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Urban stormwater drains in Kurunegala City collect runoff and untreated wastewater, leading to public health problems. The Greater Kurunegala Sewage Treatment Plant (GKSTP) was commissioned in 2018 and currently operates at 73% of its capacity to combat public health issues. This study assessed the water quality of canals, comparing it with standards and pre-GKSTP conditions. Water samples were collected from seven sites during dry and wet seasons, and physicochemical parameters were measured. The data underwent spatial and temporal analysis using the general linear model (GLM). Additionally, cluster analysis and distance-based redundancy analysis were employed. The water quality index (WQI) was employed to evaluate the effectiveness of the treatment plant. The study revealed significant spatial and temporal variations in physicochemical parameters along the canals (p < 0.05, GLM), with higher pollution levels during wet months. The WQI improved from 35 (2005) to 49 at present, indicating enhanced water quality (p < 0.05, ANOVA), although it remains unsatisfactory. This study provides novel insights into the limitations of conventional wastewater treatment practices, demonstrating that merely treating wastewater and discharging it back into canals is insufficient. Research underscores the importance of rethinking treated wastewater reuse in achieving multiple sustainable development goals (SDGs). This approach offers a pragmatic path forward for enhancing water security and environmental sustainability globally.
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1 INTRODUCTION
Water is used for household requirements, industrial and agricultural production, and electricity generation. Water use has grown globally in the past century, more than twice the population growth rate. A country’s level of development may drive water demand (Gbandi, 2022). People in rich countries use more water to meet their basic needs than those in underdeveloped countries, and thus, it leads to conflicts between nations. An adequate water supply in suitable quantity and quality has to be guaranteed in developing societies under all conditions and in a continuous pattern (Salameh, 2022). Subsequently, human activities that use water produce wastewater that pollutes the available water resources. Today, the increasing demand for water results in an increase in the quantity of wastewater produced worldwide. Therefore, wastewater treatment is becoming critically important.
Every year, 380 billion m3 of municipal wastewater is generated worldwide. Wastewater production is expected to increase 24% by 2030 and 51% by 2050 (Qadir et al., 2020). However, given the general perception that wastewater is a source of pollution that needs to be treated and eliminated, wastewater is seen as a growing problem rather than a valuable source of water, energy, and nutrients. A paradigm shift is underway, with developed countries actively interested in improving wastewater management. The goal is to go beyond minimizing pollution and find ways to recover wastewater. As a result, the wastewater treatment sector in developed countries has begun to move away from the mere treatment of wastewater at wastewater treatment plants (WWTPs). Instead, it has started to realize the potential of these plants as water reclamation facilities. These reclamation facilities can produce clean water, recover nutrients, and reduce fossil fuel consumption through the generation and use of renewable energy. Despite the opportunities, the global reality is that only a tiny fraction of the total wastewater generated is collected and treated, let alone extracted for resource recovery. It is estimated that more than 80% of global wastewater is released into the environment without adequate treatment, although the extent varies by region. According to United Nations Water, high-income countries treat, on average, about 70% of the wastewater they generate. This percentage drops to 38% in upper-middle-income countries and 28% in low-middle-income countries. In low-income countries, only 8% of wastewater is treated (Ryder, 2017).
The composition of wastewater varies worldwide based on many factors. It is an often-cited statistic that wastewater comprises 99% water and 1% suspended colloidal and dissolved solids (Lakshmi and Reddy, 2017). Wastewater may be composed of toxic pollutants introduced into our water supplies through industrial, agricultural, and anthropogenic activities, such as dyes, heavy metal ions, pesticides, chlorinated organic compounds, hormones, and drugs (Ali et al., 2021). Harmful bacteria and toxins may also be present in wastewater (Ganguly et al., 2021). Many developed and developing countries focus on generating and releasing wastewater to avoid different consequences. Those consequences include adverse human health effects associated with reduced water quality, negative environmental effects due to the degradation of water bodies and ecosystems, and potential effects on economic activities (Ryder, 2017). Effluent inputs generally impair water quality near wastewater discharge points, mainly by increasing water temperature, nutrients, and concentrations of trace organic contaminants and decreasing dissolved oxygen levels. Due to these basal resources, aquatic invertebrates and fish were negatively affected in various ways (e.g., biodiversity losses and replacement of sensitive with tolerant species).
Furthermore, there are abiotic impacts of effluent, such as changes in channel morphology and hydrology, the effects of effluent on plants and vertebrates, and the impact of effluent-induced perennialization on ephemeral streams (Hamdhani et al., 2020). An existing gap in knowledge is the limited focus on the post-treatment impacts of discharged treated wastewater on the water quality of receiving drains. Although the installation of the WWTPs aimed at addressing major pollution issues, there has been insufficient examination of how the treated water, once discharged into the canals, affects overall water quality. This lack of follow-up research leaves a critical void in understanding the secondary contamination and cumulative effects on the canal ecosystem.
However, the main problems related to water resources in Sri Lanka are the degradation and depletion caused by various anthropogenic activities (Bandara, 2003). Sri Lanka has constructed WWTPs in major industrial parks. The context of Sri Lanka as a developing country presents specific limitations. The financial constraints and infrastructural challenges inherent in developing nations often hinder comprehensive environmental monitoring and the implementation of advanced water management strategies. The treatment plants at Biyagama, Seethawaka, Horana, and Kandy are a few examples of WWTPs in Sri Lanka.
Despite the many benefits of WWTPs, water pollution remains a significant problem in many urban areas worldwide. Canals that flow through cities are affected by the discharge of different sorts of wastewater from different activities in those cities and suburbs. Previous findings show that pollutants severely impacted the water quality of canals passing through Kurunegala (Nishshanka et al., 2006; Jayakody et al., 2007; Rajapakshe et al., 2007), with high nitrate levels detected in many samples and high levels of BOD5, which were critical indicators of the health of aquatic ecosystems. At that time, a significant problem observed in the study area was the high level of fecal contamination in wastewater used for agriculture, particularly for paddy cultivation (Priyanka et al., 2007), diverted from the canals via the Wilgoda anicut, creating a significant health risk to agricultural workers and their families who were directly exposed to the contaminated water during cultivation. This problem had significant implications for public health and food safety, as using contaminated water in agriculture can lead to the transmission of waterborne diseases and threaten human health. Therefore, in the past, it was crucial to implement appropriate measures to mitigate the risks associated with using wastewater for irrigation. One possible solution was to improve wastewater treatment to reduce contamination levels before it is used for irrigation. As a solution, the Greater Kurunegala Sewage Treatment Plant (GKSTP) was introduced in 2018.
The GKSTP also treats wastewater and sewage and discharges them back to the Boo Streamlet, which drains into Maguru Oya (rivulet) in the municipality area of Kurunegala. At Wilgoda anicut (a masonry check dam constructed across a stream to impound water for maintaining and regulating irrigation), water is diverted for irrigation purposes. Currently, the GKSTP treats part of the wastewater generated from the city and discharges the treated wastewater back to the canal. Finally, treated and untreated wastewater from the city is collected at the Wilgoda anicut and diverted to paddy fields for irrigation, as depicted in Figure 1. Although wastewater treatment happens, even at present, the stagnating organic matter at the anicut adds a blackish color and an unpleasant odor to irrigation water. In addition, the excessive growth of aquatic plants near the anicut portrays nutrient availability in the canal water.
