Eleven water quality parameters, shown in Table 2, were included in the calculation of the WQI. Similar studies have used four steps to calculate the index [24,30,31].



	
Step 1: For each parameter, an assigned weight (AWi) was set (1 to 5), where 1 was the least significant parameter and 5 was the highest (Table 3). This was based on the purpose of the model, the nature of the study area, and the combined opinions of experts from previous studies [32,33,34,35]. The WQI model is based primarily on the relative weights of water quality parameters, so there is no universally accepted WQI [36]. Available indices have many variations and limitations based on the number of water quality parameters used. All of the developed indices worldwide have variations and limitations based on the water quality variables involved in the model [34].






	
Step 2: The following equation was used to calculate a relative weight (RWi) for each parameter:








    R W   i   =     A W   i       ∑  i = 1   n      A W   i        



(1)




where RWi is the relative weight of each parameter, AWi is the assigned weight of each parameter, and n is the number of parameters.



	
Step 3: The following equation was used to calculate a quality rating scale (Qi) for all of the parameters except for DO and pH:








    Q   i   =       C   i       S   i       × 100  



(2)




where Ci is the measured value of the parameter, and Si is the standard value of the parameter.



The Ci for DO and pH was calculated using the following equation:


    Q   i   =       C   i     V   i       S   i     V   i       × 100  



(3)




where Vi is the ideal value (14.6 for DO and 7.0 for pH).



	
Step 4: Before calculating the WQI, the sub-indices (SIi) for each parameter were calculated using the following equation:








     S I   i   =   R W   i   ×   Q   i     



(4)







Finally, the WQI was calculated using the following equation:


  W Q I =   ∑  i = 1   n      S I   i      



(5)







The WQI values were classified into different categories according to Son [24] (Table 3).




2.7. Comprehensive Pollution Index (CPI)


The CPI was used to assess the pollution level of the lakes. Like the WQI, eleven water quality parameters (shown in Table 2) were included in the CPI calculations. The index was calculated using the following formula [20].


  C P I =   n   1     ∑  i = 1   n      P I   i      



(6)




where CPI is the comprehensive pollution index, n is the number of parameters, and PIi is the pollution index for a single water quality parameter.



Finally, the PIi was calculated according to the following equation:


    P I   i   =     C   i       S   i      



(7)




where Ci is the measured value of the parameter, and Si is the standard value of the parameter.





3. Results


Several water quality parameters were investigated to assess the influence of RO treatment on lake water quality (see Table 2).



3.1. Water Quality Parameters in the Influent and Effluent of the RO Unit


As shown in Table 2, the levels of multiple water quality parameters were significantly improved after RO intervention. These parameters include TDS, COD, alkalinity, and hardness. Their concentrations before RO treatment were 3161, 79.73, 346.67, and 910 mg/L, which then reduced to 148, 35.47, 28.33, and 70 mg/L, respectively, after treatment.




3.2. Water Quality Parameters in the Lakes


Multiple water quality parameters improved in 2021 (see Figure 2). As shown in Table 2, pH readings in the lakes decreased from 2016 to 2021. In 2016, the pH in Lake 1 was 9.22, compared to 8.13 in 2021. The pH in Lake 2 was 8.7 in 2016, and 7.51 in 2021. In general, observations showed a higher concentration of TDS in Lake 2 than in Lake 1. In Lake 1, the TDS value was 3354 mg/L in 2016, and was reduced to 2502 mg/L in 2021. However, in Lake 2, it increased from 67,665 mg/L in 2016 to 100,373 mg/L in 2021. The results showed a significant variation in EC readings in Lake 2 compared to Lake 1. This may be due to the significant increase in the concentration of TDS in Lake 2. The EC in Lake 1 was 3.34 ms/cm in 2016, and 3.49 ms/cm in 2021. In Lake 2, it was 76.8 ms/cm in 2016, which increased to 205.49 ms/cm in 2021. As illustrated in Table 2, the turbidity was higher in Lake 2 than in Lake 1. In 2016, it was 0.5 NTU in Lake 1, which decreased to 0.3 NTU in 2021, while in Lake 2, the turbidity reading was 15 NTU in 2016, which increased significantly to 48.83 NTU in 2021.



