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• Filters and columns operated with
groundwater containing 500–1350 μg
As/L.
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• Transformation of amorphous Fe-
(hydr)oxides to stable magnetite with
incorporated As(V)

• Field filters achieved 60–80% As re-
moval, lab columns N95%.
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Groundwater contaminated with geogenic arsenic (As) is frequently used as drinking water in Burkina Faso, de-
spite adverse health effects. This study focused on testing low-cost filter systems based on zero-valent iron (ZVI),
which have not yet been explored inWest Africa for As removal. The active ZVI bedwas constructed using small-
sized iron nails, embedded between sand layers. Household filters were tested for nine months in a remote vil-
lage relying on tube well water with As concentrations of 400–1350 μg/L. Daily filtered volumes were 40–60 L,
with flow rates of ~10 L/h. In parallel, downscaled laboratory filter columns were run to find the best set-up
for optimal As removal, with special attention given to the influence of input pH, flow rate andwater/nail contact
time. Arsenic removal efficiencies in the field were 60–80% in the first six months of operation. The laboratory
experiments revealed that trapped air in the nail layer greatly lowered As removal due to preferential flow and
decreased water/nail contact time. Measures taken to avoid trapped air led to a partial improvement in the
field filters, but effluent As remained N50 μg/L. Similar structural modifications were however very successful
in the laboratory columns, where As removal efficiencies were consistently N95% and effluent concentrations fre-
quently b10 μg/L, despite inflowAs N1000 μg/L. A constantly saturated nail bed and careful flow control is neces-
sary for optimal As removal. Slow flow and longer pauses between filtrations are important for sufficient contact
. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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times and for transformation of brown amorphous Fe-hydroxides to dense magnetite with incorporated As(V).
This preliminary study has shown that nail-based filters have the potential to achieve As removal N90% in a
field context if conditions (filter bed saturation, flow rate, pauses between filtrations) are well controlled.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Groundwater contaminated with geogenic Arsenic (As) is widely
used as drinking water in West African countries. In Burkina Faso,
~560,000 people in rural communities are estimated to rely on water
from As-contaminated tube wells (Bretzler et al., 2017). Well-
switching to uncontaminated sources has proven to be an effective As
mitigation measure in other countries, e.g. Bangladesh (Inauen et al.,
2013). However, due to the different climatic and geological conditions
in Burkina Faso (semi-arid climate, lower water tables, fractured crys-
talline bedrock aquifers) and resulting elevated cost of drilling, villages
may only be supplied by one or a few community tubewells. As a result,
switching to uncontaminated wells is frequently not possible. There-
fore, water treatment by removing As is often the only option to supply
drinking water adhering to the WHO (and Burkinabè national) guide-
line value of 10 μg/L.

Considerable research has been undertaken in the last decades in
finding effective As removal technologies with inexpensive and gener-
ally available materials for low- and middle-income regions, spurred
by the “As crises” in Asia and Latin America (Bundschuh et al., 2010;
Litter et al., 2012; Mohan and Pittman, 2007; Mondal et al., 2013;
Singh et al., 2014). Due to the affinity of As to bind to Fe-oxides,filtration
of water with Fe-basedmaterials has been amongst themost successful
and widespread solutions. In industrial countries, As is removed by ox-
idation of As(III) (arsenite) to As(V) (arsenate), followed by addition of
Fe(II) or Fe(III) for controlled coagulation and precipitation, or by ad-
sorption on commercial adsorbents (Hering et al., 2017). Adsorbents
such as granular ferric hydroxide (German: granuliertes Eisenhydroxid,
GEH®) (Driehaus et al., 1998; Usman et al., 2018) or Bayoxide®
(Kanematsu et al., 2010; Katsoyiannis et al., 2015) are widely used
and very effective in removing As(V). However, the comparatively
high cost and limited availability of these materials restrict their appli-
cation in low-income rural communities. Technologies based on low-
cost and generally available metallic iron, mostly referred to as Fe
(0) or zero-valent iron (ZVI), in the form of iron filings, scrap iron or
iron nails, have been developed and shown to be promising (Bang
et al., 2005; Fu et al., 2014; Katsoyiannis et al., 2015; Katsoyiannis
et al., 2008; Lackovic et al., 2000; Lien and Wilkin, 2005; Mwakabona
et al., 2017; Su and Puls, 2008; Sun et al., 2006). The corrosion of ZVI
leads to the formation of dissolved Fe(II) and various mixed Fe(II)/Fe
(III) and Fe(III) phases that act as sorbents for both As(III) and As
(V) (Leupin and Hug, 2005). In addition, reactions of ZVI with dissolved
oxygen in aerated waters form oxidants that can oxidize As(III) to As
(V) (Hug and Leupin, 2003; Katsoyiannis et al., 2008; Leupin and Hug,
2005). The most widely used and successful ZVI-based filter so far is
the SONO filter employing a composite iron matrix (CIM) of sub-
millimetre to millimetre sized scrap iron particles embedded between
sand layers (Hussam and Munir, 2007; Neumann et al., 2013). Over
270,000 SONO-filters were produced and deployed in Bangladesh by
2014 (Kundu et al., 2016). Anotherwidely used ZVI-filter is theKanchan
filter developed in Nepal, employing iron nails (Ngai et al., 2007). How-
ever, it has been reported that the contact times in theKanchanfilter are
often too short for sufficient As-removal (Chiew et al., 2009; Singh et al.,
2014; Smith et al., 2017). Other ZVI filters for As-removal have been de-
veloped and tested at both the household and community level (Banerji
and Chaudhari, 2017; Smith et al., 2017). The design and efficiency of
the different systems can vary considerably. The community-scale sys-
tem developed by the Indian Institute of Technology Bombay (IITB) uti-
lises a similar concept as Kanchan filters, but is more effective as water/
nail contact time is increased (Banerji and Chaudhari, 2017). Also NIS
(“nails-in-sand”) filters developed in China have attempted to increase
water/nail contact time and yielded promising results (Smith et al.,
2017).