[image: Figure 1]FIGURE 1 | Map of sample sites. 1.Wendaru Lake, 2. upstream from the greater Kurunegala STP discharge point, 3. downstream from the STP discharge point, 4. Boo Streamlet before the confluence with Wan Streamlet, 5. Wan Streamlet before the confluence with Boo Streamlet, 6. Boo Streamlet after the confluence with Wan Streamlet, and 7. Wilgoda anicut.
Moreover, the upstream community still adds non-biodegradable solid waste into the canals that block the water diversion structure just above the anicut, causing water pollution that needs continuous cleaning. Therefore, the GKSTP was implemented to improve water quality in city canals by connecting key areas and treating 90% of municipal wastewater. This strategy addressed pollution-related issues, such as the accumulation of organic matter, nutrient pollution, and the disposal of non-biodegradable solid waste. However, subsequent assessments revealed that the desired outcomes were not fully achieved. This research, conducted between September 2022 and February 2023, aims to evaluate the current water quality of city canals and assess the quality of water diverted for irrigation. The study’s main objective is to identify the challenges the WWTP faces and suggest feasible solutions to attain the intended enhancements in water quality. This study seeks to establish a comprehensive framework for optimizing wastewater treatment processes and promoting sustainable water management practices by analyzing the WWTP’s efficiency and examining the factors contributing to the observed shortcomings.
2 MATERIALS AND METHODS
2.1 Study area
Kurunegala City, with a population of 122,172 in 2021, is located in the intermediate zone and has an area of 11 km2. Prominent rainy months in the Kurunegala area are April, May, and September–December. November is the wettest month (299 mm), whereas March is the driest (70 mm). The average annual rainfall in the Kurunegala City area is approximately 1850 mm. The annual temperature in the Kurunegala City area varies between 27°C and 30°C. The 8-km-long canal network starts from Wendaru Lake, passes through the city, and collects the stormwater generated within the city. The Boo Streamlet, originating at the Wendaru Lake, and the Wan Streamlet, originating upstream of the city, are two canals that carry wastewater from city discharges (Jayakody et al., 2007). Both Wan Streamlet and Boo Streamlet confluence, and part of the water is diverted from the Wilgoda anicut to irrigate Aswadduma, Kawdawaththa, and Dematagahapalassa paddy fields. With the establishment of the GKSTP, direct wastewater discharge to the Boo Streamlet from hospitals and municipality areas has ceased. In addition, a wastewater pump station near Kurunegala Lake allows the collection and transport of wastewater generated in the surrounding area to the GKSTP. As a result, the Wan Streamlet connected to the Kurunegala Lake, which was previously polluted with wastewater and sullage, is now assumed to experience a reduction in the amount of wastewater and pollutants discharged into it. Therefore, it is expected that the water quality of Wan Streamlet and Boo Streamlet has improved compared to their conditions before the establishment of the GKSTP.
2.2 Sampling
The sampling locations presented schematically in Figure 1 were selected considering the suitability of making discharge measurements and point sources of pollution. Since the water in the canal is highly heterogeneous, obtaining more than one sample is necessary to increase the study’s accuracy. As the canal is a dynamic system whose concentration will probably change over time, it must be sampled at many different periods to collect a representative sample. Prior knowledge of the spatial variation in pollutants (Ranaweera, 2005; Nishshanka et al., 2006) was considered to determine the sampling locations.
Water samples were collected from the seven locations during the daytime around 8.00–10.00 a.m. The monthly sampling, including the wet and dry seasons, was conducted from September 2022 to February 2023. Three grab samples were taken from mid-depth at the main flow line and combined to form a composite sample. A sampling device made of stainless steel is filled by slowly submerging the sampler into the water with minimum disturbance, and the water is transferred to the sample bottles of high-density polyethylene (HDPE). As such, 1 L of water was sampled from each location, and three replicates for each parameter were preserved, stored at 4°C temperature, transported to the laboratory, and tested. The parameters that may vary, such as surface water temperature, pH, electrical conductivity (EC), salinity, total dissolved solids (TDSs), chemical oxygen demand (COD), biological oxygen demand over 5 days (BOD5), dissolved oxygen (DO), total suspended solids (TSSs), and nitrate, were taken as the priority parameters for this study. A calibrated multiparameter HACH/Model: HQ40d was used to obtain in situ temperature, pH, EC, salinity, and TDS measurements. A calibrated DO meter (HACH/Model: HQ 30d) was used to measure in situ DO levels. To test BOD5, the 5210B 5-day BOD test method was used. COD was measured using the open reflux method, while TSS was measured using APHA-2540-D. Nitrate was measured using the 4500-NO3B Ultraviolet Spectrophotometric Screening Method (APHA, 2017).
2.3 Statistical analysis
The normality of the data was evaluated using the Anderson–Darling test, and square root transformation was employed to acquire normality. The general linear model (GLM), followed by Tukey’s pairwise comparison at a 5% significance level, was used to determine the significance of the temporal and spatial variations in the studied water quality parameters. A cluster analysis (based on Euclidean distance) was used to analyze the clustering status of the studied sites based on the overall water parameters. An analysis of similarities (ANOSIM) was used to evaluate the significance of the clustering status of sampling sites. The water quality index was calculated based on NSF-WQI using pH, temperature, BOD5, TDS, and nitrate–nitrogen. The NSF-WQI calculator is available online at http://www.waterresearch.net/index.php/water-treatment/watermonitoring/monitoring-the-quality-of-surfacewaters and https://www.knowyourh2o.com/outdoor-3/water-quality-index-calculator-for-surface-water (Cisneros Ontiveros et al., 2021). This index represents overall water quality and does not specifically address water use capacity. Several index parameters have unique significance; thus, a weighted average is beneficial for calculating the index. In this study, the weightage factors used are as follows: pH (0.11), BOD (0.11), temperature (0.1), nitrate–nitrogen (0.1), and total dissolved solids (0.07). These weightages are consistent with those used in previous studies by Kumar and Nirmal (2011), Al-Mutairi et al. (2014), and Călmuc et al. (2018). The temperature change refers to the temperature difference between upstream and downstream control sites. The weighted score (Wi) should be expanded using the sub-index value (SI) of the parameter acquired with the NSF-WQI; this expanded score is then summed using the index equation (Li, 2014):
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where NSF-WQI is the score of the water quality index; SI is the sub-index value, and Wi is the weighted score (all calculated using the index calculator). The wide variety received from making use of the index is classified into five scale classes: WQI < 25 indicates very bad, 50 > WQI > 24 indicates bad, 70 > WQI > 49 indicates medium quality, 90 > WQI > 69 indicates good, and WQI > 89 depicts significantly excellent water. The results were compared with the water quality index values calculated from the water quality parameter values of canals before establishing the GKSTP (Ranaweera, 2005) and with the National Ambient Water Quality Standards (NAWQS) of Sri Lanka.
3 RESULTS
3.1 Spatial and temporal variations in physicochemical parameters
