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Abstract

Chronic arsenic (As) pollution in aquifers is one of the major challenges faced by economically and socially
marginalized sections of the world, which often depend heavily on groundwater for their sustenance. To
safeguard these sections against As poisoning, an easy-to-use and sustainable water-treatment solution is
warranted. This study was undertaken to systematically evaluate the performance and feasibility of a low-
cost modified biosand filter (JalKalp) in providing potable water to affected rural households in India.
JalKalp removes As by sorption on rusted-iron nails and pathogens by an additional copper layer. Initially,
As-removal efficiencies of this filter were evaluated under laboratory conditions using (1) unpolluted
groundwater spiked with variable concentrations (50-500 ug/L) of total dissolved arsenic (Asy), either as
As(V), or As(Ill), or both; and (2) real As-polluted groundwater (~ 150 ug/L). Results indicated that the
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JalKalp filter removed Ast with an efficiency of 95-99% and passed all water quality tests, except hardness
and alkalinity. An ~3-year long ‘‘JalKalp” program was then initiated to provide clean drinking water in
selected villages of Bihar, India with the support of local agents, nongovernmental and governmental
organizations. Filters were installed in select households (n=22), and the community was involved in the
program through training and workshops. The performance of these filters was evaluated through the testing
of water and sludge generated, and the conduct of socioeconomic and health surveys. The filter was equally
effective under field conditions and removed Ast (<10 ug/L), total iron (<1 mg/L), and fecal coliforms at all
locations, at a cost of ~INR 0.28 (US$ ~0.004)/L of treated water. JalKalp requires replacement of iron
nails after an estimated ~ 1.7 years of treatment of ~ 6,000 L of water containing 100 ug/L of Ast. Toxicity
characteristic leaching procedure on As-containing sludge after filtration indicated that the sludge was not
hazardous and could be disposed safely in landfills along with regular municipal waste. Findings from this
study could be replicated elsewhere in providing immediate solutions to As-affected water pollution by

enabling independent construction and sustainable use of this potentially long-lasting filter.

Keywords: arsenic filter; arsenic removal; groundwater; household water treatment; rural communities

Introduction

RESENCE OF ARSENIC (AS) IN groundwater is one of the
leading water quality problems in the world (Smedley
etal.,2001). Arsenic is a metalloid element, which mobilizes
due to site-specific geochemistry (Nickson et al., 2000;
Corkhill and Vaughan, 2009). In aqueous environments, it
mainly exists as As(IIl) and As(V) depending on the pre-
vailing redox conditions (Bissen and Frimmel, 2003). In
humans, As(III) is considered ~60 times more toxic than
As(V) (Ferguson and Gavis, 1972). Sustained consumption
of As-polluted water at concentrations >10 ug/L. (WHO,
2017) is known to cause several chronic health problems in
humans (Ratnaike, 2003), such as hypertension, neurological
disorders, reproductive effects, and even cancers of skin,
lungs, or kidneys (IARC, 2012). However, the severity of
these problems depends on several factors, such as previous
health issues and socioeconomic status of an individual, and
demographic conditions of a society (ATSDR, 2007).
Economically weaker and socially disadvantaged groups of
people, mainly belonging to poorer and rural regions of the
world, are the most unguarded against widespread pollution of
water resources (ESCAP, 2019). Specifically, lower to lower
middle income countries face a major challenge in providing
safe drinking water to all. For example, in India ~69% of the
population resides in the rural regions (Chandramouli, 2011),
and ~21% of the diseases in the country are related to water
pollution (WHO, 2017). Furthermore, groundwater con-
sumption in India is the highest in the world, accounting for
~60% of irrigational and ~85% of drinking water needs
(World Bank, 2012). India can be considered the most vul-
nerable to As poisoning, as it has the highest incidence of As
pollution in groundwater (Ravenscroft, 2007). It was estimated
that As has impacted the lives of ~ 100 million people in India,
with West Bengal being the most affected state, followed by
Bihar and Uttar Pradesh (Bindal and Singh, 2019). These
statistics highlight the urgent need for an easy-to-use and
sustainable treatment solution that provides As-free water to
people with low annual income, especially in rural households.
One such solution is based on biosand-filtration technol-
ogy, which is a sustainable and proven drinking water puri-
fication technique (Duke et al., 2006). It is an improvised
slow-sand filtration technique, which works under gravity,

and does not require any form of external energy or inline
pressure (Duke et al., 2006; Manz and Eng, 2007). This filter
can remove suspended particles, iron (Fe), and microbial
contaminants (Ahammed and Davra, 2011). Moreover, with
simple amendments, this filter could remove As. For exam-
ple, the arsenic-biosand filter (ABF) removes As by sorption
on ferric oxides (Ngai and Walewijk, 2003; Ngai et al.,
2007). In this mechanism, Fez+, which is generated from
zerovalent iron (ZVI) [Eq. (1)], is oxidized to ferric oxide
[Eq. (2)] by Oy(aq),» Which acts as the terminal electron ac-
ceptor [Eq. (3)]. The insoluble ferric oxides produced from
these redox reactions act as effective sorbents for arsenic:

2Fe’ + 4H' + 0, = 2Fe’* +2H,0 (1)

—

Fe’™ + 3H,0 = Fe' " (OH);, +3H" + e~ (2)

1 B 1
ZOZ(aq) +H"+e = §H20 3

Initially, the ABF was made of concrete, which had certain
limitations—prone to breakage, poor quality, low rate of
production, and difficulty in transportation to remote areas and
on undulating tracks because of its heavy weight (~75kg)
(Manz and Eng, 2007). To overcome these limitations, the
Kanchan" arsenic filter (KAF) was designed using locally
available materials: plastic for outer body and outlet tubing,
metal or plastic for the diffuser basin, construction materials
such as sand, gravel, cement, and other miscellaneous mate-
rials available locally and made easily (Ngai et al., 2006). In
the field, KAF could remove As between 85% and 95%,
whereas Fe-removal efficiency was 90-99%. Further, con-
centrations of fecal indicator bacteria were reduced by 84—
88% and of Escherichia coli by 48% (CAWST, n.d.). How-
ever, it was recommended that KAF-filtered water should be
treated with additional processes such as solar water disin-
fection or household chlorination such as Piyush ' for effective
pathogen removal (Ngai et al., 2006). The usage of these ad-
ditional processes would incur extra cost, more technical in-
puts, and possible secondary contamination due to use of
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chemicals (McGuigan et al., 2012; Kumar et al., 2019), which
would be challenging to implement in the rural areas. Fur-
thermore, the use of KAF was limited to source waters with
total dissolved arsenic (Ast) <0.5 mg/L and PO43_ <2mg/L
(Ngai et al., 2006). In addition, if the operating flow exceeded
15-20 L/h As removal efficiency was affected due to reduction
in contact time (Ngai et al., 2006).

