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ABSTRACT

In low- and middle-income areas, we developed the Water Quality and Safety (WQS)
hybrid technique to evaluate drinking water quality and related knowledge, attitudes, and
practices (KAP). The methodology integrates subjective and objective data, addressing
biological, physical, and chemical aspects. Our findings show that household (HH)
treatment significantly increased turbidity from 2.75 NTU to 5.36 NTU, further rising to
6.5 NTU with additional chemicals. Conductivity slightly increased, and the oxidation-
reduction potential (ORP) decreased. pH levels remained within acceptable ranges.
According to public perception, 81% of respondents treat their water primarily due to
health concerns, emphasizing the need for ongoing water quality management and
education. Therefore, this useful technique enables the generation of significant insights
that can inform the implementation of effective sustainable development programs. We
evaluated and analyzed a specific community in Bhilai City, Chhattisgarh, India, to
determine the effectiveness of this method.

Keywords: Water quality, Integrated approach, Water Quality and Safety,
Physiochemical aspects, KAP
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Abbreviation

WQS Water Quality and Safety

KAP Knowledge, attitudes, and practices
HH Household

NTU Nephelometric turbidity units
ORP Oxidation-reduction potential
mg/L Milligrams per liter

NTU Nephelometric turbidity units
SDG Sustainable Development Goal
WHO World Health Organization

POU Point-of-use

JIMP Joint Monitoring Programme
MICS Multiple Indicator Cluster Surveys
TDS Total Dissolved Solids

IQR Interquartile range

MPN Most probable number

BIS Bureau of Indian Standards
INTRODUCTION

Ensuring universal and equitable access to clean and inexpensive drinking water by 2030
is the aim of the United Nations' sixth Sustainable Development Goal (SDG 6). To
achieve this goal, it is critical to closely monitor the quality and availability of water
obtained and used by economically disadvantaged households. Previous interventions
implemented by government agencies, private corporations, and public organizations in
underdeveloped countries have often failed to be sustainable, mostly because they lacked
a complete approach and did not adequately include the end-users (Ramesh et al., 2016;
Chaudhari et al., 2022; Chaudhari et al., 2021). When properly structured, effective
surveillance can facilitate the measurement of advancements, guarantee responsibility
and openness, detect and resolve problems, and potentially shape the formulation of new
objectives and benchmarks. Hence, it is crucial to continuously develop and modify
monitoring mechanisms to effectively tackle the diverse issues associated with SDG 6
(Khan et al., 2017; Ramesh et al., 2017; Charles et al., 2020; Verma et al., 2024).

Access to safe drinking water is essential for maintaining public health (Remini, 2010;
Ayari and Ayari, 2017; Aroua, 2022; Aroua, 2023; Thsan and Desroya, 2024). However,
over 2 billion people worldwide still lack access to safely managed drinking water
services, according to the World Health Organization (WHO) (WHO, 2010).
Contaminated water sources pose significant health risks, as they can carry pathogens and
pollutants that lead to diseases like cholera, dysentery, and typhoid fever, particularly
prevalent in low-income regions (Amrose et al., 2015; Adjagodo et al., 2016; Baba
Hamed, 2021; Patel et al., 2023).
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In these areas, challenges related to water quality are intensified by factors such as
inadequate infrastructure, limited access to advanced water treatment technologies, and
frequent contamination of water sources (Faye, 2017; Glade and Ray, 2022; Surati et al.,
2022). Conventional water quality assessments often rely on single-parameter tests or a
limited set of indicators, which may not fully capture the complexity of water quality
issues or address the specific needs of these communities (Gordon et al., 2020; Li and
Wu, 2019; Patel et al., 2023).

An integrated approach to water quality assessment merges various methods and
perspectives to offer a more comprehensive evaluation of water safety (Rouissat and
Smail, 2022; Mohamad et al., 2024). This approach considers chemical, biological, and
physical aspects of water quality and includes community involvement to ensure that
assessments are both relevant and actionable (Laghzal and Salmoun, 2014a; Ramada et
al., 2023). By combining multiple assessment methods and engaging local stakeholders,
this approach aims to overcome the limitations of traditional methods and enhance the
overall effectiveness of water quality management (Pandey et al., 2022; Kouloughli and
Telli, 2023).

