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Abstract

:

The rising importance of utilizing rainwater as a sustainable and viable alternative water source is evident amid increasing urbanization and the mounting global apprehensions about water scarcity. This research aims to develop a comprehensive and sustainable approach to rainwater treatment by effectively utilizing the recently constructed solar panels at the University of Engineering and Technology (UET) in Pakistan. The study’s distinctiveness lies in its comprehensive examination of treatment plant efficiency under various weather conditions in a water-scarce region. The main objective of this work is to maximize the harvested rainwater in order to provide safe drinking water while lessening the carbon footprint of treatment operations. The proposed University of Engineering and Technology water purification process (UETWPP) method involves a sequence of four essential rainwater filtration stages, namely aeration, absorption, sediment filtration, and finally, UV disinfection, all powered by solar energy. Water samples were collected monthly for a year to assess the quality of untreated and treated rainwater, including physical, chemical, and biological parameters. Multivariate analysis techniques were used to assess these parameters, including the Friedman test and principal component analyses. By reducing the initial set of twenty components down to the four most critical ones identified in the untreated water samples, the interrelationships among these components were investigated. The results indicate that the quality of treated water using the UETWPP process was found to be suitable for human consumption, aligning with the local standards as well as those established by the World Health Organization (WHO), highlighting the effectiveness of the process in transforming rainwater into potable water. Ultimately, this pilot project showcases the viability and economic efficiency of the proposed system, rendering it easily implementable in other regions.
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1. Introduction


Rainwater collected from rooftops, an abundant and cost-effective water resource, can be exploited through diverse and affordable techniques to fulfill various needs such as drinking water, irrigation, and replenishing depleted aquifers [1]. Rainwater harvesting has been employed worldwide since ancient times, adapting to diverse environments and societies using various methods and technologies. Roman cities, for example, were designed to rely on rainwater harvested from house-roofs as the main drinking and domestic water source [2]. Currently, rainwater harvesting remains vital for human survival, particularly in arid regions and areas with limited water access. However, harvested rainwater intended for drinking purposes may require appropriate treatment before any human consumption [3]. Treatment of harvested rainwater for drinking purposes has become a crucial topic of discussion in a time marked by growing environmental concerns and the pressing need for responsible water-resource management [4,5].



Sustainable water treatment has become quite popular in this context, representing a fresh and progressive method of tackling the urgent problems of water scarcity, pollution, and ecological imbalance [1,6,7]. Various low-cost, high-efficiency, and environmentally friendly methods are emerging techniques used to treat water for drinking purposes, specifically focusing on their relevance in developing countries. For example, Ashraf et al. [8] proposed a renewable technique using magnetic tea biochar as a means to remove fluoride from water and ensure its suitability for drinking. Other studies conducted by Teng and Altaf [9,10] focused on the removal of highly persistent mercury from water to ensure safe drinking water and protect human health using eco-friendly techniques. Exploring alternative sources and methods for maintaining clean water access has become essential as traditional water-supply systems struggle to meet the demands of expanding populations and shifting climatic trends.



Rainwater, frequently considered an untapped resource, has enormous potential as a sustainable water supply [11,12]. Particularly in areas with limited access to fresh water, its collection and purification have been used for generations [13,14,15]. However, modern attention to sustainability and the incorporation of cutting-edge technologies have changed how rainwater treatment is perceived and used. Sustainable rainwater treatment takes cues from natural processes, aiming to improve the built-in purification mechanisms that function within the hydrological cycle, in contrast to conventional treatment processes that heavily rely on energy-intensive infrastructure and chemical interventions [16,17].



This strategy adheres to the fundamentals of environmental management and offers a wide range of advantages that go far beyond simple water purification. Sustainable rainwater treatment includes a comprehensive approach that solves issues with both water quality and quantity by easing the burden on traditional water sources, lowering the energy footprint of treatment facilities, and limiting the effects of stormwater runoff on regional ecosystems [16,18,19,20]. Additionally, it promotes a change in public perceptions of water, deepening understanding of its value and the significance of its efficient use. There is an urgent need to investigate novel strategies that not only purify accessible water sources but also lessen the carbon footprint of treatment operations, as water scarcity and contamination continue to pose a threat to conventional water-delivery systems [21,22,23]. Utilizing solar energy and rainwater treatment together offers a creative solution that emphasizes resource saving and encourages the delivery of clean and potable water [24,25,26,27,28]. The foundation of public health and wellbeing is the quality of drinking water, which is closely related to overall life quality and the prevention of waterborne diseases [29,30,31,32,33,34]. When other water supplies are short, rainwater has historically been collected for various uses, including residential and agricultural irrigation. The use of solar energy, however, raises rainwater treatment to new levels, making it an environmentally responsible and cutting-edge tactic for guaranteeing the safety of drinking water. An indication of humanity’s desire to use nature’s rich resources without upsetting its delicate balance is the use of solar energy in the context of rainwater treatment. The strategy harmonizes with resource optimization and environmental conservation tenets by utilizing solar energy’s renewable and sustainable qualities [26,35,36,37,38,39,40]. Solar energy’s ability to power and improve each stage of the treatment process from collection to disinfection enhances the very nature of rainwater treatment, which takes advantage of the Earth’s natural water cycle.