Although KAF was tested and robustly used to treat As-
polluted water in different areas of Nepal (Ngai et al., 2006), it
has not been evaluated for Indian groundwaters. Arsenic con-
centrations in Indian aquifers can be as high as ~3.8 mg/L in
West Bengal and ~ 1.8 mg/L in Bihar (Jha et al., 2010). Fur-
thermore, the presence of high concentrations of labile organic
carbon in aquifers along Indo-Gangetic plains (Nickson et al.,
2000; Tareq et al., 2013) indicates the possibility of heavy loads
of microorganisms (Oremland and Stolz, 2005), of which many
could be pathogens. Further, the previous version of ABF was
not systematically investigated for different concentrations of
dissolved As(III) or As(V), which could be relevant to treatment
of Indian groundwaters. Development of one such filter
“JalKalp” was attempted for conditions relevant to Indian
groundwater (Sharma and Sood, 2016; Sharma, 2018). Like
KATF, JalKalp was constructed using local resources and utilized
ZVTIfor As removal. However, unlike KAF, JalKalp included an
additional copper layer (6cm?®) to enhance the germicidal
properties of the filter, which could improve coliform-removal
efficiency. Further, the body of the filter was changed to stain-
less steel to provide more strength, rigidity, and durability to the
JalKalp (Sharma, 2018), and to avoid any potential microplastic
contamination from the use of cheaper grade plastic.

The objectives of this study were to systematically eval-
uate the low-cost JalKalp filter under conditions relevant to
As-polluted Indian groundwaters and to demonstrate it as a
sustainable decentralized water-treatment solution for rural
households affected by arsenic pollution. These objectives
were achieved by (1) systematic validation of JalKalp filter
with experiments under laboratory conditions and associated
mathematical modeling, and (2) initiation of a ““JalKalp”
program in rural households of Bihar, India, to evaluate the
performance of the filter under field conditions. Findings
from this study could potentially enable rural households to
construct their own filters, and treat As-polluted water at low
cost and use these filters independently.

Materials and Methods
Chemicals used

Stock solutions of 1,000 mg/L of As(V) and As(IIT) were
prepared by dissolving sodium arsenate (Na,HAsO,-7H,0)
and sodium arsenite (NaAsQO,) in ultrapure water (Milli-Q;
resistivity >18.2 MQ-cm). Stock solution of 1,000 mg/L of
bromide (Br) was prepared using sodium bromide (NaBr).
All solutions were stored at 4°C before use. Other chemicals
used in this study, along with their manufacturers and pu-
rities, are detailed in Supplementary Table S1.

Analytical methodology

Aqueous phase. For filter validation in the laboratory,
bromide was measured using an ion-selective electrode and a
compatible benchtop meter (Eutech, ION 2700). Elemental
concentrations, including total dissolved arsenic (Ast), were

measured using inductively coupled plasma mass spectros-
copy (ICP-MS; iCAP QC; Thermo Scientific). Germanium
was used as an internal standard for As measurement. For
measurement of dissolved As(V) and As(IIl), ion chroma-
tography was coupled with ICP-MS (IC-ICP-MS; Thermo
Scientific iICAP Q with Thermo Scientific Dionex ICS-5000
IC System). Other details of these techniques are provided in
Section S1 in Supplementary Data. For measuring major
cations and anions, ion chromatography (IC; Metrohm883
basic) was used. Filter validation also involved treatment of
As-polluted groundwater collected from contaminated sites
in Kanpur. Onsite measurements of pH, temperature (°C),
conductivity (uS/cm), and redox potential (Ey; V) were
performed with a portable multiparameter meter (Orion star
A329; Thermo Fischer Scientific) with suitable electrodes.
To test whether the treated water from the JalKalp filter was
potable, other water quality parameters, including total co-
liforms, were evaluated following the methods described in
detail in Section S2 in Supplementary Data.

For the implementation of the JalKalp program in Bihar,
Ast was measured using an As monitoring field kit (Chem-in
Corporation, Pune, India), which reduces arsenates to arse-
nites, and ultimately converts all As(III) to arsine gas. Upon
reaction with a reagent present in the detector tube, the arsine
gas produces pink-colored vapors, which were utilized to
quantitatively estimate Ast. Further, pathogenic bacteria in
water samples were detected using Aquacheck vials (FTK11;
TARAlife Sustainability Solutions) during routine testing in
the field. When water sample was added to one of these vials,
the solution color turned black indicating the presence of
pathogenic bacteria. Furthermore, total dissolved iron (Fer)
was estimated using a field kit (Jal TARA Mini Kit-III;
Development Alternatives), whereas total dissolved solids
(TDS) was measured using a digital hand-held meter with
temperature sensor (TDS-3; HM digital). The method de-
tection limits of various techniques used either in the labo-
ratory or in the field are listed in Supplementary Table S2.

Solid phase. The surface areas of fresh and 15 days
rusted-iron nails (uncrushed) from the filter used in bench-
scale studies were determined using Brunauer-Emmett-Teller
(BET; Autosorb I; Quatachrome Corporation) analyzer, where
Ny was used for physisorption. To identify the crystalline
phases in iron nails after reaction, X-ray diffraction (XRD;
PANanalytical X pert® Powder) was performed from 5° to 70°
with a step size of 0.01° and a dwell time of 0.36s. For XRD,
the head and the tail of an iron nail were cut using a cutter. The
morphology and elemental composition of uncrushed iron
nails were investigated using tungsten scanning electron mi-
croscope and associated energy-dispersive X-ray spectroscopy
(W-SEM-EDX; JSM-6010LA; Jeol). Filter parameters such as
porosity, sand-size range, and grain were determined using
established methods, which are detailed in Section S3 in
Supplementary Data and Supplementary Table S3.

Validation of JalKalp filter under laboratory settings

The JalKalp filter was installed in Environmental Geo-
chemistry Laboratory at Indian Institute of Technology Kanpur
(IITK), India. A description of the JalKalp, including its com-
ponents and installation and working processes, is detailed in
Section S4 in Supplementary Data and Supplementary Fig. S1.
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Tracer study. To determine the hydraulic retention time
(HRT) and hydrodynamic dispersion coefficient in filter
media, a tracer study was performed on the JalKalp. Bromide
was used as a tracer, as it does not sorb on iron hydroxide
(Smith and Davis, 1974). Bromide-containing water was
passed under three different heads (A =0, 3, and 6 cm from the
top of the filter). The head was maintained using a constant-
head assembly (Fig. 1). Water samples from the filter outlet
were collected for Br measurement.