Over several decades, the monitoring of water quality in low-income areas has changed
(Bartram et al., 2014). Usually, these endeavors depend on either data collected through
self-reported surveys or direct measurements, with minimal coordination between the two
approaches. Measurements frequently prioritize the assessment of microbiological
pollution, specifically Escherichia coli, and typically concentrate on the water source's
quality (Laghzal and Salmoun, 2014b; Tir et al., 2017). Evaluation of home-consumed
water, sometimes referred to as "point-of-use" (POU) water, receives relatively less
attention. For instance, a comprehensive analysis found that only 15% of studies observed
the water stored in households, and only 7% evaluated both the source and point-of-use
(POU) water, even though the microbiological quality can differ greatly between the two
(Bain et al., 2014; Gundry et al., 2004; Wright et al., 2004). Household surveys often
prioritize doing sanitary inspections and categorizing water sources into different
classifications, such as "improved sources." However, Bain et al. (2012, 2014) have
criticized this methodology for its inadequate comprehensiveness.

In the same sample, there has historically been limited integration of physical
measurements with household survey data. The 6th edition of the Multiple Indicator
Cluster Surveys (MICS), created by the World Health Organisation (WHO
2022)/UNICEF Joint Monitoring Programme (JMP), now encourages the gathering of
both types of data from the same home at the same time. Numerous areas have previously
employed this strategy. Khan et al. (2017) in Belize and Moreno et al. (2020) in Ecuador
conducted significant instances of effective application of this integrated approach.

We developed the WQS to supplement and bolster ongoing initiatives aimed at
establishing a comprehensive strategy for monitoring water quality. Our tool
distinguishes itself in three notable ways:
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Firstly, it encompasses not only biological data but also chemical and physical evaluations
of water quality. This comprehensive strategy tackles the changing circumstances of
health concerns associated with water, specifically in middle-income nations where there
is a rising level of pollution from agriculture and industry, but microbiological
contamination may be decreasing. Furthermore, the WQS collects both subjective
(reported by households themselves) and objective (based on measurements) evaluations
of water quality, as well as data on households' knowledge, attitudes, and practices
(KAP). This allows for an assessment of whether families can effectively recognize
pollutants and the corresponding health hazards in comparison to the actual assessed risks,
thereby aiding in the development of targeted educational interventions. Furthermore, it
assesses the importance of subjective evaluations, which may lead to the development of
more economical monitoring methods on a large scale. Finding the relevance of
subjective evaluations could potentially reduce the need for expensive physical
measurements.

Furthermore, the WQS monitors the water quality starting from its collection at the
source, whether it is a public or private source, and continues to follow it throughout
storage and any treatment procedures. It measures the water's quality both at the
beginning and end of the process. Although it is uncommon to do so for non-microbial
indicators, it is essential to identify the origins of contamination and develop appropriate
remedies. For instance, it assists in determining whether contaminants originate from the
original water supply or enter through domestic storage methods, and whether household
remedies are effective and suitable.

PROBLEM STATEMENT

Current methods for assessing drinking water quality often depend on isolated techniques,
which may not provide a complete view of water safety, particularly in low-income
settings where water quality issues are complex and multifaceted. Traditional approaches
might concentrate mainly on a narrow set of parameters, such as bacterial contamination
or chemical pollutants, without considering the broader context or including community
perspectives (Nare et al., 2011).

In resource-limited settings, there is a critical need for a more integrated and
comprehensive approach to water quality assessment. Developing a framework that
incorporates various assessment methods such as chemical analysis, biological testing,
and physical measurement alongside community feedback could offer a more accurate
and actionable understanding of water quality issues.
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OBJECTIVE OF THE STUDY

The main objectives of the present study are:

1. Design a comprehensive framework that combines chemical, biological, and physical
methods for evaluating drinking water quality, while also integrating community
feedback to enhance its relevance and applicability.

2. Implement the integrated assessment approach in selected low-income communities
to determine its effectiveness in identifying and addressing water quality issues.