This study is centered around the University of Engineering and Technology (UET) building, and its primary focus is assessing the quality of stored rainwater. The investigation employs a multivariate analysis approach to evaluate thoroughly the essential components present within the collected rainwater. Within the past two years, UET has successfully implemented a 1 MW solar power plant. Recognizing the potential of harnessing this solar power for future water-treatment endeavors, the study introduces a water-treatment design. Consequently, the research proposes an innovative approach by developing a sustainable, automated University of Engineering and Technology water purification process (UETWPP) driven by solar energy. This sustainable process is designed to efficiently treat the gathered rainwater, capitalizing on the available solar energy infrastructure. The ultimate objective of this initiative is to meet the future drinking water requirements of the study area while also establishing the applicability of this proposal to address water scarcity in various regions with limited access to water resources.




2. Methodology


2.1. Design of the Proposed UETWPP


A schematic representation outlining the sequential progression of proposed unit operations within the UETWPP is illustrated in Figure 1. The main components of the system are a collection system, a conveyance system, a storage facility, and a solar-energy-driven water treatment system. The proposed system consists of the following operation units:




	
Rooftop surfaces of different buildings within the campus of UET to harvest rainwater and connected to a conveyance system of gutters and downpipes,



	
A rainwater storage tank to collect and store rainwater runoff from rooftops and other surfaces to ensure a constant supply of water during dry periods,



	
The aeration process unit to improve water quality by removing dissolved gases (such as carbon dioxide) and volatile organic compounds (VOCs). Aeration also helps prevent the growth of anaerobic bacteria, which can produce unpleasant odors and affect water quality,



	
The absorption and sediment filtrations, refering to the use of materials like zeolite to remove contaminants such as heavy metals, organic matter, and some chemicals from the rainwater. Zeolites are crystalline aluminosilicate minerals with a porous structure. Common types of zeolites used in water filtration include clinoptilolite. The specific type of zeolite used in rainwater filtration is based on factors such as availability, cost, and performance characteristics [41]. Clinoptilolite is a type of zeolite with unique properties, and its effectiveness in treating rainwater can vary depending on the circumstances. The clinoptilolite type is selected because it is known for its ability to adsorb ammonium ions and its advantages in removing heavy metals [42,43,44]. This process also helps to prevent the clogging of pipes and filters downstream and ensures that the water is clear and free from visible contaminants,



	
UV (Ultraviolet) disinfection to kill or inactivate harmful microorganisms, including bacteria, viruses, and protozoa, present in rainwater. The wavelength used for UV disinfection in rainwater treatment is around 254 nm, because this is particularly effective at damaging the DNA of microorganisms, rendering them unable to reproduce or cause infections.








Commencing the treatment procedure is the extraction of untreated water from the rainwater storage tank, facilitated by an automated rainwater-pump system. The initial unit process involves aeration to deal with secondary water-quality aspects like odor and flavor by eliminating gases stemming from biological processes in the rainwater storage tank. Table 1 shows a comprehensive overview of the specifications associated with each unit operation.




2.2. Sampling Collection


The UETWPP is introduced in a pilot showcase to fulfil the drinking water requirements of a building accommodating a population of 130 individuals, accounting for each individual’s daily drinking demand of 3 L. Throughout the period spanning from July 2022 to June 2023, a total of 24 samples were collected. Specifically, 12 samples were obtained at the beginning of each month from untreated water, as seen in Figure 2a, and an additional 12 samples were drawn from treated water, as seen in Figure 2b.




2.3. Water Quality Assessment


Descriptive statistical analysis was performed on both treated and untreated water samples to ensure compliance with the drinking water quality standards set by the Pakistan Council of Research in Water Resource (PCRWR) and the World Health Organization (WHO). The physical, chemical, and biological parameters included in this investigation were ammoniacal nitrogen, nitrite nitrogen content, nitrate nitrogen content, sulfur, iron, lead, arsenic, manganese, mercury, cadmium, selenium, chromium, nickel, sulfate, total dissolved solids (TDS), zinc, potential hydrogen, hardness, turbidity, coliform, E. coli, and odor.