Evaluation of arsenic-removal efficiency. Arsenic-
removal efficiency of JalKalp filter was investigated by
feeding both As-spiked unpolluted and As-polluted ground-
waters. IITK tapwater was considered as the As-unpolluted
source of groundwater. For As-polluted groundwater, sam-
ples were collected from a previously identified site near
Kanpur, Uttar Pradesh, India situated in the middle Gangetic
plains. Two such locations were identified and designated as
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BK?2 and BK14. Three sets of water samples were collected
from each location. Two sets were filtered using 0.2 um
Nylon syringe filters (Cole-Parmer). One of these sets was
immediately acidified to 1% HNO; (v/v) for Ast measure-
ment with ICP-MS. The other set was analyzed for dissolved
As(V) and As(IIT) with IC-ICP-MS, and for cations and an-
ions with IC.

The JalKalp was first validated with arsenic spiked in
unpolluted groundwater in the form of only As(V), or only
As(IIT), or As(V) and As(III) (1:1 molar ratio), such that the
Ast (50-500 pg/L) remained the same. To optimize As re-
moval with variable flow rate, these experiments were
performed under three different heads (h)—0, 3, and 6 cm.
Flow rate was estimated by collecting a known volume of
filtered water in a specified duration using measuring cyl-
inder and stopwatch. Furthermore, the JalKalp filter was
validated with 40L of real As-polluted groundwater col-
lected from locations BK2 and BK14. This water was passed
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FIG. 1. Schematics of JalKalp filter used for arsenic removal. (a) Different parts of JalKalp filter are represented by
numbers in the brackets. The first part [1] contains filtering media (fine sand), separating media, and underdrain. The second
part [2] contains standing water of depth 5cm, and the third part [3] contains the diffuser box (raw water chamber). This
image was reprinted with permission from Sharma (2018) and was slightly modified. (b) Schematics of diffuser box of
JalKalp filter for laboratory-based experiments under different heads (1), =0 cm represents the state of fully filled water in
the diffuser box, and filled circles represent rusted-iron nails used for arsenic removal. (¢) JalKalp filter under operation in
the laboratory during the validation process. An 18 W pump was kept inside bucket B1 to pump polluted water through pipe
1. This pipe was attached to two PU tubes (2 and 3) through a T-connector and PU valves. Through these valves, the water
level in the filter was maintained by regulating the water flow rate. PU, polyurethane.
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through the filter under constant head of 0cm, based on
the optimized head condition identified in head variation
experiments.

Samples from the filter outlet were collected after every
10 min for 3 h before and after 0.22 um Nylon syringe post-
filtration. An identical protocol, to the one described for
samples BK2 and BK14, was followed for measurement of
elemental concentrations, including Ast, As(V), and As(III),
and cations and anions.

Batch experiments. To determine sorption capacity
(qmax) of iron nails, batch experiments were performed with
fresh and rusted-iron nails. This qu,.x Was used to calculate
total capacity of JalKalp filter to treat As-polluted water and
to estimate life of iron nails. Rusting was achieved by sus-
pending fresh iron nails in an open beaker containing As-free
groundwater (IITK) for 15 days [2h/day]. Increasing con-
centrations of As(V) and As(IIl) solutions (0.05-10 mg/L;
1:1 molar ratio) were spiked in the As-free groundwater,
which initially contained 5g of fresh or rusted-iron nails.
Batch experiments were performed in triplicates. An aliquot
from every system was taken after 1 day for subsequent ar-
senic measurement in ICP-MS. Entire reacted iron nails were
also collected for solid phase analyses using BET, XRD, and
W-SEM-EDX techniques.

Modeling of tracer experiments. To determine the hy-
drodynamic dispersion coefficient, a mathematical model
was fitted for bromide derived from basic mass balance
equation [Eq. (4)]:

2
oc -D 7C _ it oc , )
ot ox? ox
where D (cm?/s) is the hydrodynamic dispersion coefficient,
u (cm/s) is the velocity along the length of the sand column
(I=46.cm), and C (mg/L) is the concentration at a particular
time and space. Different steps involved in mathematical
modeling are detailed in Section S3 in Supplementary Data.
Reactive transport modeling of As-containing systems was
not attempted as removal of arsenic was very fast, due to
which breakthrough never occurred for the duration of the
experiment.

Assessment of filter in rural areas: the JalKalp program

The JalKalp program was started in April 2017 for pro-
visioning of clean drinking water to rural households in Bihar
affected by chronic arsenic pollution in groundwaters.

Selection of study sites. Per the JalKalp program, vo-
lunteering households were identified in various districts of
Bihar, which is the third most As-affected state (Jha et al.,
2010) and the third most populated state (ORGI, 2011) of
India. Groundwater pollution due to As in Bihar was first re-
ported in district Bhojpur in the year 2002 (Chakraborti et al.,
2003), and since then >16 districts have been affected by As
poisoning (Kumar et al, 2016). Recently, As-polluted
groundwaters were identified in villages of districts Vaishali
(Singh et al., 2014) and Buxur (Kumar et al., 2016). Overall, a
total of 2,410 filters have been installed in 54 As-affected
villages in Bihar. In this study, however, only 22 JalKalp filters

in 5 villages of district Vaishali (14 filters) and Buxur (8 filters)
were included because these locations witnessed relatively
high concentrations of As, Fe, and microbes in groundwaters
than other locations. Details of participating households, in-
cluding geographical coordinates and sampling depth, are
provided in Fig. 2 and Supplementary Table S4.

Surveys and community engagement. Routine yearly
surveys in the As-affected villages participating in the JalKalp
program were conducted. For every survey, a structured-coded
interview session was carried out with a member of each
household to gather information on their socioeconomic status,
sources and quality of drinking water, health-related issues
before and after using the JalKalp filter, and specific feedback
on the filter. A total of 18,942 males and 12,511 females,
including 7,268 students in 34 schools, have participated in
this program so far. Details of the methodology of survey,
including questions asked, statistics related to participation,
and feedback on the efficacy of JalKalp program, are discussed
in Section S5 in Supplementary Data.

After the initial survey and groundwater testing, awareness
sessions in the form of ‘“‘community meetings’’ were con-
vened in every As-affected village, where 30-60 people
participated (Fig. 3a). The main agenda of this meeting was to
build initial trust and friendly relations with the villagers.
People were informed with visual aids and role-play activi-
ties about the impact of drinking unsafe water. A demon-
stration of testing of water samples by innovative methods,
such as testing the presence of dissolved Fe in groundwater
using guava leaves (Fig. 3b; Siriangkhawut et al., 2019), was
also given. Furthermore, the JalKalp filter was introduced to
the villagers as a low-cost decentralized water-treatment
solution. Although the total cost of filter was ~INR 3,800
(~USS$ 51), each household had to pay INR 2,500 (~US$
33), and the rest was supported through a grant provided by
the Department of Science and Technology, Government of
India (DST-Gol). The total cost of a filter was ~0.1-0.2% of
a household’s five-yearly income in this region (Section
S$5.2.3 in Supplementary Data). To initiate the engagement of
community members, the filter was provided to one house-
hold for a 15 days trial before purchase.