MATERIAL AND METHODS
Overall structure of the system

We devised the data collection procedure by conducting pilot studies and experimenting
with actual field settings. A cooperative team of students and faculty members carried out
the live-in-lab concept. The study employed a participatory rural evaluation methodology,
which included on-site visits, discussions about ideas, and questionnaires (Kadiveti et al.,
2019). The procedure combines household surveys with water-quality data obtained from
communal sources and household "point-of-use" (POU) settings. An on-site assessment
was conducted to evaluate the physical characteristics of water quality, while samples
were taken and transported to a laboratory for biological and chemical investigations. All
public sources of drinking water in the town, including natural bodies of water, wells, and
accessible taps (whether publicly held or privately owned but available for purchase),
underwent a comprehensive assessment during the first stage. This assessment involved
mapping and testing these sources for various physical (on-site), chemical, and biological
(laboratory) attributes.

During the second phase, a selection of houses was visited, and surveyed, and their water
tested for identical parameters. We surveyed the household members responsible for
supplying potable water. If this individual was not accessible, the survey was carried out
at the adjacent residence instead. Each visit to a household had a duration of around 20
minutes, which encompassed the survey, on-site testing of water quality, and preparation
of samples.

Water quality testing

We specifically developed the water-quality tests to collect crucial local indicators using
methods that are practical for a mobile team of enumerators with minimal training. Water-
We conducted water-quality tests at community sources and within residences,
categorizing them into three groups: physical, chemical, and biological (Table 1). The
variables examined:

Oxidation-Reduction Potential (ORP): This quantifies the water's ability to undergo
oxidation or reduction reactions. Experts consider a measurement of oxidation-reduction
potential (ORP) over 200 mV as a reliable indicator of high-quality drinking water.
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Turbidity: Turbidity is the result of suspended particles in water that decrease its clarity.
We quantify it by measuring the light scattering these particles cause. It functions as a
rapid and cost-effective measure to detect possible pollution, and it is efficient in
monitoring the quality of water from its source to the point of consumption. The World
Health Organisation (WHO) has established a turbidity level of 1 NTU. However, Reddy
(2023) states that the permissible limit in India is 5 NTU.

pH: This parameter is of utmost importance in water treatment and has a direct impact
on distribution system corrosion. The World Health Organisation stated in its 2011 edition
that monitoring pH is an essential component of operational schemes that guarantee the
quality of water.

Water temperature: Water temperature has an impact on other factors, including
density, solubility, and the speed at which certain reactions occur in water.

Total Dissolved Solids (TDS): TDS measures the collective presence of ions in a
solution. The World Health Organisation (WHO) sets the maximum allowable limit for
total dissolved solids (TDS) at 300 mg/L. In contrast, India's guidelines permit TDS levels
of up to 500 mg/L, and in situations where alternate sources are not available, levels of
up to 2000 mg/L are considered acceptable.

Alkalinity: The World Health Organization (WHO) and Indian norms define the limit for
alkalinity as 200 mg/L of CaCO3.

Hardness: The amount of dissolved minerals in the water determines the classification
of water hardness. We classify it as soft (0—60 mg/L), moderate/hard (60—120 mg/L), hard
(120-180 mg/L), and very hard (>180 mg/L). Excessive amounts of calcium and
magnesium in hard water can have negative effects on health, as stated by the World
Health Organisation in 2010.

Iron: Iron affects the flavor of drinking water as well as how users perceive it

Ammonia: Ammonia is an indicator of potential contamination from bacteria, sewage,
or animal waste, and it presents health hazards (Akpor and Muchie, 2011).

Coliforms and E. coli: These are important markers for assessing water safety and public
health (Bain et al., 2014).