Arsenic removal is dependent on various factors and no technology
performs consistently well for all water types. The presence of high P
(phosphate) concentrations competing with As for adsorption sites
can considerably reduce As uptake, and to a lesser extent also Si (sili-
cate) (Leupin and Hug, 2005; Leupin et al., 2005; Roberts et al., 2004;
Tyrovola et al., 2006; Wenk et al., 2014; Sun et al., 2006). As(V) sorbs
preferentially over As(III) to Fe oxides in the prevailing pH conditions
of natural waters (Dixit and Hering, 2003), and groundwater containing
mainly As(III) may have to undergo pre-oxidation before the main As
removal step. Technologies therefore have to be chosen and/or adapted
to suit local groundwater composition, pH and redox state (Hug et al.,
2008). In contrary to the often reducing groundwater systems in low-
land Asia dominated by As(III), geogenic As in Burkina Faso stems
from the oxidation of sulphide minerals (e.g. arsenian pyrite, arsenopy-
rite) often associated to gold mineralisations and occurs as As(V) under
oxic conditions (Bretzler et al., 2017; Smedley et al., 2007). Together
with low P concentrations (b 0.05 mg/L) and circum-neutral pH, condi-
tions are relatively favourable for As(V) adsorption onto iron oxide
phases (Dixit and Hering, 2003; Leupin and Hug, 2005; Leupin et al.,
2005; Roberts et al., 2004; Sun et al., 2006; Tyrovola et al., 2006;
Wenk et al., 2014). Dissolved Fe concentrations, on the other hand, are
generally very low (b 100 μg/L) and not sufficient for As removal with-
out additional Fe sources (Berg et al., 2006).

Despite thewidespread occurrence of As-contaminated wells in this
region (Ahoulé et al., 2015; Bretzler et al., 2017), Asmitigation activities
are still almost non-existent compared to Asian or South-American
countries. Tube wells identified as As-affected are usually closed by
the authorities without replacement. Due to the extreme poverty and
very low purchasing power of rural communities in Burkina Faso,
utilising a low-cost, As removalmethod exclusively sourced from locally
available materials was a priority of this study. We chose the SONO
technology as the basis for filter materials and filter design for Burkina
Faso, as SONO filters are well studied, need little maintenance and can
be operated for years without exchanging the Fe matrix (Hussam and
Munir, 2007; Neumann et al., 2013).

The challenge for reproducing SONO was finding a ZVI material to
replicate the function of the CIM, which is exclusively produced in
Bangladesh. For this study, it was not possible to find or produce similar
lubricant-free iron filings in Burkina, at least not in a quantity necessary
formultiple filters. Countless small street-sideworkshopsworkingwith
steel produce small quantities of iron scrap that falls onto unpaved
ground, where it mixes with other detritus and dust. Larger workshops
and enterprises produce larger amounts of Fe shavings and scrap, but
the iron is usually contaminated with machine oils, rendering it unsuit-
able for drinking water treatment. Nails were chosen as an Fe-source as
they are inexpensive (USD 400–1000/ton), globally widely available,
also in rural Burkina Faso, and do not need elaborate cleaning. Although
they have a lower specific surface area than Fe shavings/turnings used
in SONO filters, small iron nails are the cleanest and least expensive
source of suitable Fe(0) for As removal in Burkina Faso.

The purpose of this study was to develop and test filters that use the
same design as SONO filters, but built with locally and generally avail-
able iron nails instead of the finer iron turnings and filings used in the
CIM, and to determine the filter performance under different operating
conditions. Iron nails were the most easily available form of small sized

http://creativecommons.org/licenses/by/4.0/
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iron. Due to time constraints, we did not investigate other options such
as steel wool orwire, whichwould be interesting for future studies. As a
reference, we also conducted field tests at the same location with filters
of the same design, butwith GEH as the active layer. The removalmech-
anism of GEH being different to that of ZVI, this part of the study did not
aim to scientifically compare the two materials. Rather, we wanted to
test the efficiency of a proven and well-studied, industrial material
under similar conditions, also to show alternatives to ZVI to local
communities.

In parallel to field testing of filters, laboratory experiments with dif-
ferent filter column designswere carried out to find the ZVI set-upwith
optimal As removal. The influence of flow rate and water/nail contact
time on As removal could be addressed in detail in the laboratory. The
field filters and laboratory columns were monitored over twelve and
eight months, respectively, to evaluate filter performance, Fe(0) corro-
sion and As removal efficiency over longer time scales.

2. Materials and methods

2.1. Field experiments

The field experiments were conducted in the village of Souriyala in
northern Burkina Faso (Province de Bam). The village was already a
focus site of the partner NGO “Le soleil dans la main” and villagers
were familiar with previous NGO activity and interventions. Two tube
wells with highly elevated As concentrations (~ 450 and ~ 1000 μg/L)
had previously been identified.