Role of various stakeholders. To make the JalKalp pro-
gram effective and ensure its proper functioning, this study
was conducted with a coalition of different stakeholders, who
belonged to different backgrounds and disciplines. They
were households, local agents, Sehgal foundation, IITK, and
DST-Gol. Rural households were expected to participate in
training and workshops, prepare filter media, share the filter
costs, and provide feedback on filtered water. The next key
stakeholders were local agents, mainly community workers
and fabricators. A team of properly trained people or
“community workers”’ (80 members) were assigned to teach
how to operate the filter to the households, and troubleshoot
any problems related to its use. These ‘‘community workers”
were usually the educated youth of the villages, who either
had volunteered themselves or were requested to undergo
proper training on the filter provided by the Sehgal founda-
tion, with the vision that they would be able to construct the
filters in the future for their fellow residents. Besides an un-
known number of fabricators were responsible for con-
structing filter bodies, based on the specifications provided by
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FIG. 2. Study locations in Bihar,
India, where JalKalp filters were
installed during 2018-2020. The
map was generated with Google
Earth (https://www.google.com/
earth/versions/#download-pro)
containing measured GPS coordi-
nates of locations (listed in Sup-
plementary Table S1). The legend
denotes the range of total dissolved
arsenic concentrations exceeding
the DWL at the respective loca-
tions (n=22). DWL, drinking
water limit.

® 10—50 pg L
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the Sehgal foundation. The Sehgal foundation supported lo-
cal agents, and was further responsible for monitoring and
improving the project. IITK provided scientific and technical
support to the program by performing several bench-scale
experiments to validate the filter, and by providing advanced
testing facilities of sludge and water samples. DST-Gol
subsidized each JalKalp filter by providing a sum of INR
1,300 (US$ ~ 17) to each household.

Filter installation in rural households: trainings and work-
shops. After the 15 days trial period, villagers who opted to
have the JalKalp filter installed at their households were di-
vided into small groups and were trained to independently
operate the filter (Fig. 3c). In total, ~ 1,464 training and
workshop sessions were conducted in the participating vil-
lages. Since the aim of the training was to make villagers self-
reliant, members of each household were asked to arrange
and prepare their own filter media. After the filter media were
arranged, households called their respective community
workers. During the installation process, villagers were fur-
ther trained on operating, maintaining, and troubleshooting
the filter.

Monitoring and feedback. After 15 days of installation, a
community worker revisited the household to monitor the
water quality by checking concentrations of Asrt, Fer, and

pathogens in filtered water. Besides, the villagers’ feedback
on their experience of using the JalKalp filter was docu-
mented (details in Section S5.1.I in Supplementary Data).
Such process was conducted on a regular basis till 90 days
after installation but visits after 15 days were focused mainly
on filter maintenance. Small community meetings continued
over the next few months, which allowed other villagers to
observe the filter during operations.

Toxicity characteristic leaching procedure on sludge
generated by filter

To evaluate the leaching potential of hazardous elements
present in As-containing sludge generated after filtration,
toxicity characteristic leaching procedure (TCLP) was per-
formed (USEPA, 1992). Filter sludge was carefully sampled
from the filter unit after the user experienced a decrease in
flow rate over time. Per the TCLP protocol, a preliminary test
was performed to determine the nature of extraction fluid. For
the leaching test, ~45 g of filter sludge was taken in a bo-
rosilicate glass bottle of 1L capacity to attain the re-
commended solid-liquid ratio (w/w) of 1:20. The suspension
was continuously mixed on an end-on-end shaker at 30 rpm
for 16 =2 h. Solid and liquid phases were separated by fil-
tration through 0.8 um glass microfiber filters, which were
prerinsed in 1 N HNO;. An aliquot of the liquid sample was
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FIG. 3. Implementation of the JalKalp program in study sites of Bihar, India, through community participation: (a) open
meetings to explain the importance of safe drinking water to villagers. (b) Demonstration of measures to detect the presence of
iron using guava leaves, and (c) training of villagers about the different components and operation of the filter. In JalKalp
program, total 18,942 males and 12,511 females participated, including children. Around 1,464 training and workshop sessions
were conducted (including 34 schools) across 54 different villages, where >30,000 people participated (including 7,268
students). Since women here spend maximum time at home, they are the ones who usually manage the filter.

* Head =0 cm A Head =3 cm O Head =6cm

FIG. 4. Tracer study for the determination
of retention time under varying hydraulic
heads. Open symbol represents measured
value, whereas the solid line represents

H modeled concentrations corresponding to a
particular head predicted by the solution to
the advective-dispersive equation. Dotted
vertical lines represent mean HRT in
minutes. Mean HRT was calculated us-
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acidified using 1% (v/v) HNOs, and elemental concentrations
were measured using ICP-MS. More details of TCLP, in-
cluding those of the samples (Lot 1, Lot 2, and Lot 3), are
provided in Section S6 in Supplementary Data.

Results and Discussion

Evaluation of JalKalp filter under laboratory conditions

Determination of filter parameters.  Specific surface areas
of fresh and 15 days rusted-iron nails were 2.75 and 3.44 m?/
g, respectively. Sieve analysis suggested that the predomi-
nant size range of sand lay between 0.15 and 0.425 mm
(Supplementary Table S3), consistent with the size range
used in KAF (Ngai and Walewijk, 2003). Also, the estimated
value of the coefficient of uniformity of JalKalp sand
(Cy=2.22; Supplementary Fig. S2) was comparable with that
of KAF (C,=2.42), which suggest the presence of poorly
graded sand. The porosity of JalKalp sand was estimated as
0.497 and 0.458 using the Kozeny-Carman equation and
beaker method (Section S3 in Supplementary Data), respec-
tively, which was more than the porosity of KAF sand media
(0.36) (Ngai and Walewijk, 2003).

Estimated permeability of JalKalp sand media was
0.052 cm/s, using the Allen Hazen equation (Section S3 in
Supplementary Data), was more than the permeability of
KAF sand (0.0361 cm/s). These observations from porosity
and permeability suggest that flow rate would be higher in
JalKalp as compared with KAF. Estimates from Br tracer
data indicate that the HRT for the three heads corresponding
to 0, 3, and 6¢cm were 69.01, 70.55, and 128.56 min, re-
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spectively (Fig. 4). Using these experimentally determined
parameters as inputs, the advective-dispersive transport
modeling of Br tracer data estimated hydrodynamic disper-
sion coefficient (D) as 0.5, 4.7, 2.0 cm?/s for h=0, 3, and
6 cm, respectively (Fig. 4). However, since the model fits
were poor for the first two heads, D corresponding to =6 cm
appeared to be a realistic estimate and was retained.