To identify the most influential pollutants in the samples, principal component analysis (PCA) was utilized. PCA is a statistical technique used for data exploration that is commonly employed to identify patterns and relationships within a dataset. PCA transforms a high-dimensional dataset into a lower-dimensional space while retaining most of the original information. This involved constructing a scree plot illustrating eigenvalues plotted against twenty-two water-quality parameters. By closely examining the PCA chart, the contribution of each variable was scrutinized to comprehend its impact. Variables with eigenvalues surpassing 1 were identified as having a significant role in elucidating the overall variability within the dataset. Subsequently, component loading analysis was conducted to classify the attributes within the water samples into specific categories. For the untreated samples, pairwise comparisons were performed to investigate the relationships between different components. In line with some previous studies, PCA was utilized to assess the groundwater’s quality [45]. Fan et al. [46] conducted a study across three regions in India and demonstrated the variables that contributed the maximum variance in the water quality. They also utilized the latent factors contributing the maximum total variance in water quality at high and low flows of water. However, Zhang, et al. [47] conducted an analysis of different sampling sites and, through the application of PCA, reduced them to minimally distinct sites characterized by similar water quality. In the study conducted by Jia et al. [48], PCA and cluster analysis were utilized to investigate the sources of groundwater pollution. A similar study by Ashraf et al. [49] utilized the PCA method to assess the presence of heavy metals in water and identify the major contributors that impact water quality.



Furthermore, the Friedman test was utilized to analyze differences among multiple samples and rank the components in both untreated and treated rainwater samples, considering their mean values. The Friedman test ranks the observations within each sample and then compares the average ranks across samples. It determines whether there are significant differences among the samples, based on the ranks. If the Friedman test yields statistically significant results, it indicates that at least one of the samples differs significantly from the others, but it does not specify which group(s) differ.





3. Results and Discussion


The UETWPP has been designed with a capacity of 570 L per day. Depicted in Figure 3 is the fluctuation between the potential maximum water demand and the actual water demand for the building. Anticipating the highest number of occupants, including students and faculty members (totaling 130), the projected maximum demand for drinking water was estimated at 390 L per day. Notably, due to new admissions and the commencement of a new academic session, the UET building experienced increased utilization by students and external individuals. This led to the peak demand occurring in September and October. Conversely, the period between June and August saw a reduction in water demand, coinciding with the summer break for students and faculty. During this phase, water demand decreased as only administrative staff and shift-based workers were present. Figure 4 graphically presents the monthly precipitation levels from July 2022 to June 2023. The data were obtained from the Pakistan Meteorological Department. The most significant levels of rainfall were recorded in July and August, coinciding with the monsoon season. On the other hand, the period from November to February is typically regarded as the cold and dry season. Nevertheless, March and April exhibit varying temperatures. Lastly, May and June are characterized by hot and arid weather conditions. The selection of water sources (rainwater or network supply) to meet water demand is automated, based on predetermined criteria. For example, if the rainwater storage level is above a certain threshold, the system uses rainwater. If it falls below that threshold, it switches to the network supply.



A solar power system with a capacity of 30 kW, comprising 120 solar panels, was successfully installed on the rooftop of the UET building in 2019. Figure 5 shows the real-time monthly power generation of the building. On average, the building generated approximately 3612 kWh of power per month. Notably, the peak power production was achieved in May, reaching a maximum of 4710 kWh per month. Subsequently, this production gradually diminished, reaching its lowest point of 2110 kWh per month in December. However, the average monthly power consumption is approximately 14.75 KWh. The maximum power consumption was observed in May due to the summer season, while the minimum power consumption was observed in December due to winter and vacation. The envisaged UETWPP unit is designed to operate between 8 a.m. and 4 p.m., exclusively on working days. This operational schedule ensures a consistent pattern of power consumption throughout the year, promoting stability in the system’s energy usage.



3.1. Untreated Rainwater Quality


3.1.1. Descriptive Analysis


The descriptive statistics for the various parameters found in the untreated water samples are presented in Table 2. Coliform emerges with the highest average value, measuring 1684 CFU/100 mL, spanning a range from 130 to 9800 CFU/100 mL. Conversely, sulfate exhibits the least contribution. Ammoniacal nitrogen (NH3-N) was recorded at 0.4692 mg/L on average, fluctuating between 0.04 to 0.87 mg/L. Selenium (Se), nickel (Ni), and chromium (Cr) each display an average value of 0.01 mg/L. The average potential hydrogen (PH) value stands at 7.7, encompassing a range from 7.1 to 8.4. Iron (Fe) was reported at an average of 0.0525 mg/L, with values spanning between 0.02 to 0.08 mg/L. The average odor score is 6, while lead (Pb) was recorded at an average of 0.002 mg/L, ranging from 0.001 to 0.004 mg/L. Total dissolved solids exhibit an average of 132 mg/L, with a range spanning from 28 to 409 mg/L. Average nitrite (NO2) and nitrate (NO3) nitrogen content values are 0.41392 and 3.0992 mg/L, respectively. Hardness averages at 15.92 mg/L, varying between 7 to 21 mg/L. Mercury’s (Hg) average concentration is 0.0002 mg/L, spanning a range from 0.0001 to 0.0003 mg/L. Zinc’s (Zn) average stands at 0.4125 mg/L, within a range from 0.04 to 1.51 mg/L. Arsenic (Ar) maintains an average of 0.0009 mg/L, spanning from 0 to 0.005 mg/L. Turbidity is reported at an average of 1.1 nephelometric turbidity units (NTU), with a range between 0.49 to 1.41 mg/L. Cadmium’s (Cd) average concentration is 0.0003 mg/L. Manganese (Mg) exhibits an average of 0.01 mg/L, ranging from 0.001 to 0.02 mg/L. The average sulfur (S) concentration is 0.025 mg/L, varying from 0.02 to 0.04 mg/L. The average concentration of E. coli is 456 CFU/100 mL, ranging from 6 to 2900 CFU/100 mL.