2.1.1. Filter construction and set-up
Filters for filtration of 3 times 20 L water per day were con-

structed based on the design of the SONO filters (Fig. 1). The upper
plastic buckets (280–365 mm diameter, 380 mm height) contained
an upper layer of sand, a central active layer of 8 kg iron nails, and
Fig. 1. Overview of the different filter designs used in the field experiments. While the filter GE
nails (F-1, F-2, F-4) were all modified to the setup on the far right (F mod.) in October 2017 as
a lower layer of sand and gravel. The average diameter of the nail
layer was 320 mm and its height 60 mm. The lower buckets
contained sand and gravel to remove remaining suspended iron
oxide particles. Altogether four household As removal filters were
constructed, three using iron nails and one using commercial GEH®
(Fig. 1, Table 1). GEH is a granular form of akagenite (β-FeOOH)
(grain sizes 0.2–2 mm) with an iron content of 610 g/kg and a spe-
cific surface area of 300 m2/g (GEH Wasserchemie, 2013). The GEH
filter was constructed as a kind of “benchmark”, to compare the As
removal efficiency of the nail-based filters with an established and
well-studied sorbent, which is nevertheless more expensive and
needs to be imported. In the nail filters, two different nail sizes
were used, 20 mm × 1 mm (Filter F-1 and F-2) and 12 mm × 1 mm
(Filter F-4). Non-galvanized steel nails were purchased in Burkina
Faso. Steel nails are globally produced in large quantities from low-
carbon unalloyed steel wire and have a fairly uniform composition,
as described previously (Wenk et al., 2014) and in more detail in
the Supplementary Material. The nails (8 kg per filter) underwent
some pre-treatment for cleaning and to start the corrosion processes
(several 12–24 h cycles of soaking in water or diluted vinegar,
followed by drying), as described in Hussam and Munir (2007) and
Smith et al. (2017) for the iron filings used in SONO filters. The
sand layers consisted of fine quartz sand with grain sizes of
0.4–0.8 mm. The sand, nail and gravel layers in the filter were sepa-
rated by a double layer of fine polyethylene mosquito netting. In
order to reduce the flow velocity and increase water/nail contact
times in filters F-1, F-2 and F-4, the tap of the top bucket was ad-
justed and fixed with tape so that water left the bucket at a flow
rate of about 8–12 L/h. The tap of the GEH filter was left unchanged,
with flow rates exceeding 20 L/h.

Due to an unsatisfactory As removal efficiency after sixmonths of fil-
ter operation (see Results, Section 3.1), and following new insights
attained during the laboratory experiments, the nail-based filters were
H-1 remained unchanged throughout the experimental period, the three filters containing
a result of insights attained during the laboratory experiments.



Table 1
Characteristics of field filters (F-1, F-2, F-4, GEH-1) and laboratory filter columns (L1 to L5).

Filter/Column Operation
period

[As]input
(μg/L)

Iron source
(Nail
length,
diameter)
(mm)

Direction of
flow and flow
rate

Empty bed
flow
velocity
(cm/h)

Empty
bed
contact
time
(min)

*Contact time
× ZVI
surface area/L
(s
m2/L)

Specific characteristics

F-1
Mar 2017 –
Mar 2018

600–1350
8 kg nails
(20, 1.0)

Downflow
8–12 L/h

10–15 24–36 1250–1875

F-2
Mar 2017 –
Mar 2018

400–600
8 kg nails
(20,1.0)

Downflow
8–12 L/h

10–15 24–36 1250–1875

F-4
Mar 2017 –
Mar 2018

400–600
8 kg nails
(12,1.0)

Downflow
8–12 L/h

10–15 24–36 1270–1905

GEH-1
Mar 2017 –
Mar 2018

600–1350 14 kg GEH
Downflow
20-40 L/h

25–50 19–39 (3.8-7.6)·108

L-1A / L-1B Jul 2017 - Mar
2018

500–1200 85 g nails
(12, 1.0)

Downflow
80–120 mL/h

10–15 24–36 1350–2025 Water-saturated nail layer

L-2A / L-2B Jul - Aug 2017 500–1200 (12, 1.0) Downflow
80–120 mL/h

10–15 24–36 1350–2025 Same design as F-1, F-2 and F-4. Temporarily
unsaturated nail layer

L-3A / L-3B Jul - Aug 2017 500–1200 85 g nails
(12, 1.0)

Upflow (peristaltic
pump),
100 mL/h

12.5 29 1620 Closed column, no headspace, constantly
saturated filter bed

L-4 Sept 2017 - Apr
2018

500–1200 85 g nails
(23, 1.5)

Downflow
80–160 mL/h

10–20 18–36 670–1340 Constantly saturated nail layer (raised outlet)

L-5 Sept 2017 - Apr
2018

500–1200 85 g nails
(23, 1.5)

Downflow
80–160 mL/h

10–20 18–36 670–1340 Constantly saturated nail layer (raised outlet),
Gravel

F1, F2, F4 L1-L5

Diameter / length of active layer (mm) 320 / 60 32 / 60
Empty bed volumes of active ZVI layers 4825 mL 48.3 mL
Pore volume of active ZVI layers 3808 mL 37.4 mL
Pore volume / Empty bed volume 0.79 0.78
Filtered volume in each filtration 20,000 mL 113 mL
Remaining volume in ZVI and lower sand layer 7484 mL 50.3 mL
Remaining volume / Volume of filtered water 0.374 0.445