The study results show that the concentration of DO was lower in 2016 and elevated in 2021 in both lakes. In 2016, it was 1.32 mg/L in Lake 1 and 1.12 mg/L in Lake 2. By contrast, it increased to 7.79 mg/L in Lake 1 and 47.25 mg/L in Lake 2 in 2021. Interestingly, the BOD level decreased significantly in 2021 compared to 2016. In 2016, it was 516 mg/L and 660 mg/L in both lakes, respectively, whereas in 2021, it was 9.39 mg/L in Lake 1 and 8.83 mg/L in Lake 2. COD had a higher concentration in Lake 2 than in Lake 1. In Lake 1, it was 30 mg/L in 2016, which increased to 53.07 mg/L in 2021. In Lake 2, it was 197 mg/L in 2016, which increased significantly to 2128 mg/L in 2021.



The SO42− level was much higher in 2016 than in 2021 in both lakes. In 2016, it was 4100 mg/L in Lake 1 and 4200 mg/L in Lake 2, whereas in 2021, it decreased radically to 1.28 mg/L and 45 mg/L in Lake 1 and Lake 2, respectively. As shown in Table 2, the PO43− level decreased significantly from 2016 to 2021 in both lakes. In 2016, it was 8.9 mg/L in Lake 1 and 12.6 mg/L in Lake 2, whereas in 2021, readings of 0.12 mg/L in Lake 1 and 0.925 mg/L in Lake 2 were obtained. The study observations indicated a significant reduction in free chlorine levels in both lakes. In 2016, it was 1758 mg/L in Lake 1 and 56,813 mg/L in Lake 2, whereas in 2021, measurements were obtained of 0.03 mg/L and 0.29 mg/L in Lake 1 and Lake 2, respectively.



The study results show that the alkalinity in Lake 1 was 340 mg/L in 2016, which decreased to 153.75 mg/L in 2021. On the other hand, the alkalinity of Lake 2 was 320 mg/L in 2016, and increased to 2079 mg/L in 2021. In Lake 1, the hardness level was 2540 mg/L in 2016, which decreased to 921 mg/L in 2021. However, in Lake 2, it was 14,500 mg/L in 2016, which increased to 17,909 mg/L in 2021. Like alkalinity and hardness, the Fe concentration decreased in Lake 1 and increased in Lake 2. In Lake 1, it was 0.03 mg/L in 2016 and decreased to 0.01 mg/L in 2021. In Lake 2, it was not detected in the 2016 sample, but it was 0.24 mg/L in 2021. As shown in Table 2, Mn measurements were higher in 2021 than in 2016 in both lakes. In Lake 1, it was 0.02 mg/L in 2016, which increased to 0.4 mg/L in 2021. By contrast, in Lake 2, it was not detected in the 2016 sample, but in 2021, it was 4.21 mg/L.




3.3. Water Quality Indices


3.3.1. Water Quality Index (WQI)


As shown in Figure 3, the WQI for Lake 1 improved significantly in 2021 to the sub-clean condition (85), while in 2016, it was highly polluted (962). By contrast, Lake 2 was highly polluted in both years, with a noticeable increase in the index value in 2021 (1722) compared to 2016 (1508).




3.3.2. Comprehensive Pollution Index (CPI)


As shown in Figure 3, the CPI results indicated that the water quality in Lake 1 improved from highly polluted (8) in 2016 to slightly polluted (1) in 2021. Lake 2 remained highly polluted in both years, as the CPI value was 13in 2016 and increased to 18in 2021.




3.3.3. Pearson’s Correlation Matrix between Water Quality Parameters


As presented in Figure 4, the correlation matrix indicated numerous significant correlations between water quality parameters for Lake 1 in 2021. There was a positive correlation between turbidity and COD. Likewise, EC showed a positive correlation with free chlorine, SO42−, and Fe. Hardness was positively correlated with pH. Additionally, there was a positive correlation between Mn and TDS.