We performed several tests on-site, while others required off-site laboratory examination
of 500 mL samples from both treated and untreated water sources. In addition, a portion
of the population had 500 mL samples examined at a different location to detect the
presence of E. coli and coliforms, as these tests are more expensive. Prospective users of
the WQS can modify the recorded water-quality metrics to suit their specific requirements
and location-specific circumstances.
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Table 1: Water quality parameters as per Baird et al. (2017)

Parameters Measurement method Standard limits
Oxidation-reduction On-site measurement >200 mV for good drinking water
potential (ORP)

Turbidity On-site measurement WHO: <1 NTU, India: <5 NTU

pH On-site measurement 6.5-8.5 general standard

Water temperature On-site measurement No specific limit; typically measured to
monitor effects

Total dissolved solids On-site measurement WHO: <300 mg/L, India: < 500 mg/L,

(TDS) Absence of alternative source: < 2000
mg/L

Water hardness On-site measurement Soft: 0-60mg/L, Moderate/Hard: 60-

120 mg/L, Hard: 120-180 mg/L, very
hard: > 180 mg/L

Iron On-site measurement WHO and India: varies by taste and
color standards

Ammonia Laboratory analysis WHO: £ 0.5 mg/L (Drinking water)

Coliforms Laboratory analysis WHO: None detected in 100 mg/L
(Drinking water)

E. coli Laboratory analysis WHO: None detected in 100 mg/L
(Drinking water)

Detailed survey description
Demographic and socioeconomic status

The survey aims to collect comprehensive demographic and socioeconomic data to gain
insights into a population's features and living situations. The survey encompasses
inquiries regarding age, gender, ethnicity, education, employment status, income levels,
household composition, and housing circumstances. The objective is to examine patterns
and connections between socioeconomic position and different demographic
characteristics, offering insights into inequalities, resource availability, and overall
welfare. The survey findings will assist policymakers and organizations in formulating
focused policies and initiatives to enhance the standard of living and mitigate disparities
within the community.

Water Sources
The water source survey aims to determine the main and secondary sources of water used
by households. The data collection process encompasses a wide range of sources, such as

piped water, shallow and deep wells, boreholes, rivers, lakes, rainfall harvesting, and
bottled water. The survey also examines the accessibility, quality, and dependability of
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these sources, including factors such as their proximity to the nearest source, the duration
required to gather water, and any fluctuations that occur due to different seasons.
Furthermore, it examines water treatment methodologies and the frequency of water
scarcity. The gathered data will provide valuable insights for the development of policies
aimed at enhancing water supply infrastructure and guaranteeing universal and
sustainable access to safe water.

Household treatment

This module investigates whether respondents utilize the water from their primary
household source and, if yes, how they do so. Possible treatment procedures encompass
boiling, straining, incorporating chemical or herbal compounds, or employing
commercial filters. We meticulously question participants about their specific treatment
methods, including the duration of boiling or settling, the specific vessel they use, and the
compounds they introduce. The purpose of these questions is to identify critical factors
in the treatment process that may impact the quality of the water. We also take
photographs of the treatment equipment.

Throughout this module, participants are also asked to permit enumerators to gather water
samples from both the source (referred to as "untreated household water") and the treated
point-of-use (POU) drinking water (in families that use treatment methods). We then
examine the samples for the markers listed in Table 1 and provide further details in
Section 2.

RESULTS AND DISCUSSION
Water quality and household treatment

Fig. 1 depicts a boxplot that visually represents the interquartile range (IQR), which
encompasses the middle 50% of the data and excludes any outliers. The black horizontal
line inside the box represents the median value. The whisker lines extend from the lowest
to the highest data points, eliminating any outliers depicted as empty dots. Fig. 1 shows
that the median water turbidity was 2.75 NTU when there was no household treatment.
However, the application of household treatment led to an increase in turbidity to 5.36
NTU. After undergoing HH treatment and adding additional compounds, the median
turbidity increased to 6.5 NTU, with the highest recorded value reaching 15 NTU. This
indicates that adding substances resulted in an elevated level of turbidity. The majority of
turbidity outliers were located above the upper whisker line. Clay, silt, precipitated iron
compounds, and other rock erosion byproducts, along with organic matter and microbes
found in water bodies, commonly cause elevated turbidity in groundwater. Increased
turbidity levels can also occur due to decreased groundwater volume or pollution from
unclean faucets or storage tanks.
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Fig. 2 shows the electrical conductivity of the water source, with medians of 207 pS/cm
without household (HH) treatment and 210 uS/cm with HH treatment. The interquartile
ranges for untreated water were found to be around 136 and 222 pS/cm, whereas for
treated water, they ranged from 153 to 331 pS/cm. These results indicate that the
conductivity range in the treated water samples was wider, regardless of the presence of
additional compounds. The mean conductivity was 186 uS/cm before treatment and
increased to 272 puS/cm after treatment, indicating elevated levels of dissolved salts in the
treated water, notably due to the introduction of additional compounds. In addition, the
temperature of the drinking water increased to 50 °C, as opposed to 37 °C for untreated
water, which can also impact the concentrations of dissolved substances.
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Figure 1: Whisker plots for the turbidity parameters illustrating household