*Contact times × ZVI surface area/per L of pore volume are based on effective contact times with ZVI in the pore volume of the active ZVI layer during flow. For comparison, estimated
contact times x ZVI surface area/L for SONO filter columnswith similar flow rates were 6840 s m2/L, 4–12 times larger due to the smaller size of the used iron particles. Estimated specific
surface areas of iron filings in SONO filters are 1.6·10−3m2/g and 3.5–5.3·10−4 m2/g in iron nails. Granular ferric hydroxide (GEH) has contact times per surface area and volume that are
orders of magnitude larger. GEH characteristics: 1150 kg/m3, intra-particle porosity 0.7–0.8, specific surface area (BET) 250–300 m2/g (Westerhoff et al., 2005). Recommended filtration
velocities can be 20 m/h (100-fold higher than in nail filters).
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structurallymodified in October 2017. The outlet tube of thefirst bucket
was raised to ensure that the water level stayed above the nail layer,
which consequently remained permanently saturated. The top fine
sand layer was replaced by gravel (mixed grain sizes of 2–20 mm) to
allow trapped air in the nail layer to escape more easily (Fig. 1).
2.1.2. Operation and use of the field filters
Initialmeetingswith village elders and decisionmakerswere held in

February 2017 to present the project and discuss filter implementation.
The filters were installed in households recommended by village heads
as being reliable and willing to participate. Villagers were instructed to
filter three 20 L jerrycans of groundwater per day (morning, midday
and evening). Considering the very hot climate and large families (5.4
live births per woman (United Nations, 2017)), 60 L is a realistic daily
need in drinking and cooking water of a rural family. During the rainy
season (July–September), only two jerrycans were filtered daily
(40 L), as villagers often spent the whole day on the fields tending
their crops. Sampling of raw and filtered water was performed weekly
in the first two months after filter installation, then twice per month
by an employee of the NGO. Due to accessibility problems to the village
during the rainy season, sampling was more sporadic from August to
October. Samples (4–5 mL) were collected unfiltered in 5 mL pre-
acidified vials (150 μL 1 M HNO3 suprapure) and shipped to Eawag,
Switzerland, for analysis using ICP-MS (Agilent 7500cx). In addition, fil-
tered samples (0.2 μm)were taken on amonthly basis andAs speciation
investigated using silicate filter cartridges that pass As(III) and retain As
(V) (Meng and Wang, 1998).
2.2. Laboratory experiments

2.2.1. Laboratory filter construction and set-up
Downscaled laboratory filters for filtration of 3–8 times 113 mL

water per day were constructed from acrylic glass tubes with an inner
diameter of 32 mm and a height of 300 mm. The vertical dimensions
of the active nail layer (consisting of 80–100 g iron nails) were the
same as in the field filters (60 mm). The reduction of the diameter by
a factor of 10 allowed for a reduction of the flow by a factor of 100,
whilemaintaining the same range of vertical flow velocities and contact
times as in the field filters. The equivalent volume of water per filtration
of 200 mL was reduced to 113 mL to achieve similar average As loads
per filtration as in the field (As concentrations in the laboratory were
by a factor 1.5–1.8 higher than in the field).

Initially, three different filter column variationswere tested in dupli-
cate (L-1A/L-1B, L-2A/L-2B, L-3A/L-3B), with L-2A/L-2B being identical
in their set-up to filters F-1, F-2 and F-4 tested in Burkina Faso (Fig. 2,
Table 1, Table SI-1). As opposed to field filters, nails were not pre-
treated with vinegar to enhance initial corrosion. Laboratory experi-
ments showed that treatment with vinegar or other acids was not nec-
essary to start corrosion. As observed through the transparent columns,
corrosion started within 1–2 days after the experiment was started.
2.2.2. Influent water composition in laboratory experiments
Natural groundwater was used as influent water for the columns,

with some adjustments to the water composition to mimic groundwa-
ter chemistry in Burkina Faso. Freshly pumped groundwater from a



Fig. 2.Diagram showing the set-up of the five different filter columns. Columns L-2A and L-2B represent the same set-up as filters F-1, F-2 and F-4 installed in Burkina Faso. Columns L-1A
and L-1B were operated with a constantly water-saturated nail layer, as were the up-flow columns L-3A and L-3B. Columns L-4 and L-5 were constructed after the de-commissioning of
columns L-2A/L-2B and L-3A/L-3B in September 2017. Column L-5 represents the same set-up as themodified field filters (F mod. 1, 2, 4). The raised outflow ensures that the water level
always remains above the nail layer. Vertical dimensions of the iron layerswere the same as infield filters, while the diameter (at the height of the ZVI-layers) was 10-times reduced. Flow
rates were thus by a factor of 100 smaller than in the field filters (80–120 mL/h), but the vertical flow velocity and contact time with ZVI was in the same range (Table SI-1).
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groundwater well on the Eawag campus (Switzerland) was diluted 1:1
with deionised water and Si concentration raised to 10–15 mg/L by
adding Na2SiO3*9H2O. As(V) or As(III) were spiked to attain the desired
As concentration (500 μg/L or 1000 μg/L). A comparison of the water
composition of the two tube wells in Burkina Faso with the Swiss
groundwater adjusted in the laboratory is presented in Table 2. Small
Table 2
Chemical composition of influent groundwater in Burkina Faso and adjusted groundwater
used for the laboratory column experiments.