Moreover, a negative correlation was found between pH and turbidity. Alkalinity was negatively correlated with BOD and Fe. TDS showed a negative correlation with DO.






4. Discussion


The water analysis results indicate that RO has significantly improved the quality of the influent from the tertiary treatment plant. A previous study indicated that cross-linked polyamide TFC membranes efficiently removed organic contaminants in wastewater treatment [37]. These polyamide TFC membranes are commonly used for RO applications in industrial wastewater [38]. The RO treatment significantly improved the water quality in Lake 1 by the dilution mechanism. The impaired water within the lake was diluted with high-quality treated water [25,39,40].



In this study, water quality parameters were monitored in the two lakes during 2016 and 2021. The results shown in Table 2 indicate a noticeable improvement, particularly in Lake 1. After implementing the RO as a tertiary treatment unit, improvements were made in the physical, chemical, and biological properties of Lake 1.



Generally, the TDS of industrial wastewater improves by approximately 95% after RO, as reported by [41,42]. Fortunately, the TDS in Lake 1 improved by 25%, from 3356 mg/L to 2502 mg/L, after tertiary treatment. In contrast, the TDS in Lake 2 increased by about 48%. A possible explanation for this increase might be because Fe and Mn salts were added to remove PO43−. This also explains the increase in Fe and Mn levels in Lake 2 in 2021. In reviewing the literature, several methods have been used to reduce phosphorus in wastewater, as reported by [43]. The efficient use of iron chloride to remove phosphorus from Dianchi Lake was demonstrated by [44]. Oxides of metals (e.g., Fe) have also been used to remove phosphorus from industrial wastewater [45].



Hardness values also increased in Lake 2 and decreased in Lake 1. The efficient removal of TDS in Lake 1 with the RO method reduced the hardness levels in Lake 1. Zhao [46] has demonstrated the enhanced removal of hardness from saline water by electrocoagulation pretreatment before RO.



Another finding that stands out from these results is that a drastic decrease in BOD and a significant increase in DO were observed in both lakes. According to [47], BOD and DO are inversely related. Given the negative correlation found in Lake 1 between TDS and DO, the increase in DO could be explained by the decrease in TDS, which led to a decrease in the BOD level.



In 2016, the SO42− concentration in both lakes was highly elevated, which could have resulted from the direct wastewater discharge from several industries [48]. However, SO42− levels improved significantly in 2021. RO successfully lowered the SO42− concentration of the two lakes. Research has shown [49,50] that nanofiltration and RO are promising techniques for lowering high SO42− concentrations in water.



The results show that the free chlorine concentration in both lakes was elevated. Interestingly, tertiary treatment with RO led to a drastic decrease in the free chlorine level. According to [51,52], the use of RO is effective in reducing chloride levels in wastewater.



The primary purpose of developing water quality indices is to compare changes in water quality over different periods. Unsurprisingly, the results of the WQI indicate that the water quality in Lake 1 improved, while Lake 2 remained highly polluted. This result was expected, as the initial results for some water quality parameters in Lake 2 were elevated, which indicated poor water quality.



When comparing water quality parameters from 2021 and 2016 in Lake 1, this study showed that TDS, turbidity, DO, BOD, SO42− concentration, PO43− concentration, free chlorine, alkalinity, and hardness had all improved. On the other hand, in Lake 2, the study results showed that the levels of TDS, electrical conductivity, turbidity, COD, alkalinity, hardness, Fe, and Mn had increased between 2016 and 2021, which explains the highly polluted status indicated by the WQI and CPI for both study periods. One of the factors that improved water quality in Lake 1 is that the bottom of the lake was constructed with insulation material. This material has the advantage of preventing the pollutants from accumulating at the bottom of the lake, which in turn contributes to reducing turbidity, TDS, and other unwanted contaminants.