treatment
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Figure 2: Whisker plots for the conductivity parameters illustrating household
treatment
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For the Oxidation-Reduction Potential (ORP) shown in Fig. 3, the range for 50% of values
was 325 to 403 mV without household (HH) treatment and 194 to 393 mV with HH
treatment, with medians of 395 mV and 314 mV, respectively. The median ORP value
decreases with HH treatment when substances are added, although the average ORP
remains relatively constant.
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Figure 3: Whisker plots for the ORP parameters illustrating household treatment

In terms of pH, as depicted in Fig. 4, the values ranged between 7.4 and 8.2 without HH
treatment and between 7.7 and 8.21 with HH treatment, with medians of 7.6 and 7.9,
respectively. The pH ranged from 6.5 to 8.5 in both cases, all within acceptable regulatory
limits.

The mean coliform levels, determined using the most probable number (MPN) technique,
were 1604 MPN/100 mL (n = 6) in the absence of hand hygiene (HH) treatment, and 1544
MPN/100 mL (n = 33) with HH treatment. These numbers indicate that biological agents
have polluted the water, rendering it unsafe for consumption without additional
disinfection measures like chlorine or UV treatment. Notably, we documented the
presence of E. coli in 0 out of 6 samples without treatment and 9 out of 24 samples with
HH treatment. This indicates that the applied treatments, which probably involved boiling
and potentially other techniques, did not yield water that is considered safe. This could
be attributed to variables such as the length of time the items are stored, how they are
handled, or the state of the containers being used, which may not be sufficiently addressed
or managed. The data does not provide information on whether different treatment
strategies differ in effectiveness or if traditional approaches help enhance water quality.

Indications of water quality
Next, we will examine the connections between participants' subjective assessments of

their water and the measurable physicochemical markers acquired by the WQS tool. The
objective of this analysis is to evaluate the extent to which respondents' subjective
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assessments of water quality accurately correspond to the measured values. This
information can be valuable for implementing cost-efficient, widespread water
monitoring efforts. First, we will analyze the association between subjective evaluations
of water safety. Then, we will analyze the correlations between various subjective
markers, such as color, smell, and hardness, and their corresponding physical
measurements.
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Figure 4: Whisker plots for the pH parameters illustrating household treatment

Out of the respondents, 81% stated that they do not consume untreated source water at
home. However, only 63% of them attributed this behavior to concerns about getting sick.
On the other hand, 14% of participants cited "habit" and "established routines" as reasons
for not eating untreated source water (data not displayed). Fig. 5 displays the range of
respondents' subjective evaluations of their water safety using a Likert scale, as
documented by Ajith et al. in 2023. Fig. 6 depicts the probability of receiving a positive
evaluation (such as very good, good, or satisfactory) for families who either treat or do
not treat their source water. In general, the initial judgments of water safety were largely
dissatisfactory. However, the majority of respondents reported a significant improvement
in water quality to a satisfying level after implementing their chosen treatments.
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Table 2: Presents the findings of the physicochemical analysis (WHO-Edition, F.
2011; BIS-Reddy, 2023).
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Figure 6: With and without household (HH) treatment
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Measured Physiochemical Indicators

The comparison of water quality parameters between "Good" and "Bad" water samples
(Table 2) reveals the following:

1.

