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Abstract: Granting access to drinking water has been a challenge because 47% of the worldwide
population is not connected to a drinking water distribution network in rural settlements. This
study aimed to evaluate the contaminant removal efficiency in a conventional water treatment fa-
cility in the Austro region of Ecuador, Paute, to identify the treatment units requiring hydraulic
resizing. Water samples were collected from each treatment unit to characterize the physical-chem-
ical and microbiological parameters, and the dimensions of the treatment ponds for hydraulic eval-
uation purposes. Water hardness, electrical conductivity, SO4*-, and Fe?* were the main issues found
in the water, which failed to comply with Ecuadorian technical guidelines. The treatment units, such
as the flocculator, rapid sand filter, and storage tank, were resized to meet the demand of the future
population. In addition, the residual free chlorine was measured as insufficient in the community’s
tap water, showing an unprotected water distribution system to microbiological contamination. No
disinfection by-products were found despite the existence of biodegradable organic matter. The
findings of this research propose improvements in the deployed treatment practices to provide the
community with drinking water in accordance with the Sustainable Development Objectives (SDG
3 and SDG 6).
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1. Introduction

Water is essential to sustain life development on the planet. Nevertheless, 800 million
people do not have access to a water supply in 2022 [1-3]. Worldwide, fewer than 53% of
people living in rural and informal settlements are provided with drinking water [4,5],
triggering diseases and limiting their opportunities for economic development [6-9]. The
existence of drinking water facilities in rural communities, however, does not guarantee
production that complies with drinking water quality criteria and thresholds [10-14]. This
highlights the urgency of characterizing the water quality of the catchment bodies and
evaluating the performance and operations of drinking water systems to determine the
quality of the drinking water supplied to the population [15].

Various methods have been employed to characterize the water quality of surface
and groundwater sources [16-21]. For instance, remote sensing technologies have been
deployed to provide an estimation of a limited number of physicochemical quality indi-
cators of water bodies through the detection of visible bands obtained via satellite instru-
ments [22]. Elhag et al. [23], identified the colloidal suspension content in the Wadi Baysh
Lake in Saudi Arabia. In order to estimate the degree of reliability of the results collected
from the remote sensing-reflectance tool, daily turbidity monitoring was performed for a
period of two years. A correlation of 0.94 between colloidal content and turbidity was
calculated. Similarly, Martins et al. [24], employed the temporal variability of turbidity
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and water extent of the Sobradinho Dam, monitored over 4 years. It was determined that
the unsuitability of the dam for catchment water purposes was due to its poor quality.
Nevertheless, the limitation of this approach relies on the analysis of mainly optically ac-
tive parameters such as those responsible for the color of the water, colloidal matter, and
suspended sediments [25-31]. These studies show that experimental measurements are
mandatory to validate the results estimated by these evaluation tools.

Other investigations have computed the water quality index (WQI), to judge the po-
tabilization efficiency of rural drinking water treatment plants. The WQI is an algorithm
that synthesizes large amounts of water quality characterization data into a single quali-
tative performance indicator ranging from excellent to poor [17,32-38]. For example, Az-
zam et al. [33], reported that the WQI of the feed water in various Egyptian drinking water
facilities was in a medium category, resulting from its chemical and microbiological qual-
ity; namely, high concentrations of organic matter, dissolved oxygen depletion, and the
presence of fecal coliforms. The conducted treatment process improved the quality from
medium to good. According to Baloitcha et al. [17], the drinking water distribution system
in Juja, Kenya ranked as fair, due to the low concentration of residual chlorine, the pres-
ence of E. coli, and occurrences of scaling and corrosion in the water mains. On the other
hand, in Iraq, the performance of eight treatment plants was evaluated in terms of pollu-
tant removal by comparing the WQI at the plant inlet against the effluent quality [39].
Potabilization efficiencies of 6.0 + 4.5% were reported due to unforeseen domestic and
industrial discharges and saltwater intrusion. This mathematical approach allows a qual-
itative assessment of water quality. Nonetheless, robust statistics based on the characteri-
zation of treated effluent quality require repetitive measurements conducted over a pe-
riod of time, which represents a significant financial investment for low-income commu-
nities, which may not be a feasible option. Furthermore, it does not allow the identification
of specific issues in units within the water treatment plants, which is crucial to determine
pollutant removal requirements or maintenance needs.

There are few investigations that focused their assessment on the performance of po-
tabilization processes to identify quality issues at an early stage [40—42]. Ali et at. [41],
investigated the contaminant removal efficiency of flocculation, sedimentation, filtration,
and disinfection units in a conventional treatment plant in Iraq by measuring control var-
iables of a physicochemical nature, e.g., turbidity, pH, electrical conductivity, total dis-
solved salts, sulfates, calcium hardness, and magnesium. Similarly, Arrieta [42], diag-
nosed the condition of the treatment ponds of a rural potabilization system in Colombia
using field observations and information gathered from surveys of operating and admin-
istrative personnel to find hydraulic and sanitary issues. These investigations found that
improper selection of the treatment train according to the chemical and microbiological
quality of the catchment water, poor operation practices, and the absence of maintenance
were critical factors in the potabilization performance. While drawbacks of the treatment
processes are evidenced, it is rare to find studies that deploy appropriate assessment
mechanisms and present feasible proposals that do not impose economic and technical
constraints on the study area.

Commonly, rural drinking water treatment plants are not a priority for local author-
ities, leading to inadequate investment in essential equipment and monitoring facilities
for water quality testing [13]. Additionally, local staff with limited technical training are
responsible for making the day-to-day decisions on the operation of the drinking water
systems [43—46]. Therefore, control variables employed during the assessment of the per-
formance efficiency of the treatment units must meet the criteria of easiness of measure-
ment and interpretability, and a limited number of quality tests to quickly conclude the
operating status of the treatment ponds, the latter serving as a direct indicator of the ex-
penses incurred during the evaluation. Likewise, proposals to improve the potabilization
efficiency of the units should consider taking advantage of the existing treatment facilities
by recommending better operation and maintenance practices to overcome the “limited
technical training” challenge of rural plant operation. The upgrading of the hydraulic
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capacity of the treatment trains, in cases of poor performance and the inefficiency of treat-
ment units, may be another valid alternative.

In this context, this study aims to individually assess each treatment unit of the El
Descanso drinking water treatment plant, in a rural community of Ecuador, using easily
measured water quality control parameters, e.g., turbidity, electrical conductivity, pH,
dissolved oxygen, and organic content, as well as specific water quality indicators such as
Ca? and Mg? as CaCOs, residual Clz, Fe?, and SO+ to identify common issues in the
conventional treatment processes related to improper maintenance and the operation of
the units. Likewise, corrective actions are encouraged for the proper functioning of the
treatment processes. For example, using optimal dosing of treatment chemicals such as
chemical coagulant and chlorine concentrations. The hydraulic capacity of the treatment
ponds was evaluated for a design period of 20 years, where the hydraulic parameters of
the processes that do not supply the future demand were redesigned. The methodology
and the proposed technical solutions presented in this research will provide the technical
and timely identification of problems related to the efficiency of the treatment units dur-
ing the operation of a conventional drinking water treatment plant in low-income com-
munities. This contributes to Sustainable Development Goals No. 3: Health and Well-be-
ing and No. 6: Clean Water and Sanitation.

2. Methodology
2.1. Case Study Description

San Cristobal is a rural community of Paute, located in the northeastern area of Az-
uay province (Austro-Ecuadorian zone). San Cristébal has 1712 hectares, primarily used
for agricultural, livestock production, and extractive activities, including forestry and ag-
gregate extraction for building materials. The average elevation of San Cristobal is 2550 m
above mean sea level, and the temperature ranges from 12 to 20 °C, with annual rainfall
varying between 500 and 750 mm. April and October show the highest and lowest precip-
itation months, respectively [47].

“El Descanso,” the conventional drinking water treatment plant of San Cristobal, has
been operating for 14 years. This plant treated approximately 175,000 L d-! of groundwa-
ter in 2021, which was pumped from a 90 m depth well located 50 m away from the banks
of the Burgay River and transported through a polyvinyl chloride pipeline to the treat-
ment facility. This treatment plant was designed to remove colloidal material, hardness,
and microbiological agents. The treatment train starts with a pre-oxidation unit, using a
slat tray aerator, to remove ferrous iron concentration. Next, water is conveyed to the co-
agulation-flocculation basin, whereby the colloids increase their density and settle in the
sedimentation basin. After that, the outflow of the sedimentation unit is sent to the gran-
ular media filters, sand, and activated carbon, to further decrease the concentration of
turbidity and organic substances. Later, the softening filter is used to remove hardness.
The last step is the disinfection process, where pathogenic agents are inactivated using a
chlorine solution so as not to be distributed to the end users. However, the contaminant
removal efficiency from conventional water treatment plants is not well documented. Fur-
thermore, the design period of this treatment facility finished in 2021. Therefore, an as-
sessment of the hydraulic capacity of the plant is vital to ensure that the population’s wa-
ter demand is satisfied by acceptable water quality in the next decades.

2.2. Fieldwork

The field inspection was conducted in the dry season (October 2021) where the phys-
ical conditions of the treatment units were visually examined, and the basin dimensions
and the water flow were measured to assess the hydraulic capacity of the treatment facil-
ity. Water samples from the entrance and exit of each treatment unit were collected to
analyze the physicochemical and bacteriological parameters. Measurements of pH, elec-
trical conductivity (EC, uS cm), Total Dissolved Solids (TDS, mg L), Dissolved Oxygen
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(DO, mg L' Oz2), and temperature (T, °C) were conducted using a portable analytical probe
(HQ40d, HACH) calibrated against standard buffer solutions, and an electrical conduc-
tivity probe calibrated against a 1000 uS cm™ NaCl solution. In addition, turbidity was
measured using a turbidity meter (2100Q, HACH) that was calibrated against formazin
standard solutions of 20, 100, and 800 NTU, and this was verified with a 10 NTU formazin
standard solution. The turbidity measurements were useful to identify which treatment
units were not working, by computing the efficiency percentage of each process (sedimen-
tation, granular bed filtration stations: sand and activated carbon), accordingly.