The mean values of the studied water quality parameters at the seven sites in Kurunegala City depict significant variations among different sites (Table 1). The temperature ranged from 25.8°C to 27.0°C, suggesting a notable spatial variation. The results of the GLM indicated that the temperature denotes significant differences among the sampling sites at a 5% significance level, as shown in Table 1 (p < 0.05). Site 3 exhibited the highest mean temperature, possibly due to receiving warmer discharged water from the sewage treatment plant (STP) and exposure to direct sunlight. Conversely, site 4 displayed the lowest temperature, likely attributed to shading from surrounding trees and sand mining-induced increased water depth. The study aligns with prior research (Figueroa-Nieves et al., 2014), which observed higher water temperatures in WWTP effluents than in streams. The mean DO values ranged from 3.12 ppm to 6.15 ppm. The range of dissolved oxygen levels is relatively narrow, with a difference of less than 3.03 units between the highest and lowest values. The lowest dissolved oxygen level (3.12 ppm) at site 5 is lower than the typical range for healthy aquatic ecosystems, usually approximately 4–6 ppm. The highest dissolved oxygen level (6.15 ppm) at site 3 is within the typical range for healthy aquatic ecosystems. Sites 2, 4, and 6 have dissolved oxygen levels that fall within this range. Based on these results (p < 0.05, Table 1), some sites may have lower dissolved oxygen levels than others, which could indicate environmental stressors. Site 3 had the highest DO, attributable to its downstream position from the GKSTP discharge and higher flow rates. Site 5 displayed the lowest DO, potentially due to rampant pollution in the Wan Streamlet caused by inadequate sanitation facilities and open defecation in nearby slum areas. The pH values recorded across all sites fell within the optimal range (6.0–8.5) for aquatic life and various potential uses. The mean BOD5 values ranged from 7.28 ppm to 16.91 ppm, indicating significant variation in the amount of organic matter in the water across different sites (p < 0.05, Table 1). The highest BOD5 value is observed at site 5, while the lowest is at site 1. The average BOD5 value for the canals was 10.94 ppm. The BOD5 values for sites 5 and 7 are above average, indicating relatively more organic matter in the water at these sites. The BOD5 values for sites 1, 2, 3, 4, and 6 are below average, suggesting that the organic matter content in the water at these sites is relatively lower. Elevated BOD5 levels at sites 3, 4, 5, 6, and 7 raised concerns as high organic matter content can lead to decreased DO levels, threatening aquatic life. Site 5, with the highest BOD5 and lowest DO, highlights the inverse relationship between these parameters. The increased BOD5 levels can be attributed to uncontrolled pollutant inputs, including those from areas not connected to wastewater treatment facilities. Incomplete sewer coverage and limited pump station services contribute to organic matter accumulation in the canals. The COD values ranged from 38.9 ppm to 84.7 ppm, indicating a variation in the amount of organic matter in the water across different sites (p < 0.05, Table 1). The highest mean COD value is observed at site 1 (84.7 ppm), while the lowest mean value is observed at site 6 (38.9 ppm). The average COD value for the canals is 61.5 ppm. The mean COD values for sites 1, 2, and 4 are above average, indicating relatively more organic matter and high levels of inorganic pollutants that can chemically oxidize in the water at these sites. In contrast, the mean COD values for sites 3, 5, 6, and 7 are below average, suggesting that the organic/inorganic matter content in the water at the sites is relatively lower. Heavy commercial activity at sites 2, 3, 4, and 5 contributes to elevated COD values due to effluent discharge containing organic and inorganic pollutants. As seen at site 2, agricultural runoff further contributes to COD levels. Municipal sewage discharge, typical in urban areas, also significantly affects COD levels. Site 1 exhibits high COD due to domestic tank water usage for bathing and washing, introducing pollutants. The mean nitrate values ranged from 0.04 ppm to 0.87 ppm. The range of mean nitrate levels is quite large, with a difference of nearly 0.83 units between the highest and lowest values. The highest nitrate level (0.87 ppm) is relatively high and could indicate pollution or excessive nutrient inputs. The lowest mean nitrate level (0.04 ppm) is within the typical range for healthy aquatic ecosystems. The other nitrate levels fall within the range of typical values for nitrate in surface waters. Based on these results, some sites may have higher nitrate levels than others (p < 0.05, Table 1), which could indicate environmental stressors. Nitrate levels at all sites fall within acceptable limits. According to Estévez et al. (2019), urbanization and agriculture are the main drivers of the high salinity in freshwater. In this study area, these two are the main reasons for the spatial variation in salinity. The mean salinity values ranged from 0.06 PSU to 0.19 PSU. Based on the mean salinity values, there is a significant difference in salinity values between different sites in the canal (p < 0.05, Table 1). Sites 1 and 2 have relatively low salinity levels, while sites 3 and 5 have higher salinity levels. Sites 4, 6, and 7 fall somewhere in between. An increase in salinity leads to an increase in the TDS of freshwater (Ferdous et al., 2019). The current study results supported this relationship, as site 3, with the highest salinity, also had the highest TDS. The study results indicate a negative correlation between TSS and DO in the water. Site 5, which had the highest TSS, had the lowest DO, possibly due to increased water temperature from sunlight absorbed by the suspended particles.
TABLE 1 | Spatial variation in physicochemical parameters of water (mean ± SE) at the study sites, Kurunegala, 2022–2023 (n = 6).
[image: Table 1]Table 2 shows the temporal variation in physicochemical parameters in water canals, which was analyzed over 6 months (p < 0.05, GLM). The temporal variation in water temperature in the canals showed that there were significant differences in temperature between the months (p < 0.05, Table 2), with September having the highest mean temperature (27.45°C ± 0.276°C) and January having the lowest (24.53°C ± 0.173°C). The high water temperature in September may be due to increased solar radiation, while the low water temperature in January may be due to having more rainy days. For example, the decreased stream temperatures during and after rainfall runoff are well-established and confirmed by multiple studies, including Isaak et al. (2010); Kieser (2015), which further supported this relationship. The temporal variation in dissolved oxygen levels in the canals revealed significant differences in DO levels between the months (p < 0.05, Table 2), with November having the highest mean DO value (6.22 ± 0.48 ppm) and October having the lowest (2.45 ± 0.52 ppm). Temporal fluctuations in DO were observed, with lower levels in October linked to organic matter decomposition. They decreased oxygen solubility in warmer water and reached higher levels in November due to cooler temperatures and increased oxygen solubility, consistent with findings by Dębska et al. (2021). Statistical analysis revealed that there were significant differences in pH values between the months (p < 0.05, Table 2), with September having the highest mean pH value (8.43 ± 0.13) and October having the lowest (7.12 ± 0.06). Elevated pH in September could be attributed to increased photosynthesis and algal growth during drier periods.
TABLE 2 | Temporal variation in physicochemical parameters of water (mean ± SE) at the study sites, Kurunegala, 2022–2023 (n = 6).
[image: Table 2]In contrast, a lower pH in October may result from increased rainfall and runoff, which introduce acidic substances. Several studies have reported a positive correlation between photosynthesis and high pH levels. For example, a study of abnormal pH elevation in the Chaobai River stated that their calculations indicated that photosynthesis and denitrification were the primary reasons for the increase in pH in the Jian and Chaobai rivers (He et al., 2017). The temporal variation in biological oxygen demand showed significant differences in BOD5 levels between the months (p < 0.05, Table 2), with September having the highest mean BOD value (21.44 ± 3.85 ppm) and December having the lowest (3.98 ± 0.38 ppm). High BOD5 in dry months (e.g., September) results from enhanced microbial activity.
In contrast, lower BOD5 during rainy months (e.g., December) is associated with dilution effects caused by increased water flow and lower temperatures. This pattern aligns with the findings from a study in Malaysia (Fatema et al., 2014). Water quality analysis by Kamarudin et al. (2020) also showed that BOD was high in the dry season. The temporal variation in COD levels in the canals showed significant differences in COD levels between the months (p < 0.05, Table 2), with September having the highest mean COD value (140.76 ± 5.20 ppm) and January having the lowest (22.25 ± 3.52 ppm). In Kurunegala canals, high September COD levels are due to increased organic matter from agricultural activities during the Yala cropping season, a season associated with the southwest monsoon (May–August).
Conversely, lower January COD levels are linked to reduced organic matter inputs during the dry season. Statistical analysis revealed significant differences in the salinity levels between the months (p < 0.05, Table 2). However, despite these differences, the variation in salinity levels between the months was not substantial. The highest salinity observed in February may be due to the low rainfall and high evaporation rate during that month, which is supported by Baskar et al. (2022), who indicate the maximum salinity value recorded during the summer season could be attributed to the low rainfall and a higher evaporation rate.