Physiochemical parameters of sampled groundwa-
ter. Ast in polluted groundwaters sampled from locations
BK-2 and BK-14 were 142 and 132 ug/L, respectively. The
measured Ey suggested that the locations were oxidizing with
respect to As speciation—114.9mV for BK2, 49.7mV for
BK14. The arsenic speciation analysis suggested that loca-
tion BK2 was As(III) dominated [As(III) =87, As(V) =20 ug/
L], whereas BK14 was As(V) dominated [As(II)=1,
As(V)=143 pug/L]. The sum of As(V) and As(II) concen-
trations was within 10% of Ast for BK14, but was signifi-
cantly lower in BK2. This mass imbalance in BK2 could be
due to sorptive uptake of As by Fe oxides that likely formed
due to oxidation of dissolved Fe(II) to Fe(III) in samples kept
unacidified for IC-ICP-MS analysis. However, Ast analysis
on ICP-MS precluded Fe-oxide formation as samples were
immediately acidified on site. Results of other relevant geo-
chemical parameters are listed in Table 1.

As-removal efficiency in different systems. Ast concen-
trations in treated water were <10ug/L, when As-free
groundwater spiked with variable As concentrations, and real
As-polluted groundwater (Fig. 5 and Supplementary Tables S5

TABLE 1. SELECTED WATER QUALITY PARAMETERS FOR ARSENIC-POLLUTED GROUNDWATER
BEFORE AND AFTER FILTRATION WITH JALKALP FILTER

BK2°¢ BK14°
Parameters® Permissible limif® Maximum limit° Raw Filtered Raw Filtered
General parameters
pH 6.5 8.5 7.04 7.38 6.96 7.44
Turbidity (NTU) 1 5 1.32 1.20 0.68 0.39
TDS (mg/L) 500 2,000 1,956 1,417 1,788 1,498
Hardness (mg/L as CaCOs) 200 600 966 682 876 720
Alkalinity (mg/L as CaCO3;) 200 600 1,240 900 1,100 1,000
COD (mg/L as O,) 0 0 64 0 32 0
BOD (mg/L as O5) 0 0 9 0 5 0
Total coliform (CFU/mL)" 0 0 400 0 595 0
Anions
F~ (mg/L) 1 1.5 0.58 0.38 0.54 0.44
SO, (mg/L) 200 400 71 75 156 126
Cl- gmg/L) 250 1,000 592 457 353 337
PO, (mg/L) No limit No limit n.d. n.d. 2.7 n.d.
Trace metals
Ast (ug/L) 10 No relaxation 142 5 132 3
Fer (mg/L) 1 No relaxation 8.97 0.11 1.1 0.06

Water quality parameters listed under ‘‘General parameters’” and F~ were measured as detailed in Section S5 in Supplementary Data.
SO427, Cl, and PO437 were measured using IC. Total dissolved arsenic (Ast) and total dissolved iron (Fet) were measured using ICP-MS.

40ther water quality parameters are not listed as either they were below detection limits, or there are no guidelines.

®Permissible and maximum limits were based on Indian standard (IS:10500, 2012).

“Coordinates of location BK-2 were 26°33/47"'N and 80°15'17"E, and those of location BK-4 were 26°33'53 N and 80°15'19"E.

YResults correspond to water obtained after passing the filtered water two times sequentially.

BOD, biochemical oxygen demand; COD, chemical oxygen demand; IC, ion chromatography; ICP-MS, inductively coupled plasma mass
spectroscopy; n.d., not detected; NTU, nephelometric turbidity units; TDS, total dissolved solids.
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FIG. 5. Arsenic removal using JalKalp filter under different conditions—i(a) As spiked in unpolluted groundwater, (b) real
As-polluted groundwater, and (c¢) variation of Ast concentration in treated water from JalKalp filter for 3 h. For (a, c), stock
solutions of As(V) and As(IIl) were spiked in As-unpolluted groundwater (IITK) in 1:1 ratio (mixed conditions), such that
the total dissolved arsenic (Ast) concentrations were 50 or 300 or 500 ug/L. BK-2 and BK-14 were the two locations from
where As-polluted groundwater was drawn and passed directly through the JalKalp filter without any modification. Data
correspond to head (h)=0cm for all conditions. As, arsenic; IITK, Indian Institute of Technology Kanpur.

and S6) was passed as influents to the JalKalp. In the case of
As-free water spiked with As in different forms [As(V), or
As(IIT), or both As(V) and As(III)] and concentrations (50-
500 ug/L), the filter was able to remove Asy within 20 min of
filtration for all heads (=0, 3, and 6 cm). Figure 5a shows the
arsenic removal for the experiment conducted at maximum
head (h=0cm), which initially contained Ast concentrations
of 50-500 pg/L, added in the form of both As(V) and As(III) in
1:1 ratios. For this system, As-removal efficiencies were ob-
served in the range of 95-99%. Similar results were obtained
for all other dissolved As inputs at different heads (Supple-
mentary Table S5). The highest flow rate of 27 L/h was ob-
served in experiments performed at #=0cm.

Similar to results with synthetic solutions, the JalKalp filter
was able to treat real As-polluted groundwaters—BK2 and
BK14—by bringing the Ast to below the drinking water limit
(<10 ug/L) (Fig. 5b). For both water samples, As-removal ef-
ficiency was found to be >99%, whereas reported As efficiency
of KAF was 85-90% (Ngai et al., 2007). Although PO43_ is
known to interfere with AsO437 removal due to structural
similarity, the JalKalp filter efficiently removed arsenic in
sample BK14, which initially had a high concentration of
PO, (~2.7mg/L) (Table 1). Further, the filter was able to
remove iron from groundwaters BK2 and BK14 containing

Fer concentrations of 9 and 1.1 mg/L, respectively, to below
the drinking water limit (<1 mg/L). Removal of Fer by the
JalKalp filter could possibly be due to the formation of insol-
uble ferric oxide colloids that were trapped in the sand layer
(Ngai et al., 2006). IC-ICP-MS analysis of solute data did not
indicate any As-redox transformations in any of the systems.

Tests on water quality parameters. JalKalp filter was
able to pass most of the water quality tests performed, except
alkalinity and hardness (Table 1). While fecal coliforms were
not observed in the sampled As-polluted groundwaters, BK-2
and BK14, concentrations of total coliforms recorded were
high in these locations (400-595 CFU/mL). Previous study
showed that JalKalp removed total coliform (initial concen-
tration =350 and 240 CFU/mL) and fecal coliforms (initial
concentration=9 and 7 CFU/mL) from water samples with
an efficiency of 100% (Sharma and Sood, 2016). However, in
this study, the removal percentages of total coliforms were
91.3 and 98.1 for BK2 and BK14, respectively. This differ-
ence could be due to the higher initial microbial concentra-
tions present in these locations. As the drinking water
standard for total coliform (=0 CFU/mL) was not achieved
after the first pass through the JalKalp, the filtered water was
passed for the second time, after which the total coliforms
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FIG. 6. Sorption isotherms depicting arsenic uptake in systems containing (a) fresh iron nails and (b) 15 days rusted-iron
nails. The Langmuir isotherm was used to model the As sorption data. Maximum sorption density (qmax) and equilibrium
constant (K.) were obtained by linearizing the Langmuir equation. Circles represent experimental data, and solid lines
represent model predicted Langmuir isotherms. Arsenic was spiked in As-unpolluted groundwater (II'TK). The initial pH of

IITK groundwater is 7.6+0.2.

were not observed (=0 CFU/mL) in both the treated water
samples. As the influent water did not contain fecal coliforms
and the total coliform removal required two passes, it is ad-
visable to pass the filtered water from the JalKalp for the
second time to achieve total coliform drinking water limit.