Seven sampling points (n = 7) were selected inside the treatment facility as shown in
Figure 1: (1) At the plant inlet for evaluating the quality of the raw water; (2) after leaving
the aeration process-slat trays aerators; (3) after the sedimentation process once the coag-
ulation-flocculation process was completed to determine turbidity removal; (4) after each
of the filtration processes: sand bed filter, and (5) granular activated carbon filter to indi-
vidually evaluate the removal efficiency of organic matter and turbidity; (6) after the out-
put of the cation resin softening filter to estimate hardness removal due to calcium and
magnesium salts; and (7) after the disinfection process by chlorination in the treatment
facility to measure the concentration of residual free chlorine and the existence of micro-
biological contamination.
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Figure 1. Conventional water treatment units of El Descanso plant showing the selected sampling
points (grey bottles).

In addition, the residual effect of the disinfectant reagent (chlorine) was measured in
eight random domestic taps (Figure 2) to assess the efficiency of the chlorine dose applied
in the storage tank in accordance with the Ecuadorian technical guidelines [48].
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Figure 2. Measurement of the residual free chlorine concentration in the community water main.
The eight sampling points were selected from SP1 to SP8. The red frame on the inset shows the
study area of San Cristobal community.

The specifications of the Ecuadorian technical guidelines (INEN 2169) regarding the
sampling, handling, and conservation of samples, were followed during the collection,
conservation, and transportation of water samples. These were collected in polypropylene
containers for physicochemical analysis, amber glass bottles for organic material analysis,
and sterilized plastic containers for the microbiological test. The water samples were la-
beled, refrigerated, and transported in portable coolers, where the temperature ranged
from 0 to 5 °C, until they arrived at the laboratory. Table 1 shows the physicochemical and
microbiological analyses carried out at each sampling point at the water treatment plant
El Descanso.

Table 1. Physical-chemical and bacteriological parameters measured at the eight sampling points of
the treatment plant to evaluate the effectiveness of the conventional treatment units.

Sampling Point *

2 G @G (6

Analytical Parameter

pH -
Electrical conductivity
Total dissolved solids
Dissolved oxygen
Temperature
Turbidity
Biochemical Oxygen Demand
Ferrous iron
Calcium hardness
Magnesium hardness
Sulfate
Manganese
Aluminum
Total coliforms
Free residual chlorine
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*The eight sampling points were collected at: (1) raw water entrance; (2) aeration process; (3) sedi-
mentation basin; (4) sand filter and (5) granular activated carbon filter; (6) softening filter; (7) storage
tank.

2.3. Physicochemical and Bacteriological Analyses

The physicochemical and bacteriological analyses were performed at the Sanitary La-
boratory of ESPOL Polytechnic University. The Biochemical Oxygen Demand (BODs) was
measured according to the respirometric method (HACH method 10099) in the BODTrack
II, with a range of 0 to 700 mg L-1. These samples were incubated at 20 + 1 °C in a POLEKO
incubator over five days. Fe?* concentration was measured with the Phenanthroline
Method (HACH method 8146) with a UV-Vis spectrophotometer ranging from 0.02 to 3.00
mg L Fe. Before measurement, the spectrophotometer was calibrated using the standard
solution of 2.00 mg L' Fe?". The concentration of calcium hardness in the water samples
was determined using the ethylenediaminetetraacetic acid (EDTA) titration method
(HACH method 8222), ranging from 0 to 25,000 mg L' as CaCOs. Magnesium concentra-
tion Mg?* was computed by the difference after the analysis of total hardness, which was
obtained using a similar HACH titration method with EDTA (HACH method 10099). The
SO42- concentration was measured with the USEPA SulfaVer 4 method (HACH method
8051) with a UV-Vis spectrophotometer ranging from 2 to 70 mg L' SOs?. This measure-
ment was calibrated using the standard solution of 70 mg L-' SO4?-. Mn and Al concentra-
tions were measured using ion chromatography. For bacteriological analysis, 3M™ Petri-
film™ rapid aerobic count plates were used to estimate the colony-forming units (CFUs)
of total coliforms per unit volume in the water. This method used 1 mL of water that was
injected in the Petrifilm™ plate and incubated for 24 h at 37 °C. The presence of residual
free chlorine (hypochlorous acid and hypochlorite ion) measured in a random water sam-
ple was evaluated by the USEPA DPD method (HACH method 10245) using a UV-Vis
spectrophotometer and HACH reagents to determine free chlorine, ranging from 0.02 to
2.00 mg L.

2.4. Performance of the Conventional Treatment Units

Based on the physicochemical and bacteriological measurements conducted, the re-
moval efficiency of the conventional treatment units was individually computed. The
quality of drinking water supplied to the community was assessed by comparing it
against the acceptable limits established in the Ecuadorian technical guidelines for drink-
ing water quality, INEN 1108, and by the World Health Organization (WHO) [48].

2.5. Hydraulic Capacity Assessment and Resizing

Based on the information collected in the field inspection stage, the hydraulic capac-
ity of the plant, the design period of which finished in 2021, was evaluated to determine
whether the dimensions of the tanks and basins of each process met the criteria for a new
design period (until 2041). To estimate the new design flow and sizing criteria for conven-
tional water treatment units, two technical design literature were followed: the Ecuado-
rian Design Guideline for Drinking Water Supply Systems in rural zones, namely “Norma
CO 10.7 6027 [49], and the Design Standard issued by the Pan-American Center for Sani-
tary Engineering and Environmental Sciences (known by the acronym CEPIS, in Spanish)
[50].

2.6. Estimation of the Design Flow Rate

The design flow of the treatment plant is crucial for sizing each unit of the treatment
process. This flow depends on the estimation of the population growth rate and water
consumption data. The water consumption of the future population was determined from
the census data collected in the socioeconomic report of the San Cristébal community,
with information regarding the average number of members per household, monthly
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consumption of fresh water per water meter box, the consumption type, and whether res-
idential, commercial, or institutional, e.g., education facilities and medical centers.

According to the Ecuadorian standard, the population is projected by the geometric
projection statistical model with an annual population increase rate calculated using cen-
sus data from 1992 to 2020, obtained from the Ecuadorian Institute of Statistics and Census
[51]. Equation (1) is used to compute the future population using the geometric projection
model:

B,=P-(1+1)" )

where Py is the future population; P is the population per the recent census; r is the annual
population increase rate; 7 is the number of years of projection.

Equation (2) estimates the average daily water demand; this is a function of the pro-
jected population and the data of water allocation:

L >~ [Ls™] 2)

where f is the leakage factor whose value is 1.20 established by [49] for household con-
nections with more than one tap per house; Py is the projected population; D is the data
for water allocation in liters per capita per day.

Once the average daily water demand was estimated, the design flow was computed
to size the water treatment processes. Equation (3) is used to determine the treatment flow
rate, also known as the design flow:

Q=110-K-Qp[Ls ] )

where @ is the design flow; the factor 1.10 represents an additional 10% of the water de-
mand due to the maintenance process of the treatment units, such as backwashing and
pond cleansing; K is the peak demand coefficient obtained from the daily variation of
the water demand of the population in a year of operation, or if no information is availa-
ble, it is suggested to use the value of 1.25 [49]; and Q,, is the average daily water de-
mand.

2.7. Technical Criteria for the Design of the Drinking Water Treatment Processes
2.7.1. Hydraulic Flocculation System

The criteria for the design of a hydraulic flocculation system were adopted from [50].
The standard suggested designing a ‘horizontal’ hydraulic flocculation basin for small
water treatment plants, a plant with a design flow below 50 L s71. The design criteria for
the sizing of the flocculation tank are shown in Table 2. Since water exhibits high concen-
trations of hardness, the standard suggests using high-velocity gradient values for the
formation of floc during mild agitation.

2.7.2. Clarifier Basin

Regarding the technical aspects of the basin design, the requirements and recommen-
dations established in [50] were applied. Additionally, when selecting the materials for
the sedimentation modules, the guidelines published by the World Health Organization
(WHO) and the Pan American Health Organization (PAHO) were carefully studied to
minimize the risk of using carcinogenic materials. Some of the design criteria for the sizing
of the horizontal-flow plate settling basin with flocs based on aluminum sulfate coagulant
are shown in Table 2.

2.7.3. Rapid Sand Filter

Since the sand filter pond in the water treatment plant was oversized in comparison
to the treatment flow, it was resized according to the recommendations of [50] for the
design of a rapid sand filtration system. Factors such as the type of filter media, filtration
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velocity, inlet velocity, and type of suspension according to the physical features of the
media (volume, density, and size of the particle), among other variables that influence the
filtration process, were considered. The recommendations established in the standard can
be found in Table 2.

2.7.4. Storage and Chlorination Tank

The reservoir was intended to fulfill two functions: chlorination and storage. The
guidelines established in the Ecuadorian standard [49] were considered, stating that the
storage volume of the tank must reach 50% of the future average daily volume of water
consumption, and in no circumstances should it undergo less than 10 m?3.

Table 2. Standard parameters for designing conventional water treatment units established by the
Pan-American Center for Sanitary Engineering and Environmental Sciences [50].

Hydraulic Flocculator Clarifier Basin Rapid Sand Filter

Parameter

Unit Parameter Unit Parameter Unit

Hydraulic retention
time
Water level

Flow velocity

Velocity gradient

min Surfaceloading  5-60 m3m?d  Filtrationrate = 120-360 m3/m?¥d

m Width/length  1-4, 1-5 - Sand particle size 0.5-1.2 mm
010-08 m s Honzontzill—ﬂow <05 om &1 Sand bed thick- 0.6-1.8 m
velocity ness
200-300 s Nur.nber of set- 5 i Gravel bed thick- 30 om
tling units ness

2.8. Chemical Reagent Dosing
2.8.1. Coagulation Test

Coagulation experiments were performed on a flocculation apparatus (7790 PB-950,
Phipps & Birds), where rapid agitation was set to 100 rpm for 1 min, followed by a mild
agitation of 35 rpm for 20 min. Flocs were allowed to settle for 20 min. The coagulant was
prepared by dissolving 5 g of Al2(504)3:5H20 in 500 mL of deionized water, e.g., 0.023 M.