The conductivity measurements suggest that the mean EC values are significantly different between the seven sites (p < 0.05, Table 1), with some sites having higher levels of dissolved solids or pollutants than others. The temporal variation in conductivity was also significant (Table 2). Specifically, the mean conductivity value in October (363.6 ± 37.1 μS/cm) was the highest, and the conductivity in September (202.1 ± 18.3 μS/cm) was the lowest, as determined by the GLM (p < 0.05, Table 2). EC variations coincide with precipitation, with higher values in wetter months (October). Fatema et al. (2014) reported on the temporal variation in EC values in an estuary, whereby higher values were observed during the rainy season as opposed to the dry season. These findings are consistent with the impact of continuous flush-off of effluent during rainfall, which can increase the discharge of pollutants into the estuary. Therefore, it can be concluded that effluent discharge during rainfall can contribute to changes in water quality parameters, such as EC, which may have significant ecological implications. The TDS values ranged from 65.58 ppm to 206.3 ppm. Based on the mean TDS values, there appears to be a significant spatial variation in the TDS levels in the canal (p < 0.05, Table 1). Sites 1 and 2 have relatively low TDS levels, while sites 3, 5, and 6 have higher TDS levels. Sites 4 and 7 fall somewhere in between. The temporal variation in total dissolved solids in the canals revealed significant differences in TDS levels between the months (p < 0.05, Table 2), with February having the highest mean TDS value (193.8 ± 22.0 ppm) and September having the lowest (100.93 ± 9.07 ppm). TDS variations relate to evaporation and dilution, with higher levels in February due to increased evaporation rates compared to September. For example, the study conducted by Ngabirano et al. (2016) on gravity flow water in Uganda found that the highest mean TDS value was observed during the dry season. The TSS values ranged from 15.8 ppm to 39.3 ppm. Based on the TSS values, there appears to be some spatial variation in the TSS levels in the canal. Sites 1, 3, and 7 have relatively low TSS levels, while sites 5 and 6 have higher TSS levels. Sites 2 and 4 fall somewhere in between, and there is a significant difference between the mean TSS values of the sites (p < 0.05, Table 1). Analysis of the data revealed that TSS levels varied significantly between the months (p < 0.05, Table 2), with the highest mean value (46.93 ± 7.81 ppm) occurring in December and the lowest in February (6.07 ± 1.26 ppm). TSS fluctuations are significant, with peak levels in December and lower levels in February. High TSS in December is due to increased surface runoff and agricultural erosion during the wet season. In contrast, lower February TSS is due to reduced sediment inputs during the dry season, which aligns with principles of water quality and the impact of hydrological changes during different seasons, consistent with the findings of Ngabirano et al. (2016).
3.2 Clustering of the study sites based on overall physicochemical parameters and dbRDA analysis
Based on the dendrogram of the cluster analysis (Figure 2), four major clusters of study sites could be identified. The global R-value of 0.971 resulted from the ANOSIM, which confirmed the statistical significance of the above clustering status at a significance level of 5%.
[image: Figure 2]FIGURE 2 | Dendrogram showing the clustering of study sites based on the overall physicochemical parameters of water in Kurunegala City canals (n = 6 at each site) between the seven study sites from September 2022 to February 2023.
The outcomes of the dbRDA analysis explained the major water quality parameters behind the overall variability of the study sites (Figure 3). The dbRDA1 axis accounted for 91.2% of the overall variability of the dataset, followed by the dbRDA2 axis (5.0%), explaining 96.2% of the overall variability and suggesting a good fit. The dbRDA1 axis was mainly influenced by conductivity (−0.894) and TDS (−0.415), with both parameters having a strong negative influence.
[image: Figure 3]FIGURE 3 | Ordination of the study sites based on the dbRDA analysis.
Meanwhile, COD (−0.805), TSS (0.476), and DO (−0.117) remained the most influential parameters for the dbRDA2 axis. As suggested by the radiating arms of the dbRDA plot and the respective loadings, it was evident that study sites S1 (84.7 ± 11.4 ppm), S2 (65.7 ± 15.2 ppm), and S4 (83.3 ± 13.4 ppm) were characterized with higher COD values, while S3 and S5 sites were characterized with higher conductivity (376.4 ± 36.7 μS/cm and 393.8 ± 30.1 μS/cm, respectively) and TDS (206.3 ± 25.3 ppm and 195.3 ± 14.1 ppm, respectively) values. Meanwhile, S6 and S7 sites were characterized by moderate levels of BOD5, conductivity, TDS, and TSS, as shown in Figure 3.
Considering the variation in all the parameters measured, it becomes clear that there is significant spatial and temporal variation in the physicochemical properties of the water canal, influenced by a range of factors. The findings of the cluster analysis (Figure 2) and dbRDA (Figure 3) denoted the clustering patterns of the study sites based on overall water quality parameters. Site 1 is the least polluted (WQI of 53), while site 5 is the most polluted (WQI of 46). Sites 6 and 7 formed a sub-cluster at a Euclidean distance of 1.52, indicating that the water quality parameters at these sites are similar, which could be due to the mixing of two water canals, Boo Streamlet and Wan Streamlet, after confluence (at site 6), diluting the pollutants and contaminants present in the water, leading to a reduction in their concentrations. However, the effluent from neighboring areas, which is not connected to the sewerage network, accumulates in the canals, leading to a moderate pollution level, as shown in Figure 3. However, the moderate similarity between S3 and S5 at an Euclidean distance of 2.52 in water quality parameters was unexpected. Site 3 is located after the treated water discharge and is expected to have better water quality than site 5, the most polluted canal. The similarity between these sites may be due to the direct discharge of untreated effluents from the paying wards of the ayurvedic hospital near the treatment plant. However, as a whole, the results of GLM were further confirmed by the results of the cluster and dbRDA analyses.
3.3 Water quality index
The water quality findings of the current study are compared with those of the previous study sites (Ranaweera, 2005), which studied similar sites, as shown in Figure 4. The location of the water samples collected in the canal observed in study point 1 in the previous paper is similar to that in the current study site 1. Similarly, the location of the water samples collected in the canal in the previous paper’s study point 2 is comparable to those in the current study site 3, particularly in terms of the water flow observed within the city. Moreover, the previous paper’s study points 3, 6, 7, and 8 are comparable to the current study sites 4, 5, 6, and 7 based on the canal distribution within the city.
[image: Figure 4]FIGURE 4 | Sample sites of the previous study (Ranaweera, 2005).
The WQI values calculated from the previous study (Ranaweera, 2005) indicated that the WQI values for sites 1, 3, 4, 5, 6, and 7 were relatively low, ranging from 30 to 43. However, with the establishment of a wastewater treatment plant, there has been a noticeable improvement in the WQI values. The WQI values of the canals ranged from 46 to 53 after the commissioning of GKSTP, as depicted in Figure 5. An increase in the WQI score indicates an improvement in the overall water quality at all sites. The magnitude of the improvement can be assessed by calculating the difference between the before and after WQI values. Overall, the data suggest that the intervention has positively affected the water quality across the sites tested (p < 0.05, ANOVA). Generally, the WQI ranges vary depending on the region and the intended use of the water.
[image: Figure 5]FIGURE 5 | Water quality index of Kurunegala City canals, September 2022–February 2023.
The National Water Quality Standards in Sri Lanka guide surface water quality for various uses, including water supply, irrigation, and aquatic life protection. The WQI values were calculated based on multiple water quality parameters, including temperature, pH, biochemical oxygen demand, total dissolved solids, and nitrate nitrogen. Although the WQI is not a comprehensive indicator of the health of a water body, it shows that even with a sewage treatment plant in place, the water must still meet specific standards for irrigation purposes. However, the treated water again becomes contaminated after being added to polluted canals. Additionally, the effectiveness of the GKSTP is also affected by its design (which includes a coarse screen, fine screen, grit chamber, balancing tank, anoxic and aerobic tank, secondary settling tank, disinfecting tank, sludge treatment, and deodorization treatment), operation, and insufficient maintenance or outdated technology (such as not using the latest technology like reverse osmosis), which can cause a decrease in efficiency over time. Another factor contributing to the ineffectiveness of sewage treatment plants is the presence of a high level of pollutants in the incoming wastewater, which can overwhelm the treatment process and result in lower removal rates.