Batch experiments. Maximum sorption capacity (qmax)
of fresh and 15 days rusted-iron nails were determined as
57.86 and 113.21 ug/g, respectively. The Langmuir isotherm
(Langmuir, 1916) was used to model the sorption density (q)
(Fig. 6), and q,,.x Was obtained by linearizing the isotherm, or
by plotting C./q against C., where C. is the equilibrium
dissolved As concentration (Section S7 in Supplementary
Data). Higher g, in rusted-iron nails could be due to the
possible formation of iron oxides during the rusting process,

a Fresh iron nails

FIG. 7. Solid phase analy-
ses of As-reacted fresh (a, ¢)
and 15 days rusted-iron nails
(b, d). (a, b) Show data from
SEM and (¢, d) show data
from XRD analyses. B rep-
resents peaks corresponding
to the clay mineral consti-

which would have created more surface area (3.44 mz/g) as
compared with fresh nails (2.75 m*/g). However, after reac-
tion with As, surface area of iron nails increased to 2.86 m*/g
in systems containing fresh nails and was reduced to 1.05 m?*/g
in rusted-iron nail system. Decrease in surface area of rusted-
iron nails after reaction with As has also been reported pre-
viously (Eljamal et al., 2011). The slight increase in surface
area for the fresh-nail system could be due to rusting of iron
nails for 1 day, consistent with the past studies (Triszcz et al.,
2009). However, the significant decrease in surface area of the
rusted-iron nail system could be due to As uptake (~ 100%;
for initial Ast of 500 pg/L) by the prevalent iron oxides, which
would have decreased the net available sites. W-SEM-EDX
analysis (Fig. 7a, b and Table 2) suggests the possible for-
mation of iron oxides in As-reacted rusted-iron nail system, as

b Rusted iron nails

tuting the blank holder, M c
represents maghemite Y-
Fe,05 (blue lines; pdf-01-
076-3169), and G represents
goethite o-FeOOH (green
lines; pdf-01-075-5065).
SEM, scanning electron mi-
croscopy; XRD, X-ray dif-
fraction.

Relative Intensity
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Angle (28)

Angle 26



Downloaded by Mary Ann Liebert, Inc., publishers from www.liebertpub.com at 04/15/21. For personal use only.

DECENTRALIZED WATER-TREATMENT SOLUTION

TABLE 2. ELEMENTAL COMPOSITION OF AREA MAPPING
(TUNGSTEN SCANNING ELECTRON MICROSCOPE
AND ASSOCIATED ENERGY-DISPERSIVE X-RAY
SPECTROSCOPY) ON ARSENIC-REACTED IRON NAILS

Condition Element Mass % Atomic %
As reacted with fresh O 29.20 59.01
iron nails Fe 70.74 40.96
As 0.06 0.03
% — 1.44
As reacted with 15 days o 31.19 61.53
rusted-iron nails Fe 68.42 38.53
As 0.39 0.16
©) - 1.60

The numbers in bold were to highlight atomic ratio (F%), as all
non-bold numbers in that column are atomic %.

Iron nails were not crushed to fine powders before the spectro-
scopic analysis.

As, arsenic.

higher atomic percentage of O to Fe was observed in this
system compared with the fresh-nail system (Table 2). Fur-
thermore, XRD analysis confirmed the presence of maghemite
in rusted nails. However, in fresh nails head, goethite was
identified but was not observed in the tail (Fig. 7c, d).

Evaluation of JalKalp program in rural communities

Socioeconomic status, groundwater condition, and health
issues before JalKalp program. There were several factors
that influenced the acceptance of JalKalp filter, including

11

several socioeconomic ones (Section S6 in Supplementary
Data and Supplementary Fig. S3). Population in the targeted
villages of districts Vaishali and Buxur of Bihar (India)
mostly comprises small land holders who are mainly de-
pendent on agriculture for their living. Further, some of them
rear cows and buffaloes. However, there is a significant
population that is landless, and depends on daily wages from
agricultural and petty jobs. Moreover, selected villages do
not have access to continuous supply of electricity. Due to
these conditions, ~80% of households cannot afford ex-
pensive and electrified water-treatment units.

People in these villages depend mainly on groundwater to
meet their drinking water needs (Supplementary Fig. S4).
However, the groundwater was found to be severely polluted
with As, Fe, and microbial contamination. At all locations
where JalKalp filters were installed (n=22), groundwaters
contained elevated Ast concentrations (>10 ug/L) (Table 3).
Median Ast concentration in these locations was 100 ug/L,
and the maximum concentration reported was 1,750 ug/L at
location JF 15 (Buxur, Bihar). In 15 of 22 locations, Fer
concentrations exceeded 3 mg/L (Table 3), whereas 100% of
these locations (n=22) exceeded the drinking water limit of
1 mg/L (IS:10500, 2012). Moreover, all of these groundwaters
tested positive for the presence of fecal coliforms. However,
TDS concentrations were below the permissible limit (500 mg/
L) (Table 3) in ~91% of these locations (n=20).

Several health problems were reported by the villagers to
our team, which could be due to drinking polluted ground-
water. Mostly, people complained of gastrointestinal issues,
such as indigestion and excessive diarrhea, in children.