In contrast, the bottom of Lake 2 is not isolated. Therefore, there is a possibility that the water pollution increased due to mixing water with the accumulated pollutants in the soil at the bottom of the lake. Another reason for the degraded level of water quality parameters in Lake 2 is that RO effluents are directly discharged into Lake 1. Since the two lakes are partially connected, this obstructs water flow from Lake 1 to Lake 2. In this case, the dilution process in Lake 2 would be minimal compared to Lake 1. Nevertheless, foam was noticed in some parts of Lake 2 (see Figure 2). This foam might be due to an unknown source of untreated wastewater that Lake 2 may receive, especially since both lakes were industrial lagoons in the past.



The primary purpose of performing the correlation analysis between the parameters was to explore the nature of the relationships between them, with the aim to help explain the reasons for the abnormal levels of some water quality parameters within the lake. The analysis of correlation in our study indicated that there is a positive relationship between turbidity and COD. High levels of COD indicate the presence of pollutants such as organic matter, industrial effluents, and solid waste. These pollutants usually increase turbidity in water bodies; thus, when COD increases, the turbidity also increases. Therefore, eliminating the contaminants that increase the COD level will reduce the lake’s turbidity. COD is a significant concern in both lakes, which is expected since the lakes receive effluent from industrial wastewater treatment plants.



Another positive correlation was explored in the analysis between EC and free chlorine, SO42−, and Fe. According to [53], it was found that the presence of inorganic dissolved solids, including cations (such as Fe) and anions (such as chloride and SO42−), affects the conductivity of water, because conductivity increases when the concentration of dissolved solids increases. These findings are interesting since the EC level in Lake 1 was within the acceptable limit, as was the case with free chlorine, SO42−, and Fe. This study also indicated a positive correlation between hardness and pH. A possible explanation for this result is that hard water (with a high concentration of minerals) usually has a high pH (above 8.5). This finding indicates the importance of maintaining the permitted levels of minerals to achieve an acceptable pH within the lake. This result is consistent with the findings of [54]. Furthermore, Mn and TDS were found to have a positive correlation. Mn is classified as one of the dissolved solids in water; therefore, TDS increases proportionally with Mn [55]. Consistent with this study’s results, ref. [56] demonstrated that DO is inversely related to TDS.



Turbidity was found to be negatively correlated with pH. According to [57], high-pH conditions in water enable colloids to deposit in the bottom of lakes due to the colloidal particle’s opposite charge. Therefore, the increased pH value is a determinant for low turbidity due to sedimentation, which causes water turbidity to decrease. This observation suggests a solution for controlling turbidity, which is one of the main issues in both lakes. This finding is consistent with ref. [58]. Alkalinity and BOD were found to be negatively correlated. Interestingly, alkalinity was found to be negatively correlated with iron concentration. This might be explained by the fact that water with a high Fe concentration usually has a low pH level, meaning that an increase in Fe may cause alkalinity to decrease [59].




5. Conclusions


The main goal of the current study was to evaluate the impact of RO intervention that was implemented to improve water quality in the second industrial city lake. The most prominent finding from this study is that water quality has been enhanced, primarily in Lake 1, as indicated by the absence of bad smells, the disappearance of algal blooms, and the return of aquatic life. Despite this improvement, further modifications should be applied to maximize the enhancement in the water quality of Lake 1. The results also revealed that more studies are needed to investigate the possible application of novel remediation strategies to improve water quality in Lake 2.



One of this study’s limitations is that temporal variations regarding the development of water quality indices should have been examined. Consequently, a further limitation was that this study needed to analyze the correlation between water quality parameters and indices. Further modifications should be applied to maximize the water quality of Lake 1. Additional studies are required to investigate the impact of further interventions on the water quality of the lakes.
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Figure 1. The study area shows the second industrial city lakes (Lakes 1 and 2). 
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Figure 2. (a) Lake 1 before (2016) and (b) after (2021) the RO intervention; (c) Lake 2 before (2016) and (d) after (2021) the RO intervention. 
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Figure 3. (a) WQI for Lakes 1 and 2 for 2016 and 2021; (b) CPI for Lakes 1 and 2 for 2016 and 2021. 
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Figure 4. Pearson’s correlation matrix between water quality parameters for Lake 1 in 2021. 
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Table 1. RO membrane specifications.