Moreover, insufficient treatment capacity or underfunding can also lead to inadequate treatment and, ultimately, reduced effectiveness in improving water quality. These examples have shown limitations or challenges in improving water quality through GKSTP. Similarly, a case study of South Africa has provided comparable reasons for the lack of adequate wastewater treatment (Edokpayi et al., 2017).
3.4 Comparison of water quality parameters between the present study and the National Ambient Water Quality Regulations, No. 01 of 2019 Sri Lanka
A study on Moragoda Streamlet, Kepu Streamlet, and Mahamodara Lake has consistently indicated suboptimal water quality levels compared to the required standards for diverse applications. The mean concentrations of COD and BOD5 were measured in these water bodies, and both BOD5 and COD values exceeded established ambient water quality standards applicable to inland waters in Sri Lanka. The degradation in water quality across these sites can be attributed to several shared factors, including the prevalence of numerous industries, institutions, and commercial entities alongside densely populated areas and unauthorized community activities, as elucidated by Madushanka et al. (2012). Furthermore, a separate case study conducted by Priyanka et al. (2007) in the context of the Wattegama Water Supply Scheme in Kandy reaffirmed concerns about water quality standards. This study found that water quality within the catchment area exceeded the regulations outlined in the National Environmental (ambient water quality) Regulations concerning physical and microbiological parameters.
Similarly, the present study delves into the suitability of sites within Kurunegala City canals post-establishment of the treatment plant following the National Ambient Water Quality Regulations, No. 01 of 2019. In Table 3, “√” depicts that all the study sites are ideal for the relevant categories of NAWQS, whereas “Χ” depicts that all the sites are not within the acceptable range for the relevant categories.
TABLE 3 | Site suitability according to the National Ambient Water Quality Regulations, No. 01 of 2019.
[image: Table 3]Previously, the Kurunegala City canals faced notable water quality issues, resulting in a lower WQI than in the period following the establishment of the GKSTP (Figure 5). It reveals that water treatment processes contribute to a noticeable improvement in water quality. The study highlights consistent deviations from the acceptable range of specific parameters, notably BOD5, from NAWQS. Elevated BOD5 levels signify higher concentrations of organic pollutants, rendering the water unsuitable for agriculture and irrigation due to its diminished quality. Such deviations pose significant risks to both public health and the environment. Increased BOD5 levels can lead to oxygen depletion in water bodies, negatively impacting aquatic ecosystems and biodiversity.
Moreover, contaminated water used for agriculture and irrigation can introduce pollutants into the soil and crops, potentially endangering food safety and public health. Addressing these persistent deviations requires targeted interventions to mitigate pollution sources and enhance water treatment processes, ensuring compliance with NAWQS and safeguarding human health and environmental integrity. However, it is essential to note that this improvement remained marginal compared to the conditions observed before the GKSTP was established. These findings underscore the persistent challenge of maintaining water quality standards due to complex environmental factors and the need to refine water treatment methods to align with local and global water quality benchmarks.
4 DISCUSSION
The dbRDA analysis depicted the major water quality parameters contributing to the overall variability observed across different study sites in this study. The dbRDA1 axis accounted for 91.2% of the overall variability in the dataset. The significant contribution of dbRDA1 suggests that specific water quality parameters, likely related to pollution sources such as wastewater effluent and illegal oil discharges, are the predominant factors influencing water quality, highlighting the critical areas for targeted interventions. The dbRDA2 axis explained an additional 5.0% of the variability, cumulatively accounting for 96.2% of the overall variability when combined with dbRDA1. Although dbRDA2 contributes less to the overall variability, it still represents secondary factors that might include site-specific characteristics or fewer impact pollutants, suggesting primary factors are universal across sites, local conditions, or less prevalent pollutants also play a role in water quality. The high goodness of fit (96.2%) reinforces the reliability of the identified parameters as key indicators of water quality, providing a solid basis for future monitoring and management strategies. As implications for water management, the findings suggest that addressing the primary factors identified by dbRDA1 could lead to significant improvements in water quality.
Furthermore, the variability explained by dbRDA2 indicates the need for tailored strategies to address local conditions and lesser-impact pollutants involving localized treatment solutions or community-specific waste management practices. Moreover, the parameters identified through dbRDA analysis should be integrated into regular monitoring programs to track water quality trends and the effectiveness of implemented measures.
Furthermore, the results of this study offer a thorough evaluation of the water quality in city canals, highlighting advancements and persistent challenges following the implementation of a WWTP. The pH levels of the canal water after treatment were determined to be within the alkaline range. Alkaline pH could be due to the specific treatment methods employed, which might involve adding chemicals that elevate the pH. Although alkaline pH is generally not detrimental, it can impact the solubility and toxicity of other contaminants, indicating the necessity for optimizing the treatment process to adjust the pH to a neutral level suitable for aquatic organisms. Despite the functioning of the treatment plant, pollution levels remain notably higher during the rainy season compared to the dry season. This seasonal fluctuation implies that the runoff during the wet season, which can transport additional pollutants into the canals, may surpass the treatment capacity, emphasizing the importance of enhancing stormwater management techniques and potentially installing extra treatment facilities or buffer zones to alleviate runoff impacts. The assessment of the WQI at different locations displayed significant variations. Wendaru Lake exhibited the highest WQI value of 53, indicating relatively superior water quality among the sites examined. Conversely, Wan Streamlet displayed the lowest WQI value of 46, representing the poorest water quality. Boo Streamlet and Wilgoda anicut had intermediate WQI values of 49.6 and 48, respectively. These results suggest spatial differences in water quality, likely influenced by local sources of pollution and hydrodynamic conditions. A comparison of the water quality parameters with the NAWQS indicated that most parameters did not meet the acceptable ranges. Nevertheless, the implementation of the WWTP resulted in notable enhancements in various key parameters, such as BOD5, TSS, temperature, salinity, and nitrate levels. These reductions signify eliminating organic matter-suspended particles and reducing nutrient loads efficiently. The establishment of the WWTP has significantly improved the overall WQI of the canal water, increasing from a pre-treatment value of 35 to a post-treatment value of 49. This improvement suggests that the treated wastewater is of higher quality compared to untreated water. However, the current WQI still categorizes the water quality as “bad” (50 > WQI > 24), indicating the necessity for further enhancements to achieve good water quality. Despite general progress, there are still ongoing challenges with parameters such as pH, TDS, and conductivity. The consistently high levels of TDS and conductivity may indicate that dissolved salts and other inorganic substances are not entirely removed, suggesting adjustments or enhancements to the current treatment processes may be necessary to tackle these specific issues effectively.