Location Souriyala
Hollé (BF)
old well

Souriyala
Hollé (BF)
new well

Eawag (CH)
groundwater

Eawag
adjusted
groundwater

Filter IDs F-2, F-4 F-1, GEH-1 All columns
pH 7.0 6.4 8.3 6.5–7.5
EC μS/cm 666 352 674 365
DO mg/L 1.31a 2.65a 1-8 8-9
Temp °C 31.3 30.6 4–12 22–24
Redox mV 361 398
DOC mg C/L 1.2 1 1.3 0.8
Alkalinity mmol/L 7.7 4 5.8 3.1
Cl mg/L 2.2 0.7 48.3 24.6
NO3-N mg NO3-N/L b0.25 b0.25 2.7 1.3
SO4 mg/L 12.6 5.9 29 14
Na mg/L 41 14 31 18
Mg mg/L 39 30 16 8.0
Ca mg/L 61 20 103 51
K mg/L 1.5 0.8 4.6 2.7
P mg/L b 0.01 b 0.01 b 0.01 b 0.01
Si mg/L 20.3 7.8 4.5 10–15
Fe μg/L 60 68 b 10 b 10
As μg/L 419 1000 b 0.1 500–1000

a The oxygen concentration after contact with air in the jerrycans and in the top of the
filters was close to saturation before the water entered the filters (8.2–8.8 mg/L for labo-
ratory columns operated at 22–24 °C and 7.2–7.6 mg/L for field filters operated at 30–35
°C).
differences in water composition remained, with adjusted groundwater
having higher Cl and lower Mg concentrations than the groundwater in
Burkina Faso. Higher concentrations of Cl− may enhance ZVI corrosion,
but the effect of the low Cl− concentration (0.70 mM) in our prepared
groundwater can be expected to beminor. Increasing rates of corrosion
reactionswith increasing Cl− are observed at higher concentrations, e.g.
from 20 to 1000mM(Caceres et al., 2007). Divalent cations such asMg2
+may also lead to faster corrosion through depassivation of the ZVI sur-
face by freeing the ZVI sites from Fe(III) oxides (Liu et al., 2014; Zhang
et al., 2019). Considering that enhanced corrosion should have a posi-
tive effect on As removal (due to higher Cl− in adjusted groundwater
andhigherMg2+ infield groundwater), thedifferences inwater compo-
sition should not be relevant for comparability of laboratory and field
results. The pH-values of the synthetic groundwater (stored in a 20 L
PE-reservoir) was adjusted to pH values from 6.2–7.8 by addition of
CO2 to investigate the influence of pH on As-removal. For some periods,
the pH was allowed to increase to 8.5.
2.2.3. Operation of the laboratory columns and adjustments
An influent water volume of 113 mL was pumped into the columns

three times daily. All columns were operated in gravity driven down-
flow mode (to reflect conditions in the field filters) except L-3A and L-
3B, which were operated in reversed up-flow to maintain a constantly
saturated nail layer. The approximate flow rate of 10 L/h used in the
field was downscaled to an ideal rate of 106 mL/h (1.77 mL/min) for
the columns (Table 1). This flow rate could only bemaintained constant
for columns L-3A and L-3B (up-flow controlled by a peristaltic pump),
whereas the gravity-filtered columns experienced variations in flow
rate during each filtration due to the changes in water level and hydro-
static pressure. This effect cannot be avoided and also occurs in the field
filters. The flow rate of columns L-1A and L-1B was regulated by flow
restrictors (fine pipette tips) at the outlets of the columns (Fig. 2). The
columns were filmed with a time lapse camera (30 s resolution), to
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record the duration of each filtration. Together with the volume of the
collected water, an average flow rate could be calculated for each
filtration.

In the filters with outflows located below the columns, air was
drawn into the ZVI layer between filtrations. The trapped air could sub-
sequently not escape due to the closed pore space of the moist sand
above. To allow trapped air to escape, a small hole (ø 2mm)was drilled
into columns L-1A and L-1B above the nail layer and was opened when
needed. Measures to remove trapped air were not taken for columns L-
2A and L-2B.

The laboratory columns L-1A, L-1B, L-2A, L-2B, L-3A and L-3B were
operated for six weeks in July/August 2017. At the end of this period,
columns L-2A and L-2B were de-installed, as results had shown that
trapped air accumulated in the nail layers resulted in insufficient As re-
moval. The up-flow columns L-3A and L-3B were also discontinued, as
they yielded similar results as the down-flow columns L-1A and L-1B,
with the latter better representing the conditions in the gravity driven
fieldfilters. As a replacement, two additional columnswith an improved
design were constructed (column L-4 and L-5). In these columns, the
development of trapped air was avoided and the nail layer constantly
kept saturated by raising the outlet to 1–5 mm above the upper limit
of the nail layer (Fig. 2, Table 1). In column L-5, the top sand layer was
additionally replaced by gravel, to enable any trapped air to move into
the large pore spaces provided by the gravel. In March 2018, seven
months after the start of the experiment, columns L-1A and L-1B were
discontinued. The remaining columns, L-4 and L-5, were then operated
in series for four weeks. This means that inflowing water first went
through column L-4 before directly flowing into column L-5. The reason
for this changewas to observewhether As concentrations in the outflow
could be further reduced with this set-up, especially when higher flow
rates and larger inflow volumes were applied. The number of filtration
cycles per day was increased from three to eight in the in-series
Fig. 3.Diagram showing the performance of the fourfilters installed in the village of Souriyala. Th
and F-4 (nail-based), aswell as of theGEHfilter (GEH-1). Corresponding As removal efficiencies
and 50 μg/L guideline values and the vertical dashed line marks the date of the filter modificat
experiment. Additionally, in order to investigate whether arsenic is eas-
ily leached from the iron nails, the columns were operated with
inflowing groundwater containing no arsenic for two weeks.