Turbidity: The turbidity levels in both water types are close, with averages of 1.6
NTU for good water and 2.4 NTU for unsafe water. The t-test result (0.410) shows no
significant difference. Although "good" water meets the WHO's acceptable turbidity
limit of 1.5 NTU, "bad" water exceeds this limit but remains within the BIS (Reddy,
2023) permissible limit of 5 NTU.

pH: Good water has a higher average pH (7.5) than bad water (7.1), indicating a
significant difference in pH levels (p-value = 0.0061). Both values are within the
acceptable pH range of 6.5-8.5 set by WHO and BIS (Reddy, 2023).

Conductivity: Conductivity levels are similar between excellent and bad water, with
a t-test result of 0.352 indicating no significant difference. Both samples are well
below the WHO's acceptable limit of 1500 puS/cm.

Total Dissolved Solids (TDS): TDS levels are slightly higher in contaminated water
(185 mg/L) compared to excellent water (162 mg/L), but this difference is not
statistically significant (p-value = 0.301). Both values are close to the BIS (Reddy,
2023) acceptable limit of 500 mg/L, with "bad" water approaching the BIS (Reddy,
2023) permissible limit of 2000 mg/L.

Oxidation-Reduction Potential (ORP): There is no significant difference in ORP
values between good (385 mV) and bad (350 mV) water, and ORP data do not have
specific limits provided by WHO or BIS (Reddy, 2023) for comparison.

Total Hardness: There is a significant difference in total hardness, with bad water
(132 mg/L) significantly harder than good water (80 mg/L). The p-value of 0.084
indicates a trend towards higher hardness in bad water. "Bad" water exceeds the BIS
(Reddy, 2023) acceptable limit of 200 mg/L, but it remains within the BIS permissible
limit of 600 mg/L.

Alkalinity: Alkalinity is higher in undesirable water (92 mg/L) compared to good
water (73 mg/L), though the difference is not statistically significant (p-value =
0.121). Both values are within the BIS (Reddy, 2023) permissible limit of 600 mg/L,
but they exceed the BIS (Reddy, 2023) acceptable limit of 200 mg/L.

CONCLUSION

The assessment of water quality parameters demonstrates notable changes following
household (HH) treatment. Without treatment, the median turbidity level was 2.75 NTU.
After HH treatment, turbidity increased to 5.36 NTU; with the addition of chemicals, it
further rose to 6.5 NTU. This significant increase in turbidity highlights the impact of
additional compounds on water clarity, with many data points surpassing the maximum
threshold. However, electrical conductivity also showed a slight increase, with the median
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rising from 207 pS/cm before treatment to 210 pS/cm after HH treatment. The treated
water exhibited a broader range of conductivity values, suggesting elevated levels of
dissolved salts, especially when substances were added. In addition, the oxidation-
reduction potential (ORP) decreased from a median 0of 395 mV to 314 mV post-treatment,
indicating a reduction in the water's oxidative capacity, though the average ORP remained
relatively stable. While, the pH levels in both treated and untreated water were within
acceptable ranges, with treated water ranging from 7.7 to 8.21 and untreated water from
7.4 to 8.2. There was a noticeable increase in median pH values with HH treatment.
However, the public perception reveals that 81% of respondents treat their source water,
with 63% citing illness concerns and 14% mentioning habit as reasons. Hence, these
findings underscore the significant effects of HH treatment on turbidity, conductivity, and
pH, highlighting the importance of continuous water quality management and public
education.

Scope and limitations of the study

This study concentrates on developing and implementing an integrated approach to
drinking water quality assessment within low-income settings. It will not address high-
income or industrialized areas, and certain limitations may affect the research, including
resource constraints, local infrastructure, and diverse community dynamics.

1. Resource Constraints: Limited access to advanced testing equipment and trained
personnel in low-income settings may impact the implementation and effectiveness
of the integrated approach (Mishra et al., 2021).

2. Data Variability: Water quality data may vary significantly based on local sources,
contamination levels, and community practices, potentially affecting the applicability
and generalizability of the results (Schuwirth et al., 2018).

3. Community Participation: The effectiveness of the integrated approach may be
influenced by the extent of community engagement and cooperation, which can differ
across communities (Glasgow et al., 2004).
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