The water quality findings of the current study were compared with the values reported previously by Ranaweera (2005) at similar sites. Specifically, the previous study points (Figure 4)—1, 2, 3, 6, 7, and 8—are comparable to the current study sites (Figure 1)—1, 3, 4, 5, 6, and 7—based on canal distribution within the city. Based on the measurements taken in the current year at the downstream side of the GKSTP, evidence suggests that the treatment plant’s operation has reduced several key water quality parameters. Specifically, the data indicate a significant decrease in temperature, total suspended solids, salinity, biological oxygen demand over 5 days, and nitrate levels compared to the period before the treatment plant was commissioned. Before implementing the GKSTP, the region experienced heightened levels of pollutants such as nitrate (NO3−), primarily stemming from agricultural runoff, which can result from applying fertilizers and other agricultural practices.
Additionally, elevated levels of BOD5 were observed, attributed mainly to sewage discharges from unconnected pipes, leading to organic matter decomposition and subsequent oxygen depletion in aquatic ecosystems. Moreover, TSS concentrations were notable, indicating sediment and particulate matter in water bodies. Despite the establishment of the GKSTP, while improvements have been noted in BOD5, TSS, and NO3− concentrations, their mitigation remains less significant than anticipated, attributing to factors such as persistent non-point sources of pollution, highlighting the complexity and ongoing challenges in achieving comprehensive water quality management in the region. No significant difference in pH, TDS, and conductivity is observed before and after the commissioning of the GKSTP. According to the current findings, water quality exhibited low levels during the wet season due to the intentional sewage release and surface runoff from unserved city areas and entities stemming from a complex interplay of scientific factors. First, the lack of adequate sanitary infrastructure in municipal areas not connected to the STP leaves residents and businesses with few alternatives to discharge sewage directly into nearby water bodies, particularly during heavy rainfall events when sewage systems may become overwhelmed. Second, rapid urbanization contributes to increased impervious surfaces like roads and buildings, disrupting natural drainage patterns and exacerbating surface runoff. This phenomenon prevents rainwater from infiltrating the soil, leading to heightened runoff and pollution accumulation in water bodies.
Furthermore, a lack of regulatory enforcement and illegal practices allow entities to intentionally release sewage or discharge pollutants into water bodies, exploiting gaps in regulations or enforcement mechanisms. These practices could range from industrial facilities illegally dumping wastewater to individuals of disposing waste directly into waterways due to inadequate waste management infrastructure. Additionally, a lack of environmental awareness among the population may contribute to such behaviors, highlighting the importance of public education campaigns to promote responsible waste disposal and raise awareness about the detrimental impacts of pollution.
The WQI values calculated for these parameters in the current year were significantly higher than the WQI values calculated before the commissioning of the GKSTP, indicating a significant improvement in water quality (p < 0.05, ANOVA). However, based on the comparison of water quality data from 2005 to 2022–2023, it can be concluded that the GKSTP, designed to treat wastewater from hospitals, domestic sources, and shops, has shown only a marginal improvement in the overall water quality of the canals into which it discharges. Notably, the comparison of water quality data shows that pollution levels are consistently high at site 5 relative to other sites, and this high level of pollution is expected to impact downstream water quality at sites 6 and 7, as well as along the entire length of the stream. Moreover, it is worth noting that the irrigation canal is diverted at site 7, which means that the impact of site 5’s poor water quality will likely continue to affect the water diverted for irrigation purposes. It is a fact that the treatment plant effectively treats wastewater to a satisfactory level, ensuring compliance with quality standards before discharge. However, despite this treatment, marginal improvements in canal water quality are observed due to a combination of factors, including direct pollution inputs (significantly impacts water quality, introducing pollutants directly into the water body), capacity limitations in treatment infrastructure (factors contributing to capacity discrepancies could include outdated infrastructure, population growth, or inadequate investment in treatment technologies), and inadequate regulatory enforcement (may fail to address illegal discharge or ensure compliance with treatment standards), which are the major causes of the failing state of wastewater treatment facilities in other developing countries as well (Edokpayi et al., 2017).
The discharge of treated wastewater back into the canals leads to recontamination. This phenomenon occurs when treated water, although meeting regulatory requirements, is reintroduced into the canal system, where it may encounter pollutants from other sources, thereby compromising its quality. Hence, while the treatment plant operates efficiently, additional measures may be needed to prevent recontamination of the water bodies. However, in many cases, the treatment plants are ineffective in improving the water quality to the relevant standards, and there is only a slight overall improvement compared to before establishing the treatment plants. One reason why the treatment plant may not be effective is the nature of the effluent discharged. Some effluents discharged may contain high levels of pollutants that are difficult to remove through conventional treatment methods. These pollutants can interfere with the treatment plant’s performance, reducing its effectiveness in removing other pollutants. For example, the limited reduction observed in dissolved solids and unsatisfactory conductivity levels in the effluent wastewater, as reported by Hangargekar and Takpere (2015) and Agyemang et al. (2013), may be attributed to these underlying causes of treatment plant failures. Moreover, this may be due to the inadequacy of the treatment plant or its inability to operate optimally. Therefore, addressing these issues demands a multifaceted approach, including investment in sanitary infrastructure, sustainable urban planning strategies, strengthened regulatory frameworks, and comprehensive public education initiatives to foster environmental stewardship and mitigate intentional sewage release and surface runoff.
An audit query (National Audit Office EAD, 2021) related to the water reclamation system of Kurunegala suggests that the GKSTP has a designed capacity of 4500 m3 per day. However, on 26th June 2020, the actual volume treated was approximately 2600 m3/day. The water treatment plant has a processing capacity of approximately 3300 m3 per day, indicating that the plant’s capacity is not being fully utilized, leading to a lower-than-expected number of beneficiaries being served. Whether the plant is a success cannot be determined solely by the volume of water being treated but should also consider other factors, such as the quality of the treated water, the effectiveness of the treatment process, and the plant’s impact on the environment. When considering the impact on the environment, the results of this study revealed that after the commissioning of the GKSTP, the water quality of the canals in the area showed a significant improvement compared to before the commissioning of the GKSTP, which is a positive impact. However, the discharge of treated water back to polluted canals, as observed in the Kurunegala wastewater treatment plant, may not be an ideal approach to water management. Instead, treated water can be directly utilized for non-potable purposes such as irrigation, industrial processes, or landscaping, where there is no direct contact with humans. This approach helps conserve freshwater resources and reduce the amount of wastewater discharged into natural water bodies. Moreover, as the cost of treating wastewater is considerably high, it must be utilized to its maximum potential rather than being discharged back into the environment. Therefore, in the case of the Kurunegala wastewater treatment plant, if the treated wastewater is used for non-potable purposes, it can help increase the treated water’s value and reduce the plant’s operational costs while contributing toward sustainable water and environmental management.