The test was conducted with different concentrations of the coagulant, e.g., 10, 20, 30
and 40 mg L, to choose a dose of chemical coagulant that reduced calcium hardness con-
centration and increased turbidity removal efficiency.

2.8.2. Chlorine Demand Curve

The breakpoint curve was constructed with the effluent from the softening process.
This water was treated at the lab-bench scale to reduce biodegradable organic content.
Thereby, coagulation-flocculation and filtration processes were conducted before chlorin-
ation. Water samples were dosed with NaClO as a chlorine source with concentrations
from 2.0 to 17.0 mg L' Clz. The contact time was 30 min. Chlorine measurements were
performed using a free chlorine portable photometer (HI 96701, HANNA Instruments) by
the DPD colorimetric method, with an experimental error of 3%. The instrument had a
measurement range from 0.0 to 5.0 mg L Cl.. When the chlorine concentration of the
samples went beyond the measurement limit of the equipment, the chlorinated water was
diluted 10, 20, and 50 times with deionized water.

3. Results
3.1. Characterization of the Feedwater Quality in the Treatment Plant

A high degree of mineralization was found in the feed flow groundwater of the con-
ventional water treatment plant El Descanso. This may be attributed to the Loyola Fm's
marine environment, composed of sandstones and siltstones and stratigraphically located
below the Azogues Fm [52]. The groundwater at the catchment source presented an elec-
trical conductivity of 1645 puS cm™, indicative of appropriate ions content. A total hardness
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content of 446 mg L' of CaCOs was measured, from which 376 mg L corresponded to
Ca? as CaCOs, while the remaining amount accounted for Mg?* salts. In addition, a high
content of SO«?~ of 490 mg L' was found in the groundwater catchment, but the maximum
acceptable concentration for drinking water is 200 mg L [48]. This SO4*- concentration
may occur naturally due to the mineralization of pyrite, chalcopyrite, and sphalerite. In
addition, a concentration of BODs of 61 mg L' Oz was measured, pointing at biodegrada-
ble organic contamination, which could result from anthropogenic activities. This type of
contamination seems not to be uncommon, as recent studies have reported organic con-
tamination affecting some Ecuadorian groundwater aquifers such as the Daule aquifer
[53], groundwater sources in Loja [54], and the Guayas hydrological basin [55].

Furthermore, a high concentration of Ca?" could tamper with the water distribution
pipelines. The presence of SO+~ could produce digestive disorders in the end-user popu-
lation [56,57] and also induce corrosion in the water treatment plant facilities. The exist-
ence of organic material and sulfate content could be problematic to remove if the treat-
ment facility does not have an installed technical capacity to treat these contaminants.

The groundwater feed had a pH ranging from 6.4 to 8.1, with a low turbidity concen-
tration of 1.3 NTU. The dissolved oxygen level was 2.6 mg L1 Oz due to limited interaction
with the atmosphere. The concentration of Fe? was 3.6 mg L, exceeding the maximum
acceptable limit of 0.3 mg L' Fe?* intended for household use [58]. Notably, a concentra-
tion of Mn was measured to be 0.97 mg L' in the groundwater catchment source, exceed-
ing the admissible concentration of 0.05 mg L-! [59]. High concentrations of Fe* and Mn
might contribute to a metallic or bitter taste in water, staining, scale, and corrosion [60—
62]. These findings corresponded well with the unpleasant water organoleptic properties
reported by inhabitants of the San Cristébal community.

3.2. Assessment of the Conventional Drinking Water Treatment Units
3.2.1. Slat Tray Aerators

The objective of the slat tray aerators is oxidizing Fe?* via gas transfer phenomena.
The oxidation efficiency of Fe?* in the aeration trays was calculated to be 32.6%. The tur-
bidity was measured as 1.3 NTU at the tray entrance and this increased to 10.6 NTU at the
exit of the tray. This may be the result of the lack of maintenance since the trays were
rusted where Fe was dissolved into water as colloidal iron [63-65]. Corrosion can be de-
fined as the oxidation of metallic iron, which releases iron in solution and produces iron
[66]. Sarin et al. [67] reported that corrosion degrades water quality by causing it to appear
rusty-colored, increasing chlorine demand, decreasing dissolved oxygen content, and
promoting the presence of biofilm on the pipe surface. The tray treatment method can be
inexpensive; however, it may cause turbidity formation [68]. For these reasons, in order
to protect water quality, the replacement of the current slat tray aerators is recommended
[69].

3.2.2. Alum Coagulation and Floc Sedimentation

It was found that although the turbidity concentration at the exit of the slat tray aer-
ators was 10.6 NTU, the water treatment plant operated a coagulation-flocculation system.
There, a concentration of 92.8 mg L of Al2(SO4)s as the alum-coagulant source was added.
This dose was added by gravity from the coagulant reservoir to the quick-mix spillway
for homogenization to occur. Increasing the dose of a coagulant beyond the solubility of
the formed metal hydroxides, e.g., A[(OH)s, is known to improve the removal efficiency
of the colloidal suspension by increasing the floc density and sedimentation rate [70-72].
However, thick lumps of unknown material were observed floating in the sedimentation
basin. In addition, it was reported that a high coagulant concentration might produce
foams similar to the agglutinating coagulum formations observed in the coagulation-floc-
culation basin [73], which may occur in this process due to the unnecessary high concen-
tration of added coagulant, e.g., 92.8 mg L.
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This coagulation-flocculation basin may be utilized for reducing calcium hardness
concentration. In this line, the addition of Ca(OH)2 was investigated to treat the hard wa-
ter. It was found that 200 mg L' Ca(OH): decreased the calcium hardness concentration
from 352 to 114 mg L' CaCOs; while as a side effect, the turbidity concentration increased
from 13.4 to 37.8 NTU. For this reason, the Jar Test experiment was conducted simultane-
ously by adding Ca(OH): for the purpose of hardness removal and alum coagulant to
decrease turbidity. Doses of Al2(SO4)s, ranging from 10 to 40 mg L1, removed turbidity
from 64 to 79%. The chosen Al2(504)3 dose was 10 mg L, reaching a colloidal suspension
removal efficiency of 63.5%. This coagulant concentration was around ten times lower
than the actual quantity of added chemicals in the plant and the residual Al content was
measured at 0.12 mg L in the output flow. Although the Ecuadorian technical guidelines
do not monitor this parameter in drinking water, the WHO has established a recom-
mended concentration of 0.2 mg L. Table 3 summarizes the results of the Jar Test exper-
iment, dosing alum, where no evidence of pH alteration was observed, though the elec-
trical conductivity increased from 1664 to 1772 uS cm!, which may have occurred due to
the dissociation of the aluminum sulfate to sulfate anions. It is essential to report that the
occurrence of SO« in water could deteriorate the coating of the reinforcing steel in the
treatment units, damaging the concrete and metal elements [73-75]. By simultaneously
performing coagulation and softening processes, with a fixed Al2(SO4)s concentration of
10 mg L, and different concentration of Ca(OH)z, an Increase in Ca(OH):2 consumption
was observed, e.g., 700 mg L' to remove 71.3 % of calcium hardness. A similar study [76]
reported the simultaneous effect of adding Al2(SOx4)s, Ca(OH)2, and NaOH to remove total
hardness. It was concluded that higher removal efficiencies of total hardness were
achieved with a high concentration of Ca(OH)2 when Al2(504)3s and NaOH were used as
coagulants. To exemplify, 30, 90, and 120 mg L' of Ca(OH): resulted in 18.3, 38.1, and
50.0% of removal efficiencies, respectively.

Table 3. Results of the Jar Test experiment for determining the optimal dose of alum-coagulant.

Dose o ECo EC: TUo TUs Efficiency
mgryy LLCl PHe pH [uS cm-1] [NTU] [%]
10 273 7.8 7.9 1664 1772 15.4 5.62 63.5
20 27.2 8.0 8.0 1657 1768 15.0 3.19 78.7
30 27.5 8.1 8.1 1656 1774 145 3.28 77.4
40 27.2 8.2 8.1 1654 1769 14.9 3.31 77.8

The contaminants removed as sludge through the adsorption capacity of the coagu-
lant [77] were settled in the sedimentation pond and disposed of weekly. However, there
was evidence of a decrease in the dissolved oxygen concentration from 6.33 mg L~ O,
measured at the entrance of the flocculation basin, to 3.04 mg L' Oz at the outflow of the
sedimentation pond. This decrease in O2 content may be associated with the degradation
and fermentation of the sludge occurring in the sedimentation pond [78-80]. Removing
the sludge from the sedimentation pond is recommended as soon as a large volume of
coagulation byproducts has accumulated. This removal, however, was not performed im-
mediately at the treatment plant but days later. Therefore, monitoring dissolved oxygen
concentration may be a suitable criterion for removing coagulation byproducts [81].

3.2.3. Filtration Units

The granular medium filtration process was carried out in a serial setup starting with
sand bed filtration, followed by an activated carbon media filter to further remove sus-
pended solids and organic contaminants. Then, the flow was conveyed to the water sof-
tener, where ion exchange occurred. This process aimed to decrease the Ca* and Mg
concentrations [82,83].
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The rapid filtration unit removed turbidity at a low level. The turbidity of each filtra-
tion pond remained reasonably constant, i.e., the sand filter and the activated carbon ex-
hibited a turbidity level of 0.2 NTU, and the colloidal suspension in the effluent from the
softening unit was 0.4 NTU. Similar results were highlighted at another water treatment
facility, where the rapid filtration process showed a turbidity content removal from 112.3
NTU to 0.71 NTU [84]. The removal efficiency of calcium hardness from granular filtration
was 40.68%, with the hardness concentration reduced to 210 mg L' CaCOs. However, it
was found that after water flowed into the cationic exchange softener, the calcium hard-
ness concentration increased to 358 mg L' CaCO:s. This occurred because the softeners did
not receive maintenance for over a year. Alternately, this occurrence may be attributed to
a lack of Na* ions in the softener. The cation exchange softening unit requires an approxi-
mate ratio of 3:1 mg of NaCl to remove hardness [85]. Nevertheless, the content of NaCl
added to the water softening system was 1.93 mg NaCl, failing to meet this requirement.
Furthermore, Fe? (3.6 mg L) and Mn (0.93 mg L) concentrations contributed to ineffec-
tive hardness removal due to clogging of the resin medium due to the lack of maintenance
of the exchange softener [86,87]. When this occurs, acid or sodium bisulfate is recom-
mended to clean the medium and alleviate iron and manganese fouling [88]. At this point
of the treatment train, the BODs concentration was measured at 48 mg L Oz, 21.3% less
than the concentration of the groundwater catchment source.