Table 1. RO membrane specifications.





	Membrane Type
	Cross-Linked Fully Aromatic Polyamide Composite





	Membrane Diameter (inch)
	8



	Membrane Area (m2)
	37



	Salt Rejection (%)
	99.8



	Flow Rate (m3/day)
	39.7



	Maximum Feed Water Temperature
	45 °C



	Maximum Feed Water SDI (15 min)
	5



	Feed Water pH Range
	2–11



	Maximum Operating Pressure (psi)
	600










 





Table 2. Analysis of water quality parameters of the lakes from 2016 to 2021.
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Parameter

	
Lake 1

	
Lake 2

	
RO 1

Intervention

	
SD 2

(NCEC) 3

	
AWi 4

	
RWi 5

	
Indices

(i)






	

	
2016

	
2021

	
2016

	
2021

	
Before

	
After

	

	

	

	




	
pH

	
9.22

	
8.13

	
8.7

	
7.51

	
7.74

	
6.93

	
8

	
5

	
0.128

	
1




	
TDS (mg/L)

	
3356

	
2502

	
67,665

	
100,373

	
3161

	
148

	
5000

	
4

	
0.102

	
2




	
Conductivity (ms/cm)

	
3.34

	
3.49

	
76.8

	
205.49

	
3.64

	
0.2

	
5

	
3

	
0.076

	
3




	
Turbidity (NTU)

	
0.5

	
0.3

	
15

	
48.83

	
0.69

	
0.33

	
30

	
4

	
0.102

	
4




	
DO (mg/L)

	
1.32

	
7.79

	
1.12

	
47.25

	
8.07

	
6.5

	
5

	
5

	
0.128

	
5




	
BOD (mg/L)

	
516

	
9.39

	
660

	
8.83

	
7

	
7.7

	
10

	
5

	
0.128

	
6




	
COD (mg/L)

	
30

	
53.07

	
197

	
2128

	
79.73

	
35.47

	
25

	
5

	
0.128

	
7




	
SO42− (mg/L)

	
4100

	
1.28

	
4200

	
45

	
3.77

	
0.11

	
200

	
3

	
0.076

	
8




	
PO43− (mg/L)

	
8.9

	
0.12

	
12.6

	
0.925

	
2.4

	
0.11

	
1

	
3

	
0.076

	
9




	
Fe (mg/L)

	
0.03

	
0.01

	
0

	
0.241

	
0.13

	
1.63

	
0.5

	
1

	
0.025

	
10




	
Mn (mg/L)

	
0.02

	
0.4

	
0

	
4.20

	
0.57

	
0.4

	
0.1

	
1

	
0.025

	
11




	
Free chlorine (mg/L)

	
1758

	
0.03

	
56,813

	
0.29

	
0.28

	
0.04

	
-

	
-

	
-

	
-




	
Alkalinity (mg/L)

	
340

	
153.75

	
320

	
2079

	
346.67

	
28.33

	
-

	
-

	
-

	
-




	
Hardness (mg/L)

	
2540

	
921

	
14,500

	
17,908

	
910

	
70

	
-

	
-

	
-

	
-








Notes: 1 (RO) reverse osmosis; 2 (SD) standard values; 3 (NCEC) National Center for Environmental Compliance, Saudi Arabia; 4 (AWi) assigned weight; and 5 (RWi) relative weight.













 





Table 3. Categories of water quality for WQI and CPI.
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	Water Quality Condition
	WQI [31]
	CPI [31]





	Clean
	<50
	<0.20



	Sub-clean
	50–100
	0.21–0.40



	Slightly polluted
	100–200
	0.41–1.00



	Medium polluted
	200–300
	1.01–2.00



	Highly polluted
	>300
	>2.01
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