Figure 6 illustrates the outcome of Friedman’s descriptive analysis. Each component is denoted by a point on the graph, with its mean value positioned along the horizontal axis and its corresponding rank along the vertical axis. The ranking is established based on mean values, attributing lower ranks to components with higher mean values and vice versa. Effectively, the graph provides insight into how the components relate to one another in terms of mean values and ranks. Higher mean values and lower ranks signify components with greater significance or influence, while those with lower mean values and higher ranks have relatively lower importance. Coliform has the highest mean value (Figure 6), which shows a greater influence on rainwater quality.




3.1.2. Principal Component Analysis (PCA)


Table 3 presents the transformation of twenty-two variables into four primary factors, each making substantial contributions. Component 1 contributes to a cumulative total of 39.075%, component 2 accounts for a cumulative total of 55.038%, component 3 contributes to a cumulative total of 67.160%, and component 4 contributes to a cumulative total of 86.810%. Collectively, these four components account for a significant portion of approximately 86.810% of the variance observed in the untreated rainwater samples. In Figure 7, the x-axis corresponds to the principal component number, while the y-axis represents the eigenvalues. It is noteworthy that four components exhibit eigenvalues surpassing 1. This crucial point, often referred to as the “elbow point”, signifies where these components distinctly contribute to the overall variance, becoming pivotal in the analysis.



In the context of untreated rainwater, the analysis presented in Figure 8 involves a pairwise comparison of its components. This comparison aims to assess the significance of the relationships between different components. The results are visually represented using lines on the graph. Components that exhibit a significant relationship with each other are denoted by a blue line, indicating their strong correlation. Conversely, components that lack a significant relationship are represented by a red line, suggesting the absence of a meaningful connection between these variables.



Table 4 illustrates the loading of various components onto four distinct factors. Factor 1 encompasses zinc, ammoniacal nitrogen, nitrite-bound nitrogen, sulfur, nitrate-bound nitrogen, iron, lead, arsenic, manganese, mercury, cadmium, selenium, chromium, nickel, and sulfate. This factor contributes to a cumulative variance of 39.075%. Factor 2 includes total dissolved solids, pH (potential hydrogen), hardness, and turbidity, collectively contributing to a total variance of 55.058%. Factor 3 involves coliform bacteria and E. coli, contributing to a total variance of 77.150%, and factor 4 predominantly contains the element of odor, which contributes to 86.810% of the overall variance. Factor 1 consolidates the loading of 15 metal components, factor 2 synthesizes the loading of 4 inorganic elements, and factor 3 condenses the loading of 2 microbiological elements. Factor 4 is primarily associated with the secondary parameter of odor.





3.2. Treated Rainwater Quality


Descriptive Analysis


Table 5 provides a comprehensive overview of the descriptive statistics for the various components present in the treated water samples. Notably, the highest average value is attributed to total dissolved solids, measuring 25.167 mg/L after undergoing treatment. This parameter’s range spans from 14 to 38 mg/L post-treatment. Remarkably, the removal of odor, E. coli, and coliform was complete in the treated water. Ammoniacal nitrogen demonstrates an average value of 0.133 mg/L, exhibiting variations from 0.02 to 0.46 mg/L. Similarly, selenium, lead, and chromium each exhibit an average concentration of 0.01 mg/L. Nickel’s average concentration measures at 0.0002 mg/L, fluctuating between 0.0001 to 0.0003 mg/L. The average potential hydrogen (pH) value of the treated water stands at 7.09, encompassing a range from 6.4 to 7.6. Iron is reported at an average concentration of 0.0225 mg/L, with values ranging from 0.01 to 0.04 mg/L. Nitrite and nitrate nitrogen content display average values of 0.11358 and 1.3943 mg/L, respectively. Water hardness averages 13.33 mg/L, with variations between 9 to 17 mg/L. Mercury exhibits an average concentration of 0.0002 mg/L, spanning a range from 0.0001 to 0.0003 mg/L, while zinc’s average concentration is 0.0275 mg/L, within a range from 0.01 to 0.04 mg/L. Arsenic maintains an average concentration of 0.002900 mg/L, spanning from 0.0004 to 0.008 mg/L. Turbidity is reported at an average of 0.4917 NTU, with a range between 0.24 to 0.74 NTU. Manganese exhibits an average concentration of 0.01075 mg/L, ranging from 0.001 to 0.023 mg/L. Lastly, the average sulfur concentration is 0.0225 mg/L, varying from 0.02 to 0.03 mg/L. Figure 9 depicts the application of Friedman’s descriptive analysis to the treated water sample. Notably, the highest mean rank was found in the category of total dissolved solids. The graph is organized based on these mean ranks, highlighting the comparative ranking of different components within the treated water sample. Table 6 illustrates the quality benchmarks for drinking water, which have been harmonized with both the PCRWR and the guidelines established by the WHO. A thorough analysis of the table reveals that the treated water not only meets all the specifications outlined by Pakistan’s drinking-water-quality standards but also aligns seamlessly with the criteria established by the WHO. This alignment underscores the effectiveness of a sustainable treatment approach in ensuring the fulfillment of these stringent quality requirements. Regular and meticulous inspection and cleaning of gutters and downpipes are necessary.