Now, the question is whether it is worth spending millions to operate the sewage treatment plant with only a network of 136 km of pipes in place to collect wastewater, serving approximately a population of 40,000 individuals, covering 2,700 households, 1,200 commercial connections, and hospitals that represent 90% of the municipality area. The untreated sewage from unconnected pipes (10% of the municipality area) can still cause significant harm to the environment and public health. Even if the overall water quality index improves slightly due to the treatment plant, untreated sewage can still contain harmful pathogens, chemicals, and nutrients that can degrade water quality and cause diseases. These can also negatively impact aquatic ecosystems, causing eutrophication, algal blooms, and other problems. However, having sewage treatment systems in place can provide a long-term solution to water quality issues. By treating wastewater at a central site, the water can be safely cleaned for discharge into the environment or reuse, helping prevent contamination of groundwater sources, which can be costly and difficult to remediate. Sewage treatment systems can have other benefits beyond improving water quality. For example, they can produce biogas, which can be used to generate electricity and heat (Libhaber and Orozco-Jaramillo, 2012). They can also produce nutrient-rich biosolids, which can be used as fertilizer for agriculture because the nutrient content of treated wastewater is high (Chojnacka et al., 2020). These benefits can offset the treatment plant’s costs, making it more financially sustainable (Kamble et al., 2019; Nair et al., 2021). In this case, ongoing research is being conducted on using byproducts (organic waste and sludge) from the GKSTP to produce compost and biochar. It is essential to consider the long-term impacts of not treating sewage. If left untreated, sewage can accumulate in water bodies and soils, causing long-term environmental and health impacts. As it can lead to increased costs in the future to clean up the pollution and address the health impacts, it is good to take corrective action beforehand, attending to the partial connectivity of wastewater sources to the wastewater treatment plant and underutilization of the plant.
The underutilization of the treatment plant and the partial connectivity of pollutants in the city can be attributed to several factors. One primary reason for underutilization may be inadequate infrastructure, such as incomplete sewer networks or a lack of connections from unconnected areas to the treatment plant. This results in untreated or partially treated wastewater being discharged directly into water bodies, contributing to pollution. It is essential to invest in expanding the sewer networks and connecting unconnected areas to the treatment plant to improve the effectiveness of the treatment plant, ensuring that a greater portion of the wastewater is directed to the plant for proper treatment and reducing the discharge of pollutants into the environment.
Additionally, implementing advanced treatment technologies at the plant, such as tertiary treatment processes or upgrading existing infrastructure, can enhance pollutant removal efficiency and ensure compliance with water quality standards. Improving connectivity and treatment capacity would positively impact achieving sustainable development goals (SDGs) related to clean water availability and improved health by reducing pollution and safeguarding water resources. Targeted remediation strategies are essential to address water quality deterioration in unserved areas beyond WWTPs. One approach involves reducing waste loads through improved waste management practices, including implementing recycling programs, waste segregation initiatives, and public awareness campaigns to promote responsible waste disposal. Additionally, developing and enforcing policies and regulations for waste management are crucial to ensuring compliance and reducing pollution. Such policies could involve implementing penalties for illegal dumping or incentivizing environmentally friendly practices. Furthermore, addressing new constructions of houses and commercial entities requires stringent regulations for wastewater disposal and infrastructure development. Implementing measures such as mandatory connections to sewer systems or on-site wastewater treatment facilities for new construction can help mitigate pollution inputs originating from unserved areas and achieve sustainable water management goals.
The outcomes of this regional investigation underscore the crucial role played by WWTPs in enhancing urban water quality, which has broader implications for global water management practices. The concern of running treatment plants below their designed capacity raises issues about cost-effectiveness; nevertheless, the long-term benefits to community health and environmental sustainability should not be disregarded. This scenario emphasizes the significance of evaluating WWTPs based on their immediate operational measures and considering their broader contributions to societal and ecological wellbeing.
5 CONCLUSION
Based on this study, the following conclusions are drawn. The pH value of the canals after treatment was found to be in the alkaline range. Despite the presence of a wastewater treatment plant, pollution levels in the canals remain higher during the wet season than in the dry season, attributing to surface runoff from residential and agricultural areas and the potential intentional release of sewage to the canals by unserved city areas and entities. After evaluating the WQI of the sites, it can be concluded that Wendaru Lake has the highest WQI value of 53, followed by the Boo Streamlet, with an average value of 49.6. Wan Streamlet has a WQI of 46, while Wilgoda anicut has a value of 48. Based on this, it can be inferred that Wendaru Lake has relatively better water quality than the other sites, while Wan Streamlet has the poorest water quality. The comparison of water quality parameters with NAWQS categories indicates that most parameters are not within the acceptable range. However, after establishing the GKSTP, significant improvements have been observed, except for pH, TDS, and conductivity. The decrease in values of BOD5, TSS, temperature, salinity, and nitrate after establishing the treatment facility indicates an improvement in water quality. The calculated WQI also supports the observed improvement in water quality. Establishing a wastewater treatment plant has improved the WQI of canal water from 35 to 49, indicating that the treated wastewater has a better quality than the untreated one. However, the WQI still falls under the “bad” category (50 > WQI > 24), indicating that further improvements are necessary to achieve good water quality. The presence of unconnected sewage pipes in the network, particularly in the Wan Streamlet area, could contribute to the high level of pollutants in the canals. Therefore, appropriate remediation strategies should be developed and implemented to address these issues and improve water quality, in addition to the operations of WWTPs. It was found that although a significant investment is made to treat wastewater, the expected improvements in wastewater treatment are not achieved due to the partial connectivity of the pollutants in the city. This situation hampers progress toward achieving the SDGs by limiting the availability of clean water for farming and failing to improve health and wellbeing by enhancing water quality compared to the conditions that prevailed prior to the establishment of the facility. Hence, underutilization of the treatment plant, lack of coverage of the whole city by the sewage treatment system, and the limited use of stormwater management techniques are significant challenges that need to be addressed to improve the effectiveness of the treatment plant. Urban areas face similar obstacles in maintaining water quality due to escalating pollution. Therefore, efficient wastewater treatment is crucial to prevent the quality deterioration of water bodies, safeguard aquatic ecosystems, and ensure the availability of safe water for human consumption. The main objective was to identify the challenges faced by the WWTP and suggest feasible solutions to achieve the intended improvements in water quality. The findings of this investigation support the implementation of a comprehensive assessment framework for WWTPs, which considers not only their operational capacity but also the extensive environmental and public health advantages they offer. Moreover, this study underscores the importance of ongoing monitoring and adaptive management to tackle seasonal and location-specific pollution variations. The persistent challenges related to parameters like pH, TDS, and conductivity identified in this research indicate common global issues. Resolving these challenges necessitates the development of innovative technologies and the adoption of integrated water management approaches that can be tailored to specific local conditions. While the establishment and maintenance of WWTPs entail significant investments, their critical role in preserving water quality and bolstering community resilience cannot be overstated. The insights gained from this localized investigation contribute valuable insights to the global conversation on sustainable water management, advocating for the strategic deployment and optimization of wastewater treatment infrastructure to achieve long-term environmental and public health objectives.
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Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7
Conductivity (uS/cm) 131 £ 617" 1967 £ 12,6 3764 + 367 2794 £ 33.1° 3938 + 30,14 3099 + 27.2* 2924 + 247
Salinity (PSU) 0.06 £ 0.003* 0.09 £ 0.006" 0.19 £ 0.025¢ 0.13 £ 0.016° 0.18 % 0.009° 0.15 £ 0.013¢ 0.14 £ 0012