2.2.4. Aqueous sampling and analysis
In the first two weeks after installation, effluent water was sampled

after each filtration (three times daily). This was then reduced to daily
sampling (mixed samples of three filtrations) and later three times a
week (mixed samples of seven filtrations). When inflow pH was low
(b 7) and the column effluent contained visible Fe solids, filtered sam-
ples (0.2 μm)were additionally taken. Every time new influent ground-
waterwasmixed, a samplewas taken for analysis. The pH and dissolved
O2 values of the influentwaterweremeasured three times perweek. All
water samples (influent and effluent) were acidified with HNO3

suprapure and analysed for total concentrations of As, Ca, Mg, K, P, Si,
Mn and Fe using ICP-MS (Agilent 7500cx).

2.2.5. Solid sampling and analysis
The solid phases that developed on the surface of the nails were in-

vestigated using X-ray diffraction (XRD). Some nails and water of col-
umn L-3A were removed from the column under exclusion of air and
shaken overnight to dislodge the coating of the nails. The slurry with
suspended solids was removed from the nails and then centrifuged.
The concentrated black residue was spread on a silicon wafer, dried
under an N2 atmosphere and analysed with X-ray diffraction
(Panalytical Expert3 Powder with Co source) twice for 60min. Between
the two measurements, the sample was exposed to air to allow for oxi-
dation of the unstable reduced Fe phases. Solid phase analysis of iron
products from thefieldfilterswas not carried out, as an anoxic transport
of nails fromBurkina Faso to the laboratory at Eawag in Switzerlandwas
not possible.
e bottomdiagrams (C, D)depict the inflowandoutflowAs concentrations offilters F-1, F-2
are plotted on the top diagrams (A, B). Thehorizontal dashed grey lines indicate the 10 μg/L
ion.
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3. Results

3.1. Field experiment

The field filters F-1, F-2, F-4 and GEH-1 were monitored over a pe-
riod of twelve months (Fig. 3). Filter F-1 and GEH-1 received water
from the same tube well, with very high inflow As concentrations fluc-
tuating between ~500 and ~1350 μg/L. Filters F-2 and F-4were operated
with water from the slightly less contaminated well (~350 - ~600 μg/L).
The lowest inflow groundwater As concentrations were observed dur-
ing the months of the rainy season (Jul – Oct) (Fig. 3).

The capacity of the nail-based filters to remove As varied consider-
ably over the 12 month monitoring period (Fig. 3). FromMarch to Sep-
tember, filter F-1 showed an average As removal efficiency of 65%, filter
F-2 77% and filter F-4, which contained the smaller sized nails, 86%.
None of these filters removed As consistently to b50 μg/L, with filter F-
4 overall showing themost promising results. Only the GEH-based filter
(GEH-1) always yielded effluentAs concentrations of b10 μg/L and anAs
removal efficiency of 99%.

After the structural modification of the nail-based filters in October
2017 (see Fig. 1 for details of the set-up), themeanAs removal efficiency
of filter F-1 improved markedly to 85%, though the outflow As concen-
trations were still slightly above 50 μg/L due to the very high As inflow
(Fig. 3). An even clearer improvementwas achieved in Filters F-2 and F-
4 in the week after the modification, with As concentrations in filtered
water dropping to below 50 μg/L and removal efficiency rising to 90%.
Unfortunately, both filter's performance then decreased, with effluent
concentrations of 60–100 μg/L. A possible reason could be insufficient
control of flow conditions and the positions of the outlets by the users,
Fig. 4.Arsenic removal efficiency (topdiagram, A) and influent/effluentAs concentrations (botto
2A/L-2B and L-3A/L-3B were dismantled after six weeks of operation (~250 eBV) and the new
10 μg/L and 50 μg/L guideline values. Flow rates varied from 80 to 160 mL/h, resulting in do
entrapped air in columns L-2A/L-2B.
leading to fast flow or a drop in water level, exposing the nails to air.
In general, filter F-4 performed consistently better than F-2 over most
of the operation period, most likely due to the smaller nail size used in
F-4 and correspondingly higher specific surface area and Fe-oxide
production.

The Fe concentrations in the filtered water of F-1, F-2 and F-4 were
always below 150 μg/L, showing that the sand filter in the bottom
bucket is sufficient to remove the Fe-oxides and remaining Fe(II) in
the water after passing the nail layer.

3.2. Laboratory experiments

3.2.1. Arsenic removal
The performance of all columns over the total operation period of

eight months is illustrated in Fig. 4. The filter columns L-1A/L-1B, L-
2A/L-2B and L-3A/L-3B were continuously run for six weeks (Jul-Aug
2017) with three filtrations daily. Arsenic concentrations in the outflow
of columns L-1A/L-1B and L-3A/L-3B (with a constantly saturated nail
layer) always remained below 25 μg/L, and below 10 μg/L in 82% (L-
1A/L-1B) and 70% (L-3A/L-3B) of samples. The mean As removal effi-
ciency for columns L-1A/L-1B and L-3A/L-3B was 98.5% during this pe-
riod. Columns L-2A/L-2B, with the same set-up as the filters in the
field initially had, performed less well. Arsenic concentrations in these
columns were always above 10 μg/L and frequently above 100 μg/L,
withmeanAs removal efficiencies of 80% (L-2A) and 90% (L-2B). In con-
trast to columns L-1A/L-1B and L-3A/L-3B, a gas phase that was easily
visible by eye through the transparent columns developed in the nail
layer of columns L-2A and L-2B and water therefore trickled over only
limited sections of the nail layer in preferential flow paths. The
mdiagram, B) of the columnexperiments as a function offiltered bed volumes. Columns L-
columns L-4 and L-5 subsequently started. The dashed grey horizontal lines indicate the
wn-flow velocities of 10–20 cm/h. The major influence on As-removal was the pH and
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insufficient As-removal can thus be attributed to insufficient contact
areas and times due to preferential flow. The improvement of the per-
formance of column L-2B after 100 bed volumes (three weeks of opera-
tion) in comparison to L-2A (Fig. 4) can be attributed to the
development of a 1.5 cm thick water-saturated layer at the bottom of
the nail layer.