Naddeo et al. [50] conducted a study that yielded similar findings, examining the treatment of rainwater through filtration and absorption techniques. Their research focused on the use of granular activated carbon (GAC) as a filter medium to achieve maximum removal of turbidity, E. coli, and coliform from rainwater. Santos and Urbanetz Junior [51] investigated the quality of rainwater after passing it through an ultraviolet germicidal (UV) lamp and using a descent filter. Their results demonstrated a 100% removal of coliform from the rainwater. Pineda et al. [52] utilized Illite as a filter medium for rainwater treatment and analyzed its effectiveness in removing coliform, iron, and E. coli through UV disinfection. Furthermore, a comparative study was conducted on UV and UV self-doped nanotubes, revealing that UV self-doped nanotubes exhibited the highest efficiency in rainwater treatment [53]. Do Couto et al. [54] employed an anaerobic filter in the absorption unit along with UV disinfection for rainwater treatment, achieving satisfactory results suitable for drinking purposes.






4. Conclusions


The proposed UETWPP approach effectively addresses the requirement for high-quality drinking water within the building, catering to the needs of a population of 130 individuals. This achievement is made possible through the utilization of stored rainwater as the primary water source, with solar power as an external source of energy. The comprehensive evaluation conducted using multivariate analysis techniques identified several key components that play a significant role in the composition of untreated rainwater. These components include metals, inorganic elements, microbiological parameters, and secondary elements. These constituents collectively influence the overall quality of the rainwater before it undergoes purification. The remarkable efficacy of the UETWPP becomes evident when assessing its impact on enhancing water quality. The treatment process effectively targets and mitigates the presence of the identified components—metals, inorganic elements, microbiological parameters, and secondary elements—thereby aligning the treated rainwater with the stringent water-quality standards established by both the national regulatory authorities in Pakistan and the globally recognized World Health Organization (WHO) guidelines.



This underscores the process’s efficiency and its capability to successfully elevate untreated rainwater to a level of portability that meets established international benchmarks. Despite being limited to a pilot project demonstration, this approach possesses the capability to yield substantial outcomes in addressing the difficulties posed by water scarcity in regions with restricted availability of this invaluable resource.



The study’s limitations encompass several key considerations. Firstly, the seasonal nature of rainfall could pose challenges in ensuring a consistent year-round water supply, particularly in regions with distinct dry seasons. Secondly, rainwater collected from surfaces may be exposed to contaminants such as bird droppings, dust, and microorganisms, necessitating rigorous treatment methods to ensure its safety for drinking purposes. Additionally, the reliance on solar energy for treatment may face reliability issues in adverse weather conditions (cloudy weather), suggesting the need for energy storage or backup power solutions. Lastly, in urban areas like Lahore, known for its pollution, rainwater quality can vary, adding a significant dimension to the challenges faced in rainwater harvesting. These limitations provide valuable insights for guiding future research and practical solutions in this domain.



It is crucial to conduct comprehensive studies to understand the long-term performance and reliability of the suggested solar-driven water-treatment system across various environmental conditions. By monitoring these systems over a long time period and under different climatic scenarios, invaluable insights into their practicality and resilience can be gained. Moreover, future research efforts should be directed toward the effectiveness of water-treatment processes to address specific challenges to water quality in diverse regions. This involves considering the removal of contaminants that are unique to each area and optimizing treatment protocols to meet local water-quality standards. Comparative studies conducted in different geographic locations can help identify the best practices and adapt technologies accordingly. Furthermore, integrating data analytics and artificial intelligence (AI) in analyzing harvested rainwater quality and solar-driven water-treatment systems should be explored. Developing AI models that can predict fluctuations in water quality based on weather patterns, pollution sources, and treatment parameters can significantly enhance system efficiency and reliability. Further investigation is also crucial to evaluate the economic feasibility and potential return on investment of the rainwater harvesting system.
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Figure 1. Layout of the proposed UETWPP. Arrows indicate the water flow within the system. 
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Figure 2. Samples of (a) untreated collected rainwater; and (b) rainwater treated by UETWPP. 
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Figure 3. Current and maximum monthly water demand of UET building. 
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Figure 4. Monthly precipitation patterns in the study area from July 2022 to June 2023 (source: Pakistan Meteorological Department, 2023). 
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Figure 5. Monthly power generation and consumption by solar panels between July 2022 until June 2023. 
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Figure 6. Mean ranks of components present in untreated rainwater, based on Freidman’s test. 
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Figure 7. Scree plot diagram. The red box indicates the number of components that can be retained. 
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Figure 8. Pairwise comparison analysis. 
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Figure 9. Mean rank of components in treated rainwater, based on Friedman’s test. 
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Table 1. Specifications of operation units in the proposed UETWPP.
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Operation Unit