The maintenance of the water softener was carried out in the water treatment plant
around one year later after the initial diagnostic. As a result, the total hardness concentra-
tion decreased from 641 mg L' measured at the plant feed water to 75.6 mg L' measured
at the outflow from the softener. A summary of the main physical-chemical parameters
measured after the fully operative softener is shown in Table 4.

Table 4. Comparison of the results of the water quality parameters after the cation exchange soften-
ing process.

Analytical Parameter Units Raw Water  Outflow from Softener
Electrical conductivity [uS cm™] 1611 1946
Total Dissolved Solids [mg L] 1047 1265
pH - 7.21 7.85
Turbidity [NTU] 19.2 0.21
Calcium hardness 426 55.7
Magnesium hardness [mg L CaCO:s] 215 19.9
Total hardness 641 75.6

3.2.4. Disinfection Stage

During field inspection, it was observed that the dose of disinfectant reagent (sodium
hypochlorite) was performed empirically in the storage tank of 125,000 L. No total coli-
forms were detected, but the existence of other pathogens should not be discarded. The
concentration of residual free chlorine was found to be variable from one day to another.
For example, free chlorine was measured as 0.6 mg L on the first day of monitoring,
while the next day, it was 5 mg L. Since the addition of NaClO was manually conducted,
a proper homogenization of the disinfectant reagent might not occur due to the lack of an
agitation mechanism. The absence of agitation in the chlorination tank may result in over-
chlorinated areas and others with insufficient chlorine concentration, producing a poor
inactivation of pathogens [89]. In addition, the lack of technical knowledge may prevent
personnel from dosing the appropriate concentration of NaClO. The free chlorine concen-
tration measured at the community water taps ranged from 0.00 to 0.19 mg L, as Table 5
shows, not meeting the Ecuadorian technical guidelines, which established the minimum
and maximum free chlorine concentrations as 0.30 and 1.50 mg L' Cl, respectively, to
ensure a residual disinfection effect during the water distribution process. Similar results
have been found in rural water treatment plants [10]. Surveys conducted in 181 South
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African water potabilization facilities reported that 40% of the plants struggled to meet
the recommended target range of free chlorine concentration due to technical problems
and a lack of water quality monitoring [11].

Table 5. Concentration of the residual free chlorine measured in the tap water of households in the
community of Paute.

Free Residual Chlorine Content  Distance from the Treatment

Sampling Point [mg L CL] Plant [m]
— 0.05 1554
SP2 0.19 1631
SP3 0.10 1872
SP4 0.00 1923
SP5 0.00 2692
SP6 0.01 1452
Sp7 0.01 1048
Sps 0.02 1154

The BODs content was measured at the entrance (61 mg L) and the exit of the plant
(48 mg L). Since organic matter reacting with NaClO may induce the formation of disin-
fection byproducts (DBPs) [90], one water sample was collected from the storage tank to
analyze if the formation of some DBPs (bromoform, bromodichloromethane, dibromo-
chloromethane, and chloroform) occurred after the disinfection process was conducted in
the treatment plant. It was found that although BODs > 48 mg L, the concentration of
bromoform, bromodichloromethane, and dibromochloromethane were < 0.002 mg L,
and the concentration of chloroform was < 0.01 mg L-1. The Ecuadorian technical guide-
lines (INEN 1108) has established a bromodichloromethane concentration not higher than
0.06 mg L' and a chloroform content not higher than 0.3 mg L' for drinking water. This
is a positive result, as the concentration of bromodichloromethane and chloroform did not
exceed the levels determined by the Ecuadorian technical guidelines. Nonetheless, moni-
toring the DBPs precursors, such as organic matter and turbidity, is encouraged before
performing chlorination, as seasonal variation in the concentration of trihalomethanes
(THMs) has been identified in studies [91,92]. For example, the pre-chlorination and fil-
tration units were reported to perform negatively, regarding the removal of seasonally
influenced organic content, at a water treatment plant in northern China. Over a one-year-
long period, the formation of DBPs were evidenced [93]. Pre-chlorination was not recom-
mended in some studies, since it promotes the occurrence of THMs [94,95].

The demand curve at the breakpoint was constructed to establish the optimal dose of
disinfectant, as Figure 3 shows. Different concentrations of NaClO were added to filtered-
coagulated water. From the linear equation of the free chlorine demand curve (see inset
in Figure 3), a dose of 8.6 mg L' was computed to be optimal at a pH of 8.02. The ideal
pH should be acidic or neutral since better conditions for the hypochlorous acid formation
occurred [96-98]. Therefore, pH monitoring is important during the disinfection process,
but it is not conducted due to the lack of equipment handling training at the treatment
plant. Local operators of the drinking water treatment plant added ~3.0 mg L of NaClO
in the storage tank, empirically. Because this concentration was below the optimal dose,
the absence of DBPs after the chlorination process may be understood.



Sustainability 2023, 15, 1235

13 of 24

Residual Free Cl, (RF) [mg L]

25

20

15

10

20

16

12

R?=0.8709

RF =3.51xD - 30.16

Cl, dose (D) [mg L]

Figure 3. Constructed chlorine demand curve to determine the optimal dose of disinfectant reagent
at the breakpoint. The dash line represents the best linear fit to determine this optimal dose.

In summary, Figure 4 shows real pictures of each of the drinking water treatment
units, where some issues were easily identified by visual inspection. To exemplify, the
pumping station was surrounded by solid waste (Figure 4a), corrosion of slat tray aerators
is visible (Figure 4b), and the hydraulic flocculator pond presents thick lumps on the water
surface due to overdosing of the coagulant (Figure 4d), as discussed earlier. The remaining
units of the drinking water treatment train are presented, although treatment problems
were not readily detected.
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Figure 4. Individual units of the conventional drinking water treatment facility El Descanso. (a)
Pumping station; (b) Slat tray aerators; (c) Quick mix spillway; (d) Flocculation pond; (e) Sedimen-
tation pond; (f) Filtration basin; (g) Activated carbon and cationic resin filters; and (h) Storage tank.
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The water quality indicators estimated in the treatment outflow, such as total water
hardness, BODs, and free residual chlorine concentrations, did not comply with the local
and international water quality standards for water consumption, as shown in Table 6.
Although the water hardness meets the recommended threshold established by the WHO,
it does not qualify according to the Ecuadorian technical guidelines. Water hardness does
not represent a health problem for the population; however, it can degrade the condition
of the distribution systems and fittings. The low concentration of free residual chlorine
poses a potential threat to the microbiological safety of the water in the distribution net-
work [99].

Table 6. Comparison of the water quality parameters of the treatment outflow against the Ecuado-
rian technical guidelines and World Health Organization standards.

Water Quality Indicator Value INEN 1108 WHO
pH 8.0 6.5-8.5 -
Electrical conductivity (uS cm™) 1946 - 800
Total dissolved solids (mg L) 1265 1000 1000
Dissolved oxygen (mg L Oz) 5.7 6.0 -
Temperature (°C) 25 20-30 -
Turbidity (NTU) 0.2 5.0 5.0
Biochemical Oxygen Demand 48 ) )
(mg L' BODs)
Ferrous iron (mg L Fe?) 3.6 0.5 0.3
Total hardness * (mg L CaCO:s) 484 300 500
Manganese (mg L' Mn) 0.97 0.40 0.50
Aluminum (mg L) 0.12 - 0.20
Total coliforms Absence Absence Absence
Free chlorine (mg L' Cl2) 0.05 0.30-1.50 0.30-1.50

* Measurement performed when the water softener was not operating.

4. Discussion
4.1. Estimation of the Design Flow

The community of San Cristobal reported a population of 2764 people in 2021, and
the statistical projection of the future population showed a growth rate of 1.01% [51]. Us-
ing Equation (1), the number of residents of the community was estimated to increase to
3406 inhabitants by 2041, which means 20 years of design time. Data collected from the
socioeconomic report revealed that ‘residential use” was the only water consumption cat-
egory recorded in 2021. The monthly water intake records were extracted from this report
and are summarized in Table 7. The maximum allocation rate of water was reached in
August; therefore, a water allocation rate of 130 L/capita/d was chosen as it satisfies the
required water allocation range in Ecuador for rural communities in mild weather; 130-
160 L/capita/d [49].

Table 7. Monthly residential water consumption of the San Cristébal community to determine the
water allocation of the population.

Months Water Meter  Monthly Water Water Allocation
Records Consumption [m?] [L/capita/d]
January 210 3374 107
February 225 4052 120
March 248 4081 110
April 252 4204 111
May 242 4190 115

June 243 3784 104
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July 226 2854 84
August 269 5233 130
September 247 3458 93
October 248 3347 90
November 262 4078 104
December 230 3591 104

The end-use water consumption in residential categories involves personal hygiene,
housekeeping, toilet use, irrigation, and leaks [100]. In other parts of the world, the water
allocation is estimated as 168.1 L/capita/d [101], similar to the one calculated for the San
Cristébal community. It was identified that the highest percentage of water use was asso-
ciated with personal hygiene at 27%, laundry at 24%, and irrigation in fifth place with
only 8% [101]. These percentages are different in Australia and the United States of Amer-
ica, where irrigation ranks first between 25 and 54% of the water consumption [102-104].
Watering the garden with potable water is common in these countries; therefore, the de-
mand for water allocation is higher, ranging from 225-335 L/capita/d.