Temperature °C
pH
BOD; (ppm)
TDS (ppm)
TSS (ppm)
Nitrate (ppm)
DO (ppm)
€OD (ppm)

Pressure (psi)

2679 £ 0314°
7.19 £ 0.101°
7.28 + 108
65.58 + 3.06"
1583 £ 677
0.134 £ 0,068
3.68 +0.319°
847 + 114°

14401  0.008"

25.93 + 0.484*"
7.79 £ 0.165"
838 + 146"
98.17 + 6.24"
250 + 552°
0.045 £ 0.020*
6.07 £ 0877
65.7 + 15.2°¢

14.459 + 0015"

27.04 + 0.406°
7.79 £ 0,147
10.64 £ 3.16°
206.3 £ 25.3°
17.08 + 33"

0.874 £ 0214°
615+ 0412
55.5+ 11.6°

14466 £ 0.016"

25.84 + 0308
7.68 + 0.148°
1041 + 158"
1395 £ 16.6°
2608 + 8.54™
0.346 + 0.094"
529 + 0.626°
833 + 13.4%

14.448 + 0.008"

2605 £ 033"
7.67 +0.122°
1691 £ 4.52°
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393 £ 10.1°
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2589 + 0.36™
7.6 + 0.100°
945 + 2.15°
1549 + 13.6*

3233 £ 8.83%

0.370 £ 0.076"
408 + 0.671°
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14454 £ 0.013°

26,57 + 0.314%
7.74 £ 0123
135 £ 3.26°
146.3 £ 124
23.08 + 3.83"
0301 + 0,025
373 £ 0520°
50.7 £ 15.1°

14462 £ 0.013°

Note: values are presented as the mean * SE. Different superscript letters in a row show significant differences (p < 0.05) at a 95% level of confidence based on the GLM, followed by Tukey's

ise comparison.
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September October Novemb cembe! January February

Conductivity (S/cm) 2021 £183° 3636 £ 37.1° 2253 + 208" 2446 % 18.8° 3019 £ 417 3592 £ 303°
Salinity (PSU) 0090008 | 0170018 olloolr | 0110009 014 £ 0017° 0.18 £ 0.022°
Temperature °C 2745 + 0.276° 27.31 £ 0.264° 2687 £ 0,052 25.68 + 0.061° 2453 + 0173 25.98 + 0324
pH 843 £ 0133 7.12 £ 0.061¢ 7,69 £ 0,05 753 £ 0.047° 752 £ 0.076" 7.59  0.042°
BOD; (ppm) 2144 £ 385" 1118 + 1.36* 504 £ 0,663 3Ms038r | 1532525 86650965

TDS (ppm) 100.93 + 9.07* 1821 £ 18.6° 1138 £ 107° 12243 £ 9.1° 1492 + 203¢ 193.8 + 220

TSS (ppm) 3929 £ 9.38° 1707 £ 3.51° R P 1129 %3 607 £ 126"
Nitrate (ppm) 0269 + 0.066" 0.378 £ 0.098% 0.154 £ 0.041° 0.192 £ 0.046" 0438 £ 0.132° 0635 +0.179"
DO (ppm) 5.85 +0.612' 245 + 0522 622 £ 0.483¢ 539 + 0342 482 % 0.642° 278 + 0374
COD (ppm) 14076 £ 5.2 68.06 + 9.78° 383+ 127 53.9 £ 109 2225 £ 352 45.67 £ 5.37°
Pressure (psi) A 000 | 14486 £ 0.005° 14507 £ 0011 1439 £ 0.004* LAISE 0005 | 14436 £ 0005

Note: values are presented as the mean + standard error (SE). Different superscript letters in a row show significant differences (p < 0.05) at a 95% level of confidence based on the GLM, followed
by Tukey’s pairwise comparison.
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