	
Specifications






	
Aeration unit

	
Height: 950 mm




	
Consumption of power: 55 W




	
Volume: 190 L




	
Retention time: 75 min




	
Width: 360 mm




	
Filtration unit

	
Height: 450 mm




	
Diameter of particle: 1.3–1.5 mm




	
Width: 350 mm




	
Filter: Zeolite (clinoptilolite)




	
Surface area of filter media: 350–400 m2/g




	
Supplier: Lahore industrial filters supplier




	
Nature: Mild acidic




	
Weight: 41.5 kg




	
Sedimentation unit

	
Temperature: 0–45 °C




	
Rating of micron: 3 micron




	
Height: 230 mm




	
Width: 80 mm




	
Disinfection unit of UV

	
Temperature: 5–40 °C




	
Flow rate: 2 L/min




	
Consumption of power: 25 W

Wavelength: 254 nm











 





Table 2. Descriptive statistics of untreated rainwater components.
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Minimum

Statistic

	
Maximum

Statistic

	
Mean

	
Std. Deviation

Statistic

	
Variance

Statistic




	
Statistic

	
Std. Error






	
Ammoniacal nitrogen (mg L−1)

	
0.04

	
0.87

	
0.4692

	
0.06890

	
0.23869

	
0.057




	
Selenium (mg L−1)

	
0.001

	
0.001

	
0.00100

	
0.000000

	
0.000000

	
0.000




	
Potential hydrogen (pH)

	
7.1

	
8.4

	
7.708

	
0.1145

	
0.3965

	
0.157




	
Iron (mg L−1)

	
0.02

	
0.08

	
0.0525

	
0.00538

	
0.01865

	
0.000




	
Odor

	
3

	
7

	
6

	
0.0045

	
0.00541

	
0.000




	
Chromium (mg L−1)

	
0.001

	
0.001

	
0.00100

	
0.000000

	
0.000000

	
0.000




	
Lead (mg L−1)

	
0.001

	
0.004

	
0.00200

	
0.000369

	
0.001279

	
0.000




	
Total dissolved solids (TDS) (mg L−1)

	
28.2

	
409.7

	
132.192

	
35.3146

	
122.3334

	
14,965.455




	
Amount of N in nitrite (mg L−1)

	
0.046

	
1.407

	
0.41392

	
0.111271

	
0.385456

	
0.149




	
Hardness (mg L−1 CaCO3)

	
7

	
21

	
15.92

	
1.104

	
3.825

	
14.629




	
Nickel (mg L−1)

	
0.001

	
0.001

	
0.00100

	
0.000000

	
0.000000

	
0.000




	
Mercury (mg L−1)

	
0.0001

	
0.0003

	
0.000200

	
0.0000213

	
0.0000739

	
0.000




	
Zinc (mg L−1)

	
0.04

	
1.51

	
0.4125

	
0.15761

	
0.54598

	
0.298




	
Amount of N in nitrate (mg L−1)

	
0.30

	
8.30

	
3.0992

	
0.83389

	
2.88867

	
8.344




	
Arsenic (mg L−1)

	
0.0000

	
0.0050

	
0.000942

	
0.0005478

	
0.0018976

	
0.000




	
Turbidity (NTU)

	
0.49

	
1.41

	
1.1

	
0.0138

	
0.3145

	
0.139




	
Cadmium (mg L−1)

	
0.0003

	
0.0003

	
0.000300

	
0.0000000

	
0.0000000

	
0.000




	
Manganese (mg L−1)

	
0.001

	
0.023

	
0.01075

	
0.002975

	
0.010306

	
0.000




	
Sulfur (mg L−1)

	
0.02

	
0.04

	
0.0250

	
0.00230

	
0.00798

	
0.000




	
Coliform (CFU/100 mL)

	
130

	
9800

	
1684.17

	
829.417

	
2873.185

	
8,255,190.152




	
Sulfate (mg L−1)

	
0.00001

	
0.00002

	
0.00001

	
0.0000341

	
0.0112

	
0.000




	
E. coli (CFU/100 mL)

	
6.00

	
2900.00

	
456.0833

	
249.96956

	
865.91995

	
749,817.356











 