Using the data of future population and water consumption, the average daily water
demand was computed from Equation (2) to be 6.15 L s, corresponding to the average
flow required to supply a population of 3406 inhabitants. However, the water consump-
tion patterns were not uniform throughout the day [105]. Therefore, the peak demand
coefficient was estimated to regulate the daily variation of water consumption by consid-
ering the ratio between the highest consumption in a year of operation versus the monthly
average daily consumption. As a result, a peak demand coefficient of 36% was obtained,
as Figure 5 shows. Using Equation (3), the design flow rate was calculated to be 9.2 L s,
which is a parameter applied in evaluating the hydraulic capacity and resizing of the treat-
ment units.
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Figure 5. Estimation of the peak water demand coefficient. The graph plots the daily average water
consumption data in a year of operation.
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4.2. Hydraulic Capacity and Resizing

The current capacity of each treatment unit was evaluated to ascertain if the future
population demand could be reached until 2041. Considering that the hydraulic parame-
ters, dimensions of the basins, and distribution of the accessories did not comply with the
design standards requested in [49,50], the treatment unit basins were resized.

The flocculation system consists of two tanks in series. Each flocculation tank is 3.0
m in width and 4.6 m in length, corresponding to a total volume of 28,000 L. Screens 2.5
m long were arranged every 0.2 m, creating channels within the tank, allowing the devel-
opment of a horizontal flow along a 112 m length. According to the standard [50], the
recommended design criteria for the hydraulic detention time ranged from 10 to 30 min
for a hydraulic flocculation basin and a velocity gradient between 200 and 300 s-'. How-
ever, the average velocity gradient for this system was found to be 12 s, with a detention
time of 12 min, resulting in a low flow velocity of 0.08 m s1. Flow velocities below 0.10 m
s do not allow the binding of colloidal particles, while velocities above 0.80 m s might
break the flocs, preventing the removal of colloidal matter. Nonetheless, the reduction of
the floc size might be caused by the rate of turbulence dissipation attained at velocities
greater than 1.5 m s [106].

A horizontal flow hydraulic flocculation setup was assessed, comprising of two pools
in series, with a total volume of 38,000 L, as shown in Figure 6a,b. Each pond is 3.04 m in
width and 9.02 m in length. These optimized dimensions, combined with an increase in
screen spacing from 0.20 m to 0.25 m in the second pond, resulted in a flow length of 120
m with a hydraulic detention time of 10 min. Consequently, the velocity gradient of this
process is 226 rpm, associated with a flow velocity of 0.20 m s, fulfilling the technical
design specifications.
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Figure 6. Resized horizontal hydraulic flocculation ponds set in series. (a) Top view of the floccula-
tion ponds, and (b) Section A-A” of the flocculation pond.

The high-rate settling system, operating under laminar flow conditions (Re < 500),
consisted of two pools installed in parallel, treating a daily flow rate of 795,000 L d-'. The
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current settler dimensions provide a capacity of 22,500 L for a detention time of approxi-
mately 8.2 min. The settling ponds were 1.5 m in width, 3.0 m in length, and 2.5 m in
height, with a freeboard of 0.2 m. In addition, the system had plate-accelerated sedimen-
tation modules with an inclination of 45°, allowing a sedimentation rate of suspended
particles of 0.10 m s~1. Under the conditions mentioned above, the surface load of the high-
rate settler was 9.25 m3/m?/day, complying with the design criteria [50]. Thus, it was not
necessary to resize this unit. Still, it is recommended to change the current sedimentation
modules from plates of asbestos cement to ‘acrylonitrile butadiene styrene accelerated
plates’ of Glass Fiber Reinforced Polyethylene (GRP). The GRP plates inclined at 45°, with
technical characteristics of 0.5 m height and 1.5 m long, a free spacing of 0.04 m and a
thickness of 10 mm would reduce the suspension velocity, improving the sedimentation
effectiveness while avoiding the use of carcinogenic material [107,108].

The treatment plant has two rapid granular media filters operating in parallel. The
filters were designed for a downward flow that benefits from the action of gravity as a
hydraulic gradient to transport the water across the filter media. The porous media is
stratified, placing the sand in the upper layer with a thickness of 0.6 m and a uniformity
coefficient of 2.90, while the gravel acts as a support bed, with a thickness of 0.3 m. The
inflow velocity is 0.10 m s~ while the water permeates the bed with an infiltration rate of
14.6 m3/m?/day. This infiltration rate does not suit the recommended range from 120 to
360 m?3/m?/day [50]. Furthermore, the dimensions of the pool are large (7.6 m long and 7.2
m wide) compared to the treatment flow rate, making it impossible to reach the necessary
hydraulic gradient to overcome the 1.7 m friction loss head. For enhancing the hydraulic
capacity of the filtration unit, the dimensions of the basins are suggested to be 2.60 m wide
and 2.60 m long, as Figure 7a,b shows. Thus, the flow would present a filtration rate of
150 m3/m?/day, maintaining the initial thicknesses of the filter media, e.g., 0.60 m. Unfor-
tunately, the medjia filter has not been changed since the plant started its operation. There-
fore, changing the filter bed is highly recommended, selecting the filtration media that
minimizes friction losses [109]. For this type of rapid filters, it is also recommended to
monitor a simple parameter, such as turbidity, as an indicator to change the filter media,
and backwashing should be carried out between 24 and 72 h of operation.
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Figure 7. Resized sand filter. (a) Top view of the filtering basin set in parallel, and (b) Section B-B’
of the filtering basins.

The volume of the storage tank is 250,000 L, corresponding to a treatment flow of 5.35
L s.. However, this volume will not satisfy the future demand of the community. Hence,
it is estimated that the storage tank should increase the volume by double, e.g., ~400,000
L, corresponding to two tanks, each with an inner diameter of 10.0 m and a height of 2.5
m, as Figure 8a,b shows.
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Figure 8. Resized storage tank to supply the increased population demand. (a) Top view of the stor-
age tank, and (b) Cross-sectional view of the storage tank, section C-C’.

5. Conclusions

The inadequate operation and maintenance of water treatment units have posed sig-
nificant challenges in rural settlements in Latin America, limiting the efficiency of the
treatment train to supply contaminant-free water, and reducing the useful lifetime of the
treatment system. These issues also trigger inequality of opportunities, affecting the socio-
economic development and well-being of vulnerable social groups. The findings of this
study demonstrate deficiencies in the operations of a conventional treatment facility in
Ecuador that led to the insufficient removal of Fe?, SO, Ca%, and organic content of a
biodegradable nature. The main water quality problems were mostly attributed to poor
maintenance of the pools and treatment equipment, inadequate empirical dosing of treat-
ment chemicals, leading to overdosage of coagulant (92.8 mg L1 Al2(SO4)3), and deficien-
cies in the dose of disinfectant.

This research recommends improvements in the dosages of treatment reagents, to
further optimize chemical use while ensuring the removal of pollutants and the presence
of residual disinfection effects, to improve the quality of the drinking water for end users.
Moreover, the assessment and resizing of the treatment units were proposed for a pro-
jected flow until 2041. The redesign presented will serve a population of 3406 people.
Nonetheless, this resizing proposal is not only applicable to communities with a low pop-
ulation index; this model can be scalable to a larger population following the methodology
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presented in this study by selecting the water allocation in accordance with the demands
of the community.

The evaluation of contaminant removal efficiencies and the monitoring of contami-
nant concentrations should be a common practice before the construction of a drinking
water treatment plant and during its operation, to ensure that its functioning, and the
distribution of drinking water, complies with both international and national drinking
water requirements. The methodology presented in this study cannot only be deployed
to monitor the operation of drinking water facilities, but also wastewater treatment sys-
tems. This may allow the improvement of maintenance practices, and thereby, the perfor-
mance of these facilities.

Author Contributions: Conceptualization, C.A.S.-V. and, P.E.V,; formal analysis, JI.M.-R. and
P.E.V,; investigation, J.LM.-R.,, M.B.B.-C.,, L.J.M.-B. and A K.C.-P.; methodology, C.A.S.-V. and
P.E.V,; supervision, C.A.S.-V. and P.E.V,; writing—original draft, ] LM.-R. and P.E.V_; writing —re-
view and editing, C.A.S.-V. and P.E.V. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Faculty of Engineering in Earth Sciences of the ESPOL
Polytechnic University, Escuela Superior Politécnica del Litoral ESPOL Grant Number: FICT-30-2021.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this research is available upon request from the
corresponding author.

Acknowledgments: We acknowledge the support of the Decentralized Autonomous Government
of Paute for providing data and access to the water treatment facility. We also thank Estefania Se-
villano Zambrano and Henry Salcedo Cafarte for contributing to the first sampling campaign. Fi-
nally, Karen Cornejo Pozo and Lisbeth Mejia Bustamante are grateful to ESPOL Polytechnic Uni-
versity’s master’s degree program in Civil Engineering for granting access to the Sanitary Labora-
tory to conduct experimentation.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Machado, A.V.M.; dos Santos, J].A.N.; Quindeler, N.D.S.; Alves, L.M.C. Critical Factors for the Success of Rural Water Supply
Services in Brazil. Water 2019, 11, 2180. https://doi.org/10.3390/w11102180.

2. Narzetti, D.A.; Marques, R.C. Access to Water and Sanitation Services in Brazilian Vulnerable Areas: The Role of Regulation
and Recent Institutional Reform. Water 2021, 13, 787. https://doi.org/10.3390/w13060787.

3.  Ferreira, S.; Meunier, S.; Heinrich, M.; Cherni, J.A.; Darga, A.; Quéval, L. A Decision Support Tool to Place Drinking Water
Sources in Rural Communities. Sci. Total Environ. 2022, 833, 155069. https://doi.org/10.1016/j.scitotenv.2022.155069.

4. WHO; UNICEF. Progress on Household Drinking Water, Sanitation and Hygiene 2000-2017 Special Focus on Inequalities; World
Health Organization: Geneva, Switzerland, 2019.

5. Anthonj, C; Tracy, ].W.; Fleming, L.; Shields, K.F.; Tikoisuva, W.M.; Kelly, E.; Thakkar, M.B.; Cronk, R.; Overmars, M.; Bartram,
J. Geographical Inequalities in Drinking Water in the Solomon Islands. Sci. Total Environ. 2020, 712, 135241.
https://doi.org/10.1016/j.scitotenv.2019.135241.