TABLE 3. ELEMENTAL CONCENTRATION AND OTHER RELEVANT DETAILS RELATED TO THE PERFORMANCE

OF INSTALLED JALKALP FILTER AT RURAL HOUSEHOLDS IN LOCATIONS OF VAISHALI AND BUXUR IN BIHAR, INDIA

Dissolved As Dissolved Fe Volume Frequency
concentration (ug/L) concentration (mg/L) TDS (mg/L) of water  of swirl
filtered  and dump
Sample ID Raw water Filtered water Raw water Filtered water Raw water Filtered water (L/day) (days)?
JF1 7010 n.d. >3 <0.3 294+6 288+ 13 25 20
JF2 290+ 10 n.d. >3 <0.3 294+24 283+ 18 50 30
JF3 200+0 n.d. 1 <0.3 348+3 325+25 50 30
JF4 60+0 n.d. >3 <0.3 43710 43510 30 20
JF5 200+0 n.d. >3 <0.3 355+13 35613 40 30
JF6 1955 n.d. >3 <0.3 306+2 3002 40 30
JF7 1000 n.d. >3 <0.3 29710 291+0 20 30
JF8 24010 n.d. >3 <0.3 33810 30010 30 25
JF9 1055 n.d. >3 <0.3 3480 33510 30 30
JF10 6818 n.d. >3 <0.3 445+8 42817 40 30
JF11 7313 n.d. >1 <0.3 330+0 330+0 20 15
JF12 55+0 n.d. >3 <0.3 37910 35010 25 20
JF13 1100 n.d. >3 <0.3 388+0 343+3 20 30
JF14 60+0 n.d. >3 <0.3 34510 333+13 20 30
JF15 1,750£0 n.d. >3 <0.3 41510 398+3 15 30
JF16 738 n.d. >1 <0.3 6280 542+8 25 30
JF17 5510 n.d. >1 <0.3 46810 398 +52 25 20
JF18 1100 n.d. >1 <0.3 291£0 3000 30 30
JF19 55+0 n.d. >1 <0.3 41210 373+28 30 20
JF20 5510 n.d. >3 <0.3 435%0 418+ 18 30 30
JF21 110£0 n.d. >3 <0.3 6080 525+25 30 30
JF22 40%0 n.d. >1 <0.3 42010 413+3 30 20

All these groundwaters before filtration tested positive for fecal coliform, and tested negative after filtration using H,S absence/presence
test. Dissolved total As, dissolved total Fe, and TDS were measured using specialized field kits.
#Swirl-and-dump maintenance process is explained in Section S8 in Supplementary Data.
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FIG. 8. Condition of villagers during the JalKalp program of study sites. (a) Health problems observed during a survey
before the installation of filter in the form of skin lesions, which was probably associated with elevated concentration of
arsenic (>10 pug/L) in groundwater. (b) Color of the rice prepared with unfiltered versus JalKalp-filtered water. (c) A lady is
demonstrating the difference in the color of water, before and after filtration with JalKalp filter. (¢) Image was reprinted
with permission from Sehgal foundation (SMSfoundation, 2017) from https://network.changemakers.com/challenge/
creatingsharedvalue/entry/JalKalp (d) Employment created for the villagers during the course of JalKalp program for

making different components of the filter.

Further, the survey team observed skin lesions in some vil-
lagers (Fig. 8a) residing in regions with high As concentra-
tions in groundwater. Some villagers also reported itching
problems after bathing with this groundwater. Aside from
health issues, villagers repeatedly observed paling of the
original color of rice (Fig. 8b) and lentils when polluted water
was used for cooking, possibly due to the presence of high
dissolved Fe in groundwater.

Removal capacity of JalKalp filter in rural house-
holds. Groundwater was free from elevated Ast (<10 ug/
L) in every location after filtration (Table 3). Apart from As-
removal efficiency of ~100%, Fer in filtered water was
<0.3mg/L in all locations. Moreover, in every household
effluent water was tested negative for pathogens using the
absence-presence test. However, TDS concentrations in
the filtered water remained high as in the influent water
(Table 3). The amount of groundwater filtered from the
JalKalp filter in every household ranged from 15 to S0L/
day, depending on the number of persons using the filter.
The frequency of the swirl-and-dump maintenance process

(described in Section S8 in Supplementary Data) usually
ranged from 15 to 30 days, with an average of 265 days
(Table 3). Since the major contaminants of the aquifers, Ast,
dissolved Fer, and pathogens were removed using the JalK-
alp, the filtered water could be considered safe for drinking
purposes.

TCLP extract analysis. Table 4 shows the elemental
concentrations of sludge collected from the filters. Results
indicate that concentrations of all elements were below TCLP
guidelines (USEPA, 2010; MoEFCC, 2016), which sug-
gested that the collected sludge could be considered as non-
hazardous. Although there is no TCLP standard of iron or its
oxides, the concentration of dissolved Fe was excessively
high in the TCLP extract. As the elevated levels do not ex-
ceed any disposal guidelines, it can be considered as a mu-
nicipal waste and can be discarded in regular landfills. Yet,
the villagers were advised not to discard this sludge uncon-
trollably, but to collect it in a particular place covered with
shed until a suitable method of recycling this material was
found.


https://network.changemakers.com/challenge/creatingsharedvalue/entry/JalKalp
https://network.changemakers.com/challenge/creatingsharedvalue/entry/JalKalp
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TABLE 4. ELEMENTAL CONCENTRATIONS OF VARIOUS METALS IN ToXIiCITY CHARACTERISTIC LEACHING
PROCEDURE EXTRACT OF JALKALP FILTER SLUDGE OBTAINED FROM STUDY LOCATIONS

Concentration in extract (ug/L)*

Regulation level (ug/L)

Metal Lot 1° Lot 2¢ Lot 3¢ (USEPA, 2010; MoEFCC, 2016)
As 93+04 70£5 45.1+04 5,000
Cr 9.0+04 bdl bdl 5,000
Co 3.6x£0.3 2.5%0.5 23+04 80,000
Cd Bdl bdl bdl 1,000
Ba 1,921 £20 838147 897+ 141 100,000
Pb 34+1.0 bdl bdl 5,000
Ag Bdl bdl bdl 5,000
Cu 28+8 48.4%+0.9 317 25,000
Mn 7,105+708 8,699 £3,429 7,144 +1,938 10,000
Zn 3,056+ 646 440x6 509+41 250,000
Fe 11,218 +£2,710 3,477 £668 1,399+ 199 No regulation known

“Elemental concentrations were measured on ICP-MS.

"Lot 1 contains mixed sludge from JalKalp filters installed in all 14 households in Vaishali, Bihar (Table 3 and Supplementary Table S4).
‘Lot 2 contains sludge from JalKalp filters installed in all eight households in Buxur, Bihar (Table 3 and Supplementary Table S4).
Lot 3 contains sludge from the JalKalp filter installed in all 22 households in Vaishali and Buxur, Bihar (Table 3 and Supplementary

Table S4).
bdl, below detection limit.

Estimated life of JalKalp filter and cost comparison with
traditional method. Based on qu.x of rusted-iron nail
(113.21 pgl/g), total mass of iron nails used in the filter
(~5kg), and considering an average concentration of Ast in
groundwater (~ 100 ug/L), a JalKalp filter can treat ~6,000L
(rounded to nearest thousand) of As-polluted water. Based on
these values, and considering average daily drinking water
demand of a household as ~ 10L, the estimated duration of
iron nails to treat As in polluted water was ~ 1.7 years.
However, the exhausted iron nails can be replaced with the
new nails, and the filter can be used repeatedly. The estimated
life of a JalKalp filter is ~25 years, based on the life span of
polyvinyl chloride pipe, which has the shortest life span among
other constituents used in making the filter.