Table 3. Total variance of components.
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Component

	
Initial Eigenvalues

	
Extraction Sums of Squared Loadings




	
Total

	
% of Variance

	
Cumulative %

	
Total

	
% of Variance

	
Cumulative %






	
1

	
5.861

	
39.075

	
39.075

	
5.861

	
39.075

	
39.075




	
2

	
2.394

	
15.963

	
55.038

	
2.394

	
15.963

	
55.038




	
3

	
1.817

	
12.112

	
77.150

	
1.817

	
12.112

	
67.150




	
4

	
1.449

	
9.660

	
86.810

	
1.449

	
9.660

	
76.810




	
5

	
1.083

	
7.219

	
87.028

	

	

	




	
6

	
0.885

	
5.903

	
89.931

	

	

	




	
7

	
0.656

	
4.373

	
94.304

	

	

	




	
8

	
0.487

	
3.247

	
97.551

	

	

	




	
9

	
0.209

	
1.396

	
98.947

	

	

	




	
10

	
0.133

	
0.886

	
99.833

	

	

	




	
11

	
0.025

	
0.167

	
100.000

	

	

	




	
12

	
4.937 × 10−16

	
3.291 × 10−15

	
100.000

	

	

	




	
13

	
3.842 × 10−16

	
2.561 × 10−15

	
100.000

	

	

	




	
14

	
−2.715 × 10−16

	
−2.030 × 10−15

	
100.000

	

	

	




	
15

	
−1.895 × 10−16

	
−1.870 × 10−15

	
100.000

	

	

	




	
16

	
−1.755 × 10−16

	
−1.170 × 10−15

	
100.000

	

	

	




	
17

	
−1.623 × 10−16

	
−1.618 × 10−15

	
100.000

	

	

	




	
18

	
−1.371 × 10−16

	
−1.351 × 10−15

	
100.000

	

	

	




	
19

	
−1.355 × 10−16

	
−1.370 × 10−15

	
100.000

	

	

	




	
20

	
−1.229 × 10−17

	
−1.519 × 10−16

	
100.000

	

	

	




	
21

	
−1.156 × 10−16

	
−1.170 × 10−15

	
100.000

	

	

	




	
22

	
−1.008 × 10−16

	
−1.016 × 10−15

	
100.000

	

	

	











 





Table 4. Components Loading in PCA.
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Component

	
Uniqueness




	
1

	
2

	
3

	
4






	
1

	
Zinc

	
0.830

	

	

	

	
0.0855




	
2

	
Ammoniacal nitrogen

	
0.819

	

	

	

	
0.1583




	
3

	
Amount of N in nitrite

	
0.765

	

	

	

	
0.2439




	
4

	
Sulfur

	
0.764

	

	

	

	
0.3136




	
5

	
Amount of N in nitrate

	
0.763

	

	

	

	
0.2590




	
6

	
Iron

	
0.690

	

	

	

	
0.3077




	
7

	
Lead

	
0.516

	

	

	

	
0.2912




	
8

	
Arsenic

	
0.514

	

	

	

	
0.2344




	
9

	
Manganese

	
0.511

	

	

	

	
0.2819




	
10

	
Mercury

	
0.507

	

	

	

	
0.2911




	
11

	
Cadmium

	
0.505

	

	

	

	
0.3123




	
12

	
Selenium

	
0.504

	

	

	

	
0.2983




	
13

	
Chromium

	
0.503

	

	

	

	
0.2136




	
14

	
Nickel

	
0.503

	

	

	

	
0.2482




	
15

	
Sulfate

	
0.501

	

	

	

	
0.2889




	
16

	
Total dissolved solids

	

	
0.860

	

	

	
0.2256




	
17

	
Potential hydrogen

	

	
0.807

	

	

	
0.1607




	
18

	
Hardness

	

	
0.793

	

	

	
0.2148




	
19

	
Turbidity

	

	
0.541

	

	

	
0.3585




	
20

	
Coliform

	

	

	
0.764

	

	
0.2535




	
21

	
E.coli

	

	

	
0.705

	

	
0.3894




	
22

	
Odor

	

	

	

	
0.605

	
0.3466











 





Table 5. Descriptive statistics of the physical and chemical elements obtained from treated rainwater samples.
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Minimum

Statistic

	
Maximum

Statistic

	
Mean

	
Std. Deviation

Statistic

	
Variance

Statistic




	
Statistic

	
Std. Error






	
Ammoniacal nitrogen (mg L−1)

	
0.02

	
0.46

	
0.1333

	
0.04115

	
0.14253

	
0.020




	
Selenium (mg L−1)

	
0.001

	
0.003

	
0.00167

	
0.000188

	
0.000651

	
0.000




	
Potential hydrogen

	
6.4

	
7.6

	
7.092

	
0.0839

	
0.2906

	
0.084




	
Iron (mg L−1)