6.  Cetrulo, T.B.; Marques, R.C.; Malheiros, T.F.; Cetrulo, N.M. Monitoring Inequality in Water Access: Challenges for the 2030
Agenda for Sustainable Development. Sci. Total Environ. 2020, 727, 138746. https://doi.org/10.1016/j.scitotenv.2020.138746.

7.  Meeks, R. Property Rights and Water Access: Evidence from Land Titling in Rural Peru. World Dev. 2018, 102, 345-357.
https://doi.org/10.1016/j.worlddev.2017.07.011.

8. Narain, V. Whose Land? Whose Water? Water Rights, Equity and Justice in a Peri-Urban Context. Local Environ. 2014, 19, 974—
989. https://doi.org/10.1080/13549839.2014.907248.

9. Li, H.; Cohen, A.; Li, Z.; Zhang, M. The Impacts of Socioeconomic Development on Rural Drinking Water Safety in China: A
Provincial-Level Comparative Analysis. Sustainability 2019, 11, 85. https://doi.org/10.3390/su11010085.

10. Mackintosh, G.; Colvin, C. Failure of Rural Schemes in South Africa to Provide Potable Water. In Environmental Geology; Springer:
Berlin/Heidelberg, Germany, 2003; Volume 44, pp. 101-105. https://doi.org/10.1007/s00254-002-0704-y.

11. Momba, M.; Thompson, P. Survey of Disinfection Efficiency of Small Drinking Water Treatment Plants: Challenges Facing Small

Water Treatment Plants in South Africa. Water SA 2009, 35, 4.



Sustainability 2023, 15, 1235 21 of 24

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Momba, M.N.B.; Makala, N.; Tyafa, Z.; Brouckaert, B.M.; Buckley, C.A.; Thompson, P.A. Improving the Efficiency Sustainability
of Disinfection at a Small Rural Water Treatment Plant. Water SA 2004, 30, 617-622. https://doi.org/10.4314/wsa.v30i5.5170.
Makungo, R.; Odiyo, J.O.; Tshidzumba, N. Performance of Small Water Treatment Plants: The Case Study of Mutshedzi Water
Treatment Plant. Phys. Chem. Earth 2011, 36, 1151-1158. https://doi.org/10.1016/j.pce.2011.07.073.

Mkwate, R.C.; Chidya, R.C.G.; Wanda, E.M.M. Assessment of Drinking Water Quality and Rural Household Water Treatment
in Balaka District, Malawi. Phys. Chem. Earth 2017, 100, 353-362. https://doi.org/10.1016/j.pce.2016.10.006.

Zhang, J. The Impact of Water Quality on Health: Evidence from the Drinking Water Infrastructure Program in Rural China. J.
Health Econ. 2012, 31, 122-134. https://doi.org/10.1016/j.jhealeco.2011.08.008.

Bordalo, A.A; Teixeira, R.; Wiebe, W.]. A Water Quality Index Applied to an International Shared River Basin: The Case of the
Douro River. Environ. Manag. 2006, 38, 910-920. https://doi.org/10.1007/500267-004-0037-6.

Baloitcha, G.M.P.; Mayabi, A.O.; Home, P.G. Evaluation of Water Quality and Potential Scaling of Corrosion in the Water Sup-
ply Using Water Quality and Stability Indices: A Case Study of Juja Water Distribution Network, Kenya. Heliyon 2022, 8, e09141.
https://doi.org/10.1016/j.heliyon.2022.e09141.

Salgado-Almeida, B.; Falquez-Torres, D.A.; Romero-Crespo, P.L.; Valverde-Armas, P.E.; Guzman-Martinez, F.; Jiménez-Oyola,
S. Risk Assessment of Mining Environmental Liabilities for Their Categorization and Prioritization in Gold-Mining Areas of
Ecuador. Sustainability 2022, 14, 6089 https://doi.org/10.3390/su14106089.

Campoverde-Munoz, P.; Aguilar-Salas, L.; Romero-Crespo, P.; Valverde-Armas, P.E.; Villamar-Marazita, K.; Jiménez-Oyola, S.;
Garcés-Ledn, D. Risk Assessment of Groundwater Contamination in the Gala, Tenguel, and Siete River Basins, Ponce Enriquez
Mining Area—Ecuador. Sustainability 2022, 15, 403. https://doi.org/10.3390/SU15010403.

Arranz-Gonzalez, ].C.; Guzman-Martinez, F.; Tapia-Téllez, A.; Jiménez-Oyola, S.; Garcia-Martinez, M.]. Polluting Potential from
Mining Wastes: Proposal for Application a Global Contamination Index. Environ. Monit. Assess. 2022, 194, 1-18.
https://doi.org/10.1007/510661-022-10433-W/FIGURES/S5.

Jiménez-Oyola, S.; Chavez, E.; Garcia-Martinez, M.].; Ortega, M.F.; Bolonio, D.; Guzman-Martinez, F.; Garcia-Garizabal, I;
Romero, P. Probabilistic Multi-Pathway Human Health Risk Assessment Due to Heavy Metal(Loid)s in a Traditional Gold
Mining Area in Ecuador. Ecofoxicol. Environ. Saf. 2021, 224, 112629. https://doi.org/10.1016/].ECOENV.2021.112629.

Virdis, S.G.P.; Xue, W.; Winijkul, E.; Nitivattananon, V.; Punpukdee, P. Remote Sensing of Tropical Riverine Water Quality
Using Sentinel-2 MSI and Field Observations. Ecol. Indic. 2022, 144, 109472. https://doi.org/10.1016/j.ecolind.2022.109472.
Elhag, M,; Gitas, I.; Othman, A.; Bahrawi, J.; Gikas, P. Assessment of Water Quality Parameters Using Temporal Remote Sensing
Spectral Reflectance in Arid Environments, Saudi Arabia. Water 2019, 11, 556. https://doi.org/10.3390/w11030556.

Martins, V.S.; Kaleita, A.; Barbosa, C.C.F.; Fassoni-Andrade, A.C.; Lobo, F.D.L.; Novo, EEM.L.M. Remote Sensing of Large Res-
ervoir in the Drought Years: Implications on Surface Water Change and Turbidity Variability of Sobradinho Reservoir (North-
east Brazil). Remote Sens. Appl. Soc. Environ. 2019, 13, 275-288. https://doi.org/10.1016/j.rsase.2018.11.006.

Maciel, F.P.; Santoro, P.E.; Pedocchi, F. Spatio-Temporal Dynamics of the Rio de La Plata Turbidity Front; Combining Remote
Sensing with in-Situ Measurements and Numerical Modeling. Cont. Shelf Res. 2021, 213, 104301.
https://doi.org/10.1016/].CSR.2020.104301.

Romero-Rodriguez, D.A.; Soto-Mardones, L.A.; Cepeda-Morales, J.; Rivera-Caicedo, J.P.; Inda-Diaz, E.A. Satellite-Derived Tur-
bidity in Front of Small Rivers Mouths in the Eastern Tropical Pacific Coast of Mexico. Adv. Sp. Res. 2020, 66, 2349-2364.
https://doi.org/10.1016/J.ASR.2020.08.007.

Chen, J.; Zhu, W.; Tian, Y.Q.; Yu, Q.; Zheng, Y.; Huang, L. Remote Estimation of Colored Dissolved Organic Matter and Chlo-
rophyll-a in Lake Huron Using Sentinel-2 Measurements. J. Appl. Remote Sens. 2017, 11, 1. https://doi.org/10.1117/1.jrs.11.036007.
Gohin, F.; Van der Zande, D.; Tilstone, G.; Eleveld, M.A ; Lefebvre, A.; Andrieux-Loyer, F.; Blauw, A.N.; Bryere, P.; Devreker,
D.; Garnesson, P; et al. Twenty Years of Satellite and in Situ Observations of Surface Chlorophyll-a from the Northern Bay of
Biscay to the Eastern English Channel. Is the Water Quality Improving? Remote Sens. Environ. 2019, 233, 111343.
https://doi.org/10.1016/j.rse.2019.111343.

Kuhn, C.; de Matos Valerio, A.; Ward, N.; Loken, L.; Sawakuchi, H.O.; Kampel, M.; Richey, ]J.; Stadler, P.; Crawford, J.; Strieg],
R.; et al. Performance of Landsat-8 and Sentinel-2 Surface Reflectance Products for River Remote Sensing Retrievals of Chloro-
phyll-a and Turbidity. Remote Sens. Environ. 2019, 224, 104-118. https://doi.org/10.1016/j.rse.2019.01.023.

Brezonik, P.L.; Olmanson, L.G.; Finlay, ].C.; Bauer, M.E. Factors Affecting the Measurement of CDOM by Remote Sensing of
Optically Complex Inland Waters. Remote Sens. Environ. 2015, 157, 199-215. https://doi.org/10.1016/].RSE.2014.04.033.

Zhu, W.; Yu, Q; Tian, Y.Q.; Becker, B.L.; Zheng, T.; Carrick, H.]. An Assessment of Remote Sensing Algorithms for Colored
Dissolved Organic Matter in Complex Freshwater Environments. Remote Sens. Environ. 2014, 140, 766-778.
https://doi.org/10.1016/].RSE.2013.10.015.

Sanchez, E.; Colmenarejo, M.F.; Vicente, J.; Rubio, A.; Garcia, M.G.; Travieso, L.; Borja, R. Use of the Water Quality Index and
Dissolved Oxygen Deficit as Simple Indicators of Watersheds Pollution. Ecol. Indic. 2007, 7, 315-328.
https://doi.org/10.1016/].ECOLIND.2006.02.005.

Azzam, M.I; Korayem, A.S.; Othman, S.A.; Mohammed, F.A. Assessment of Some Drinking Water Plants Efficiency at El-
Menofeya Governorate, Egypt. Enwiron. Nanotechnology, Monit. Manag. 2022, 18, 100705.
https://doi.org/10.1016/]. ENMM.2022.100705.

Ezzat, S.M.; Water, N.; Fouda, A.; Gamal, S. Assessment of Some Drinking Water Purification Plants Efficiency at Great Cairo
in Egypt A. Curr. Sci. Int. 2018, 6, 761-776.