Columns L-1A/L-1B were kept operational after the deactivation of
columns L-2A/L-2B and L-3A/L-3B and showed continuously goodAs re-
moval, with the exception of a period of three weeks between bed vol-
umes 500–700 when the input pH was very high at 8.5 (Fig. 4). New
columns (L-4 and L-5) constructed in September 2017 (after 350 bed
volumes) with a raised outflow (to keep the nail layer saturated),
displayed very good As removal, despite the larger nails used in these
columns (Fig. 4). With the exception of the first days after column con-
struction when the nails were not yet sufficiently corroded and of the
high-pH period, As concentrations in columns L-4 and L-5 remained
below 50 μg/L in 95% and below 10 μg/L in 36% of samples. The mean
As removal efficiency for both columns was 97%.

After 1400 bed volumes, columns L4 and L5 were operated in a ver-
tical arrangement in series. In Fig. 5, S4 denotes the outlet of the upper
column L4, S5 denotes the outlet of lower column L5.With this arrange-
ment, higher flow rates and a higher number of filtrations per day still
resulted in satisfactory As removal (b 20 μg/L) at the outflow of the sec-
ond column (S5) even with an inflow concentration of 1000 μg/L
(Fig. 5). When the inflow contained no As (eBV 200–380), effluent con-
centrations dropped to below 8 μg/L, indicating that As is not leached
from the nails but rather tightly bound to the formed Fe(II, III)-oxides.

3.2.2. Fe and Ca concentrations
The pH-value of the influent water was observed to be highly influ-

ential on the Fe corrosion rate, Fe(II) production and the rate of Fe(II)
oxidation (Fig. 6). At an influent pH b 6.5, Fe concentrations in the col-
umn effluent rose markedly due to the increased corrosion and the de-
creased oxidation rate for Fe(II). The collected effluent water was
orange-coloured from suspended Fe(III) precipitates. A comparison be-
tween As concentrations of filtered and unfiltered samples during this
Fig. 5. Results of the in-series column experiment, where inflowing water first flowed throug
plotted on the left y-axis and flow rates on the right y-axis. The grey background indicates an
The grey dashed horizontal line represents the 10 μg/L guideline value. Instead of three filtra
each were performed.
period showed that As leaving the columns sorbed to these Fe(III)-ox-
ides, with aqueous As concentrations generally lower in filtered than
in unfiltered samples (Fig. SI-1). In contrast, virtually no Fe was present
in the effluents during a period of high pH-values (N 8.0) between
empty bed volume 500–700, with effluent Fe concentrations below
0.02 mg/L in all columns (Fig. 6), due to decreased corrosion rates at
higher pH. This also had a clear effect on As removal, with outflow As
concentrations rising due to a lack of freshly produced Fe(III)-oxides
for co-precipitation (Fig. 6). In the most relevant pH-range from
6.5–7.5, Fe(II) production rates seem to be sufficient for effective As re-
moval. Effluent Ca concentrations show a similar pattern as Fe (Fig. 6)
and rose above influent levels during the low-pH phases, possibly due
to the dissolution of CaCO3 that accumulated on the nail surfaces
when the pH was N7.5 (Wenk et al., 2014). Influent Ca concentrations
were higher for the first three datapoints shown in Fig. 6 as undiluted
groundwater was mistakenly used, but this had no long-term effect.
3.2.3. Influence of flow rate on As removal
The rate at which the inflow water flowed through the filter bed

was expected to have an influence on the effectiveness of As re-
moval, with higher flow rates leading to decreased As removal due
to decreasing water-to-nail contact time. Fig. 6 (top graph) shows
that within the range of tested flows, this was only partly the case.
Despite a large difference and fluctuations in flow rates between col-
umns L-1A and L4/L5 (e.g. bed volume 700–1000), As removal in all
three columns was very similar during this period. On the other
hand, from bed volume 1200 onward, some apparent correlation be-
tween flow rate and As removal can be observed for column L4. In
this period, not only the flow rate, but also the frequency of filtra-
tions was increased (from 3 times daily to 8 times daily). This
means that pauses between filtrations were significantly reduced,
diminishing the contact time of the standing water with the nails
in-between filtration cycles. We hypothesise that this effect is partly
responsible for the reduction in As removal and less so the actual
flow rate of each individual filtration.
h column L4 (outlet S4) and then directly into L5 (outlet S5). Arsenic concentrations are
As concentration of 1000 μg/L in the inflow, the white background an inflow with no As.
tions per day as in all preceding experiments, eight daily filtration cycles of still 113 mL