The treatment cost of conventional reverse osmosis (RO)
filter, with an estimated life of 5 years, is INR ~2.1 (US$
~0.03)/L of water. This estimate considered costs related to
the capital, total water consumption, treatment losses, and
maintenance and electricity charges of a typical RO filter
(Kent, 2020). Contrary to RO filters, there are minimal
maintenance, operation, and electricity charges associated
with the JalKalp filter. The treatment cost of a JalKalp filter is
only INR ~0.28 (US$ ~0.004)/L of water, considering total
cost during installation as INR 3,800 and estimated cost of
iron nails for 5 years as INR ~1,000. Furthermore, the
treatment cost of this filter is considerably less than the re-
ported cost of a KAF [INR ~0.75 (US$ ~0.01)/L of water]
(Akvopedia, 2015), which was developed to treat As-polluted
water in rural households of Nepal. Besides, water filtered
from KAF required an additional process (not included in
cost estimation) to treat pathogens (Ngai et al., 2006), which
is not needed in JalKalp filter.

Positive outcomes of the JalKalp program: health, em-
ployment, and education. One of the most positive out-
comes of the JalKalp program was the improvement in health
of rural people. After the filter installation, most villagers
who consumed unpolluted (filtered) water reported better

digestion and reduced diarrheal cases (Supplementary
Fig. S5). Some villagers experienced reduced incidence of
skin problems after consuming filtered water. However, it
may be too early to comment that these skin problems were
being resolved because of drinking As-free water. Aside from
improvements in personal health, villagers reported that the
color (Fig. 8b) and taste of food cooked with filtered water
were better. Furthermore, households reported an increase in
overall quantity of drinking, as filtered water seemed color-
less (Fig. 8c; SMSfoundation, 2017) and no longer tasted
heavy.

Apart from providing clean and hygienic water, the JalK-
alp program created job opportunities for distinct groups of
people ranging from local agents to entrepreneurs (Fig. 8d).
Six experienced community workers were paid INR 18,000
(US$ ~240) per month. Other community workers were to
be paid after they had gained experience in the program. An
unknown number of fabricators earned money for making
filter bodies directly from outside agencies. Also, the JalKalp
filter is currently attracting attention of local entrepreneurs
who may convert this initiative to a viable business model by
selling the filters on a larger scale. It has also created op-
portunities in development of such low-cost, easy-to-operate
filters, which can remove Ast, Fer, and pathogens from
polluted water.

JalKalp program has also resulted in educational benefits.
Through community meetings, ~ 30,000 villagers learned
about their present water quality state and the methods to
monitor it. Further, they understood the importance of safe
drinking water and potential solutions. Training and work-
shop sessions (~ 1,464) on the operations and troubleshoot-
ing of the filter have enhanced the capacities and confidence
of rural people to solve their problems on their own.

Monitoring, feedback, and response. After 15 days visit
for monitoring of JalKalp filter, concentrations of Asr, Fer,
and pathogens in filtered water were found to be within
drinking water limits. Even though the presence of pathogens
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was not identified, users were suggested to pass the filtered
water again to eliminate the presence of any excess total
coliforms. Furthermore, community workers ensured that
filters were leakage free, and checked the general cleanliness
and upkeep of the filter. Also, it was ensured that the users can
competently perform swirl-and-dump maintenance on their
own (Section S8 in Supplementary Data). The positive
feedback obtained from the villagers, such as health im-
provement and employment generation, has created a sense
of satisfaction and enthusiasm among us. Further, monitoring
and seeking regular feedback has even led to further im-
provements to the filter, such as for the filter outlet tube,
which was reported as fragile at the initial stages.

Strategies to overcome major challenges: future im-
plementation of programs like “JalKalp” in Indian con-
text. Although the JalKalp program achieved its objectives,
there were many challenges that our team had to face during
implementation. The most challenging task was to enter a
village and build initial trust within the villagers. This chal-
lenge was addressed by performing extensive role-play ac-
tivities (Fig. 3). Since our targeted locations were rural areas
where people have economic instabilities, our next biggest
hurdle was the affordability of JalKalp filters. Even though
the subsidized cost of a JalKalp filter was INR 2,500 (US$
~33), there were many families who could not afford it. To
overcome this limitation, we proposed the villagers to pur-
chase the filter on a shared basis (two to three families), so
that the maximum rural people could benefit from improved
water quality. Some families believed that their water was
holy as past generations had consumed this water. On the
contrary, some believed that drinking poor quality water was
not a big issue as it will not cause any health problems to
them. We tried to dispel these notions by teaching the im-
portance of drinking clean water to the younger formally
educated members of the village and motivated them to
convince their elders. Furthermore, among these educated
members, those who underwent systematic training (80
completed; 100 ongoing) on JalKalp filter are expected to
construct such filters on their own in the future. Their step-
ping up is not only important as it might reduce the capital
cost of the filter but will also become crucial once the grant
provided by the government ends.

Considering these challenges and possible solutions, the
JalKalp program can be extended to other rural areas of se-
verely As-affected states of India, such as West Bengal and
Uttar Pradesh. Furthermore, in Indian scenario programs like
JalKalp could be expanded to include other groundwater pol-
Iutants. For example, 19 Indian states are affected by fluoride
pollution in groundwater (Jha et al., 2010); the JalKalp program
could motivate future researchers to develop such low-cost
filters, which could be implemented in these affected regions.

Summary

This study validated the use of a low-cost modified biosand
filter with stainless-steel body, *“JalKalp,”” which utilized ZVI
for As removal and a copper sheet for removal of pathogens
under Indian groundwater conditions. The JalKalp filter effi-
ciently removed total dissolved arsenic up to 500 ug/L under
laboratory conditions, and up to 1,750 ug/L in the field, to
below permissible limit (10 ug/L). Furthermore, the sludge
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generated from the filter after treatment process was nonhaz-
ardous, which can be disposed in regular landfills. For effec-
tive arsenic removal, JalKalp requires regeneration of iron
nails after every ~ 1.7 years for influent water containing
100 ug/L. of Asr. The treatment cost of 1L of 100 ug/L of
average As-polluted water is ~INR 0.28 (US$ ~0.004),
which an economically disadvantaged family could afford.
The JalKalp program initiated in Bihar, India, demonstrated
how rural communities, systematically under resourced, could
be safeguarded against unsafe water with an engineered
technology, and with participation of several stakeholders:
local residents, local agents, governmental and nongovern-
mental organizations, and an educational institution. The
program initiated to install JalKalp filter in rural areas has so
far provided clean and safe drinking water, which has seem-
ingly reduced health problems resulting from drinking polluted
water, and has spread social awareness, generated employment
to villagers, and opened the door to entrepreneurial, educa-
tional, and research opportunities. Considering its simple op-
eration, easy maintenance, and its effectiveness in providing
potable water, the low-cost JalKalp filter can be considered as
a sustainable treatment solution at the household level.
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