Sustainability 2023, 15, 1235 22 of 24

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

Mohammed, I.; Hashim Al-Khalaf, S.K.; Alwan, H.H.; Samir Naje, A. Environmental Assessment of Karbala Water Treatment
Plant Using Water Quality Index (WQI). Mater. Today Proc. 2022, 60, 1554-1560. https://doi.org/10.1016/j.matpr.2021.12.065.
Yang, F.; Zhang, H.; Zhang, X.; Zhang, Y.; Li, J.; Jin, F.; Zhou, B. Performance Analysis and Evaluation of the 146 Rural Decen-
tralized Wastewater Treatment Facilities Surrounding the Erhai Lake. J. Clean. Prod. 2021, 315, 128159.
https://doi.org/10.1016/].JCLEPRO.2021.128159.

Badr, E.S.A.; Al-Naeem, A.A. Assessment of Drinking Water Purification Plant Efficiency in Al-Hassa, Eastern Region of Saudi
Arabia. Sustainability 2021, 13, 6122. https://doi.org/10.3390/su13116122.

Nasir, M.].; Abdulhasan, M.].; Ridha, S.Z.A.; Hashim, K.S.; Jasim, H.M. Statistical Assessment for Performance of Al-Mussaib
Drinking Water Treatment Plant at the Year 2020. Water Pract. Technol. 2022, 17, 808-816. https://doi.org/10.2166/wpt.2022.020.
Almuktar, S.; Hamdan, A.N.A_; Scholz, M. Assessment of the Effluents of Basra City Main Water Treatment Plants for Drinking
and Irrigation Purposes. Water 2020, 12, 3334. https://doi.org/10.3390/w12123334.

Wille, B. Basra Is Thirsty: Iraq’s Failure to Manage the Water Crisis. 2019. Available online: https://www.hrw.org/re-
port/2019/07/22/basra-thirsty/irags-failure-manage-water-crisis (accessed on December 9th, 2022).

Ali, HM.; Zageer, D.; Alwash, A.H. Performance Evaluation of Drinking Water Treatment Plant in Iraq. Orient. . Phys. Sci. 2019,
4, 18-29. https://doi.org/10.13005/0jps04.01.05.

Arrieta Lozano, ].J. Recommendations for Design and Optimization of Drinking Water Treatment Plants, Considering Aspects
of Functionality and Durability. Prospectiva 2019, 17, 2. https://doi.org/10.15665/rp.v17i2.1732.

Bosklopper, T.G.J.; Rietveld, L.C.; Babuska, R.; Smaal, B.; Timmer, J. Integrated Operation of Drinking Water Treatment Plant
at Amsterdam Water Supply. In Water Science and Technology: Water Supply; INA Publishing: London, UK, 2004; Volume 4, pp.
263-270. https://doi.org/10.2166/ws.2004.0116.

Rietveld, L.C.; van der Helm, A.W.C.; van Schagen, K.M.; van der Aa, L.T.]. Good Modelling Practice in Drinking Water Treat-
ment, Applied to Weesperkarspel Plant of Waternet. Environ. Model. Softw. 2010, 25, 661-669. https://doi.org/10.1016/j.en-
vsoft.2009.05.015.

Mallevialle, J.; Odendaal, P.E.; Wiesner, M.R. Water Treatment Membrane Processes; American Water Works Association: Denver,
CO, USA, 199%.

Swartz, C.D. A Planning Framework to Position Rural Water Treatment in South Africa for the Future; WRC Report No. TT 419/09;
Water Research Commission: Gezina, South Africa, 2009.

GAD Paute. Development and Territorial Regulation Plan. Autonomous Decentralized Government of Paute; Gobierno Auténomo Des-
centralizado de Paute: Paute, Ecuador, 2015.

INEN. NTE INEN 1108. Agua Potable, Requisitos; Instituto Ecuatoriano de Normalizacién: Quito, Ecuador, 2011.

SENAGUA. Norma de Disefio Para Sistemas de Abastecimiento de Agua Potable, Disposicién de Excretas y Residuos Liquidos
en el Area Rural. Secr. Agua 2016, 1-44.

Arboleda, J. Theory, Design and Control of Water Treatment Processes; Pan-American Health Organization: Washington, DC, USA,
1972; Volume 13.

INEC. Resultados de Censo de Poblacion y vivienda 1992-2020. Diseminacion de Datos; Instituto de Estadisticas y Censo: Quito,
Ecuador, 2020.

Hungerbiihler, D.; Steinmann, M.; Winkler, W.; Seward, D.; Egiiez, A.; Peterson, D.E.; Helg, U.; Hammer, C. Neogene Strati-
graphy and Andean Geodynamics of Southern Ecuador. Earth-Sci. Rev. 2002, 57, 75-124. https://doi.org/10.1016/S0012-
8252(01)00071-X.

Ribeiro, L.; Pindo, J.C.; Dominguez-Granda, L. Assessment of Groundwater Vulnerability in the Daule Aquifer, Ecuador, Using
the Susceptibility Index Method. Sci. Total Environ. 2017, 574, 1674-1683. https://doi.org/10.1016/j.scitotenv.2016.09.004.
Ruiz-Pico, A.; Pérez-Cuenca, A.; Serrano-Agila, R.; Maza-Criollo, D.; Leiva-Piedra, J.; Salazar-Campos, J. Hydrochemical Cha-
racterization of Groundwater in the Loja Basin (Ecuador). Appl. Geochem. 2019, 104, 1-9. https://doi.org/10.1016/j.apgeo-
chem.2019.02.008.

Borbor-Cordova, M.].; Boyer, E.W.; Mcdowell, W.H.; Hall, C.A. Nitrogen and Phosphorus Budgets for a Tropical Watershed
Impacted by Agricultural Land Use: Guayas, Ecuador. Biogeochemistry 2006, 79, 135-161. https://doi.org/10.1007/s10533-006-
9009-7.

De Zuane, J. Handbook of Drinking Water Quality; Wiley: Hoboken, NJ, USA, 1996. https://doi.org/10.1002/9780470172971.
Dietrich, A.M.; Burlingame, G.A. Critical Review and Rethinking of USEPA Secondary Standards for Maintaining Organoleptic
Quality of Drinking Water. Environ. Sci. Technol. 2015, 49, 708-720. https://doi.org/10.1021/es504403t.

OMS. Guias Para La Calidad Del Agua de Consumo Humano: Cuarta Edicion Que Incorpora La Primera Adenda. Organ. Mund.
Salud 2011, 4, 608.

EPA 570/9-76-000; National Secondary Drinking Water Regulations. USEPA: Washington, DC, USA, 1979.

Ralston, E.P.; Kite-Powell, H.; Beet, A. Retronasal Perception and Flavour Thresholds of Iron and Copper in Drinking Water. J.
Water Health 2011, 9, 680-694. https://doi.org/10.2166/WH.2011.157.

Omiir-Ozbek, P.; Dietrich, A.M.; Duncan, S.E.; Lee, Y.W. Role of Lipid Oxidation, Chelating Agents, and Antioxidants in Me-
tallic ~ Flavor Development in the Oral Cavity. ] Agric. Food Chem. 2012, 60, 2274-2280.
https://doi.org/https://doi.org/10.1021/j£204277v.

Cohen, ].M.; Kamphake, L.J.; Harris, E.K.; Woodward, R.L. Taste Threshold Concentrations of Metals in Drinking Water. J. Am.
Water Work. Assoc. 1960, 52, 660—670. https://doi.org/10.1002/j.1551-8833.1960.tb00518.x.



Sustainability 2023, 15, 1235 23 of 24

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Kirmeyer, G.J.; Friedman, M.; Martel, K.D.; Noran, P.F.; Smith, D. Practical Guidelines for Maintaining Distribution System:
Water Quality. J. Am. Water Work. Assoc. 2001, 93, 62-73. https://doi.org/10.1002/].1551-8833.2001.TB09244.X.

Mutoti, G.; Dietz, ].D.; Imran, S.A.; Uddin, N.; Taylor, ].S. Pilot-Scale Verification and Analysis of Iron Release Flux Model. ].
Environ. Eng. 2007, 133, 173-179. https://doi.org/10.1061/(asce)0733-9372(2007)133:2(173).

Benson, A.S.; Dietrich, A.M.; Gallagher, D.L. Evaluation of Iron Release Models for Water Distribution Systems. Crit. Rev. Envi-
ron. Sci. Technol. 2012, 42, 44-97. https://doi.org/10.1080/10643389.2010.498753.

Sarin, P.; Snoeyink, V.L.; Bebee, J.; Kriven, W.M.; Clement, J.A. Physico-Chemical Characteristics of Corrosion Scales in Old Iron
Pipes. Water Res. 2001, 35, 2961-2969. https://doi.org/10.1016/S0043-1354(00)00591-1.

Sarin, P.; Snoeyink, V.L.; Lytle, D.A.; Kriven, W.M. Iron Corrosion Scales: Model for Scale Growth, Iron Release, and Colored
Water Formation. J. Environ. Eng. 2004, 130, 364-373. https://doi.org/10.1061/(asce)0733-9372(2004)130:4(364).

Duranceau, S.J.; Trupiano, V.M.; Lowenstine, M.; Whidden, S.; Hopp, J. Innovative Hydrogen Sulfide Treatment Methods: Mov-
ing Beyond Packed Tower Aeration. Florida Water Resour. ]. 2010, 4-14.

Scholz, M. Iron and Manganese Removal. In Wetland Systems to Control Urban Runoff; Elsevier: Amsterdam, The Netherlands,
2006; pp. 131-133. https://doi.org/10.1016/B978-044452734-9/50022-0.

Langelier, W.F.; Ludwig, H.F.; Ludwig, R.G. Flocculation Phenomena in Turbid Water Clarification. Trans. Am. Soc. Civ. Eng.
1953, 118, 147-164. https://doi.org/10.1061/taceat.0006825.

Mackrle, S. Mechanism of Coagulation in Water Treatment. J. Sanit. Eng. Div. 1962, 88, 1-13.
https://doi.org/10.1061/jsedai.0000376.