	
0.01

	
0.04

	
0.0225

	
0.00305

	
0.01055

	
0.000




	
Odor

	
No odor

	
No odor

	
No odor

	
-

	
-

	
-




	
Chromium (mg L−1)

	
0.001

	
0.001

	
0.00100

	
0.000000

	
0.000000

	
0.000




	
Lead (mg L−1)

	
0.001

	
0.002

	
0.00133

	
0.000142

	
0.000492

	
0.000




	
Total dissolved solids (mg L−1)

	
14.0

	
38.0

	
25.167

	
2.4116

	
8.3539

	
69.788




	
Amount of N in nitrite (mg L−1)

	
0.012

	
0.287

	
0.11358

	
0.027103

	
0.093889

	
0.009




	
Hardness (mg L−1 CaCO3)

	
9

	
17

	
13.33

	
0.711

	
2.462

	
6.061




	
Nickel (mg L−1)

	
0.0001

	
0.0003

	
0.000217

	
0.0000297

	
0.0001030

	
0.000




	
Mercury (mg L−1)

	
0.0001

	
0.0003

	
0.000200

	
0.0000213

	
0.0000739

	
0.000




	
Zinc (mg L−1)

	
0.01

	
0.04

	
0.0275

	
0.00329

	
0.01138

	
0.000




	
Amount of N in nitrate (mg L−1)

	
0.09

	
2.14

	
1.3943

	
0.23101

	
0.80024

	
0.640




	
Arsenic (mg L−1)

	
0.0004

	
0.0080

	
0.002900

	
0.0008191

	
0.0028374

	
0.000




	
Turbidity (NTU)

	
0.24

	
0.74

	
0.4917

	
0.05405

	
0.18722

	
0.035




	
Cadmium (mg L−1)

	
0.0001

	
0.0002

	
0.000133

	
0.0000142

	
0.0000492

	
0.000




	
Manganese (mg L−1)

	
0.001

	
0.023

	
0.01075

	
0.002975

	
0.010306

	
0.000




	
Sulfur (mg L−1)

	
0.02

	
0.03

	
0.0225

	
0.00131

	
0.00452

	
0.000




	
Coliform (CFU/100 mL)

	
0

	
0

	
0.00

	
0.000

	
0.000

	
0.000




	
Sulfate (mg L−1)

	
0.20

	
0.80

	
0.3333

	
0.06435

	
0.22293

	
0.050




	
E.coli (CFU/100 mL)

	
0.00

	
0.00

	
0.0000

	
0.00000

	
0.00000

	
0.000











 





Table 6. Drinking water standards per the Pakistan water quality standards and the WHO.
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Standards

	
Requirements

Met According to Pakistan Standards

	
Requirements Met According to WHO Standards




	

	
Pakistan

(PCRWR)

	
WHO






	
Metals




	
Zinc (mg L−1)

	
3

	
-

	
✓

	
-




	
Ammoniacal nitrogen (mg L−1)

	
3

	
-

	
✓

	
-




	
Amount of N in nitrite (mg L−1)

	
1

	
3

	
✓

	
✓




	
Sulfur (mg L−1)

	
0.05

	
-

	
✓

	
-




	
Amount of N in nitrate (mg L−1)

	
50

	
50

	
✓

	
✓




	
Iron (mg L−1)

	
0.3

	
0.1

	
✓

	
✓




	
Lead (mg L−1)

	
0.02

	
0.01

	
✓

	
✓




	
Arsenic (mg L−1)

	
0.01

	
0.01

	
✓

	
✓




	
Manganese (mg L−1)

	
0.3

	
0.05

	
✓

	
✓




	
Mercury (mg L−1)

	
0.005

	
0.006

	
✓

	
✓




	
Cadmium (mg L−1)

	
0.003

	
0.003

	
✓

	
✓




	
Selenium (mg L−1)

	
0.01

	
0.01

	
✓

	
✓




	
Chromium (mg L−1)

	
0.05

	
0.05

	
✓

	
✓




	
Nickel (mg L−1)

	
0.05

	
0.07

	
✓

	
✓




	
Sulfate (mg L−1)

	
250

	
-

	
✓

	
-




	
Inorganic miscellaneous




	
Total dissolved solids (mg L−1)

	
500

	
-

	
✓

	
-




	
Potential hydrogen

	
6.5–8.5

	
8.2–8.8

	
✓

	
✓




	
Hardness (mg L−1 CaCO3)

	
200

	
-

	
✓

	
-




	
Turbidity (NTU)

	
2

	
1.5

	
✓

	
✓




	
Microbiological elements




	
Coliform (CFU/100 mL)

	
0

	
0

	
✓

	
✓




	
E.coli (CFU/100 mL)

	
0

	
0

	
✓

	
✓




	
Secondary parameters




	
Odor

	
No odor

	
-

	
✓

	
-
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