Argaman, Y. Kaufman, W.J. Turbulence and Flocculation. . Sanit. Eng. Div. 1970, 96, 223-241.
https://doi.org/10.1061/jsedai.0001073.

Tulliani, ].M.; Montanaro, L.; Negro, A.; Collepardi, M. Sulfate Attack of Concrete Building Foundations Induced by Sewage
Waters. Cem. Concr. Res. 2002, 32, 843-849. https://doi.org/10.1016/S0008-8846(01)00752-9.

Chen, Y.; Liu, P.; Zhang, R.; Hu, Y.; Yu, Z. Chemical Kinetic Analysis of the Activation Energy of Diffusion Coefficient of Sulfate
Ion in Concrete. Chem. Phys. Lett. 2020, 753, 137596. https://doi.org/10.1016/j.cplett.2020.137596.

Pikaar, I.; Sharma, K.R.; Hu, S.; Gernjak, W.; Keller, J.; Yuan, Z. Reducing Sewer Corrosion through Integrated Urban Water
Management. Science 2014, 345, 812-814. https://doi.org/10.1126/science.1251418.

Ghernaout; et al. Combining Lime Softening with Alum Coagulation for Hard Ghrib Dam Water Conventional Treatment. Int.
J. Adv. Appl. Sci. 2018, 5, 61-70. https://doi.org/10.21833/ijaas.2018.05.008.

Ismail, W.IN.W.; Syah, M.LA.I; Muhet, N.H.A ; Bakar, N.H.A ; Yusop, H.M.; Samah, N.A. Adsorption Behavior of Heavy Metal
Ions by Hybrid Inulin-TEOS for Water Treatment. Civ. Eng. ]. 2022, 8, 1787-1798. https://doi.org/10.28991/CE]-2022-08-09-03.
Yamada, Y.; Kawase, Y. Aerobic Composting of Waste Activated Sludge: Kinetic Analysis for Microbiological Reaction and
Oxygen Consumption. Waste Manag. 2006, 26, 49-61. https://doi.org/10.1016/j.wasman.2005.03.012.

Sanchez Rubal, J.; Cortacans Torre, J.A.; Del Castillo Gonzaélez, 1. Influence of Temperature, Agitation, Sludge Concentration
and Solids Retention Time on Primary Sludge Fermentation. Int. J. Chem. Eng. 2012, 2012, 861467.
https://doi.org/10.1155/2012/861467.

Hedges, ].I; Hu, E.S.; Devol, A.H.; Hartnett, H.E.; Tsamakis, E.; Keil, R.G. Sedimentary Organic Matter Preservation: A Test for
Selective Degradation under Oxic Conditions. Am. J. Sci. 1999, 299, 529-555. https://doi.org/10.2475/ajs.299.7-9.529.

CEPIS. Water Treatment Plant Operation and Maintenance; CEPIS: Lima, Peru, 2002.

Moran, S. Clean Water Unit Operation Design. In An Applied Guide to Water and Effluent Treatment Plant Design; Marinakis, K.,
Lima, L., Ramajogi, K., Limbert, M., Hayton, J.; Elsevier: Amsterdam Netherlands, 2018; 101-110. https://doi.org/10.1016/b978-
0-12-811309-7.00008-4.

Ratnayaka, D.D.; Brandt, M.].; Johnson, K.M. Specialized and Advanced Water Treatment Processes. Water Supply 2009, 365—
423. https://doi.org/10.1016/b978-0-7506-6843-9.00018-4.

Garcia-Avila, F.; Avilés-Afiazco, A.; Sdnchez-Cordero, E.; Valdiviezo-Gonzales, L.; Ordofiez, M.D.T. The Challenge of Improv-
ing the Efficiency of Drinking Water Treatment Systems in Rural Areas Facing Changes in the Raw Water Quality. South Afr. ].
Chem. Eng. 2021, 37, 141-149. https://doi.org/10.1016/j.sajce.2021.05.010.

Sawyer, N.; McCarty, P.L. Chemistry for Sanitary Engineers; McGrow-Hill: New York, NY, USA, 1967.

Hammer, M.]. Water and Wastewater Technology; Wiley: Hoboken, NJ, USA, 1977.

Kaya, Y.; Vergili, I.; Acarbabacan, S.; Barlas, H. Effects of Fouling with Iron Ions on the Capacity of Demineralization by Ion
Exchange Process. Fresenius Environ. Bull. 2002, 11, 885-888.

Chaturvedi, S.; Dave, P.N. Removal of Iron for Safe Drinking Water. Desalination 2012, 303, 1-11. https://doi.org/10.1016/j.de-
sal.2012.07.003.

Culp, R.L. Breakpoint Chlorination for Virus Inactivation. J. Am. Water Work. Assoc. 1974, 66, 699-703.
https://doi.org/10.3/JQUERY-ULJS.

Chen, C; Zhang, X.; He, W.; Lu, W.; Han, H. Comparison of Seven Kinds of Drinking Water Treatment Processes to Enhance
Organic Material Removal: A Pilot Test. Sci. Total Environ. 2007, 382, 93-102. https://doi.org/10.1016/j.scitotenv.2007.04.012.
Arora, H. LeChevallier, M.\W.; Dixon, K.L. DBP Occurrence Survey. ]. Am. Water Works Assoc. 1997, 89, 60-68.
https://doi.org/10.1002/].1551-8833.1997.TB08242.X.

Krasner, S.W.; McGuire, M.].; Jacangelo, ].G.; Patania, N.L.; Reagan, K.M.; Marco Aieta, E. The Occurrence of Disinfection By-
Products in US Drinking Water. ]. Am. Water Works Assoc. 1989, 81, 41-53. https://doi.org/10.1002/].1551-8833.1989.TB03258.X.



Sustainability 2023, 15, 1235 24 of 24

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.
104.

105.

106.

107.

108.
1009.

Chen, C,; Zhang, X.J.; Zhu, L.X,; Liu, J.; He, W.]J.; Han, H.D. Disinfection By-Products and Their Precursors in a Water Treatment
Plant in North China: Seasonal Changes and Fraction Analysis. Sci. Total Environ. 2008, 397, 140-147.
https://doi.org/10.1016/].SCITOTENV.2008.02.032.

Williams, D.T.; LeBel, G.L.; Benoit, F.M. Disinfection By-Products in Canadian Drinking Water. Chemosphere 1997, 34, 299-316.
https://doi.org/10.1016/50045-6535(96)00378-5.

Simpson, K.L.; Hayes, K.P. Drinking Water Disinfection By-Products: An Australian Perspective. Water Res. 1998, 32, 1522-1528.
https://doi.org/10.1016/S0043-1354(97)00341-2.

Taylor, G.R.; Butler, M. A Comparison of the Virucidal Properties of Chlorine, Chlorine Dioxide, Bromine Chloride and Iodine.
J. Hyg. 1982, 89, 321-328. https://doi.org/10.1017/S0022172400070856.

Weidenkopf, S.J. Inactivation of Type 1 Poliomyelitis Virus with Chlorine. Virology 1958, 5, 56-67. https://doi.org/10.1016/0042-
6822(58)90005-9.

Keswick, B.H.; Fujioka, R.S.; Burbank, N.C.; Loh, P.C. Comparative Disinfection Efficiency of Bromine Chloride and Chlorine
for Poliovirus. J. Am. Water Work. Assoc. 1978, 70, 573-577. https://doi.org/10.1002/j.1551-8833.1978.tb04245.x.

Sobsey, M.D.; Handzel, T.; Venczel, L. Chlorination and Safe Storage of Household Drinking Water in Developing Countries to
Reduce Waterborne Disease. Water Sci. Technol. 2003, 47, 221-228. https://doi.org/10.2166/WST.2003.0199.

Willis, R.M.; Stewart, R.A.; Panuwatwanich, K.; Williams, P.R.; Hollingsworth, A.L. Quantifying the Influence of Environmental
and Water Conservation Attitudes on Household End Use Water Consumption. J. Environ. Manag. 2011, 92, 1996-2009.
https://doi.org/10.1016/j.jenvman.2011.03.023.

Heinrich, M. Water End Use and Effeciency Project (WEEP)—Final Report; Branz: Porirua, New Zealand, 2007, 159, 1-79.

Mayer, P.; DeOreo, W.B.; Dziegielewski, B.; Kiefer, J. Residential End Uses of Water; Water Research Foundation: Denver, CO,
USA, 2016.

Roberts, P. Yarra Valley Water 2004 Residential End Use Measurement Study. Water 2005, 11, 301-328.

Loh, M.; Gould, L.; Coghlan, P.; Jeevaraj, C.; Hughes, G. Domestic Water Use Study —the Next Step Forward. In Water Challenge:
Balancing the Risks: Hydrology and Water Resources Symposium 2002; Institution of Engineers: Barton, Australia, 2002; pp. 843-851.
Tricarico, C.; De Marinis, G.; Gargano, R.; Leopardi, A. Peak Residential Water Demand. In Proceedings of the Institution of Civil
Engineers: Water ~ Management; ICE Publishing;: London, UK, 2007,  Volume 160, pp- 115-121.
https://doi.org/10.1680/wama.2007.160.2.115.

Wang, X.; Cui, B.; Wei, D.; Song, Z.; He, Y.; Bayly, A.E. CFD-PBM Modelling of Tailings Flocculation in a Lab-Scale Gravity
Thickener. Powder Technol. 2022, 396, 139-151. https://doi.org/10.1016/j.powtec.2021.10.054.

Voytek, P.; Anver, M.; Thorslund, T.; Conley, J.; Anderson, E. Mechanisms of Asbestos Carcinogenicity. Int. J. Toxicol. 1990, 9,
541-550. https://doi.org/10.3109/10915819009078762.

OMS. Enfermedades Relacionadas Al Uso de Asbesto Cemento; OMS: Amsterdam, The Netherlands, 2015.

Agbo, K.E.; Ayité, Y.M.X.D.; Pachoukova, I. Study of Head Loss in Rapid Filtration with Four River Sands. Civ. Eng. ]. 2021, 7,
690-700. https://doi.org/10.28991/cej-2021-03091682.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.28991/cej-2021-03091682