Fig. 6.Arsenic (panel A), Fe (panel B) and Ca (panel C) concentrations in columns L-1A/L-1B, L-4 and L-5. Theflow rates (A) and pH (B) are plotted on the second y-axes. The flow rate data
series only starts at eBV ~650, asmeasurement of flow rateswas not continuous before. Dark grey background shading in panel A corresponds to an As inflow concentration of ~1000 μg/L,
light grey to ~500 μg/L. The dashed grey horizontal lines in the top diagram indicate the 10 μg/L and 50 μg/L values. Arsenic concentrations from empty bed volume 750 onward are those
measured in filtered samples (0.2 μm). The pH was the major influence on fluctuating Fe and Ca concentrations.
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3.2.4. Arsenic removal with As(III) inflow
In order to test the As removal efficiency of the columnswhen As oc-

curs in its reduced form, As(III), columns L-1A/L-1B were run with As
(III) in the inflowwater (instead of As(V)) for a period of twoweeks. Ar-
senic concentrations in the outflow water did not change significantly
after the switch to As(III), staying mostly below 10 μg/L (Fig. SI-2).
This suggests that As(III) is sufficiently oxidised to As(V) in the columns,
as As(V) is the better sorbent to Fe oxides.
3.2.5. X-ray diffraction (XRD) of nail surfaces
The most dominant phase identified in the X-ray diffractogram

was magnetite (Fig. SI-3). The other detected Fe phase was carbon-
ate green rust. After the sample had been exposed to air, the peak in-
tensity of the unstable green rust had clearly decreased due to
oxidation, while all other identified phases remained stable. The
presence of calcium carbonate and quartz was also indicated in the
diffractogram, the latter possibly resulting from contamination by
the sand used in the columns.

4. Discussion

4.1. Reactions

The oxidation of Fe(0) to Fe(II) and Fe(III) in oxygen-containing
water is themain chemical reaction occurring in the nail layer of the col-
umns and filters and can be summarised in the following equations:

2Fe 0ð Þ þ O2 þ 2H2O→2Fe IIð Þ þ 4OH– ð1Þ
2Fe IIð Þ þ 0:5O2 þ 5H2O→2Fe OHð Þ3 þ 4Hþ ð2Þ
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Eq. (1) is an overall reaction equation that does not reflect the full
complexities of corrosion reactions. In addition to reaction with Fe(0),
O2 can be reduced at cathodic sites consisting of Fe(II)-containing rust
phases, while Fe2+ is formed at anodic sites of exposed Fe(0). At
circumneutral pH and under oxic conditions, O2 is themain electron ac-
ceptor, while under anoxic conditions, H+ reduction can occur at a
slower rate (Furukawa et al., 2002; Matheson and Tratnyek, 1994;
Noubactep, 2008; Sherar et al., 2011). Fe(OH)3 in Eq. (2) represents Fe
(III)(oxy)(hydr)oxide phases such as FeOOH, ferrihydrite or poorly
crystalline lepidocrocite and other Fe phases (Neumann et al., 2013;
Senn et al., 2015). If As is present in solution, it can sorb to and co-
precipitate with the Fe phases formed during Fe corrosion:

As Vð Þ þ xFe IIIð Þ þ yFe IIð Þ→As Vð Þ containing Fe II; IIIð Þ phases ð3Þ

As(V) generally sorbs better to Fe phases than As(III), but even if As
occurs as As(III), the formation of reactive intermediates (H2O2, Fe(II, III,
IV)) during the oxidation of Fe(0) and Fe(II) by O2 can lead to the oxida-
tion of As(III) to As(V) (Katsoyiannis et al., 2008). This explains the still
good As removal observed in the filter columns when they were oper-
ated with As(III) instead of As(V) (Fig. SI-2). With increasing filter/col-
umn age, the generally amorphous Fe(II, III) phases can undergo
structural transformation to more crystalline and stable compounds
such as magnetite (Fe3O4) (Neumann et al., 2013). The formation of
green rust and magnetite with incorporated As(V) (Neumann et al.,
2013; van Genuchten et al., 2020; Zhang et al., 2019) occurs during
paused flow due to the depletion of dissolved oxygen in the ZVI layer,
formation of Fe(II) and rising pH. Magnetite and green rust were ob-
served on the six week old surface of the nails (XRD data, Fig. SI-3).
Magnetite formation is thought to have a positive effect on filter perfor-
mance as it is less voluminous than brown amorphous Fe oxides,
preventing filter clogging (Neumann et al., 2013). In addition, As is
tightly bound in the crystal lattice of magnetite (Coker et al., 2006;
Van Genuchten et al., 2019; van Genuchten et al., 2020) and should
not be remobilised from thenailswhen thefilter is not used or no longer
needed (Hussam andMunir, 2007; Neumann et al., 2013). An indication
of this was given in the in-series experiment, where As did not leach out
of the column when the influent water contained no As (Fig. 5).

4.2. Flow conditions

One of the main problems limiting As removal efficiency that was
identified during the laboratory study was the presence of trapped air
in the nail layer (columns L-2A/L-2B). Trapped air results in preferential
flow, limiting the contact times with ZVI in preferential paths to only a
few seconds and leading to decreased Fe(II) and Fe(III) production. For-
mation of trapped air probably also occurred in the filters in the field
during the first six months of operation, explaining their less-than-
expected As removal. The presence of air in the ZVI layer had not been
expected, as SONOfilters (similarly constructed), are not reported to ex-
perience this problem. Most likely, the higher surface area of SONO's
Composite Iron Matrix (CIM), smaller pore size and higher capillary
forces in comparison to nails retains water in the CIM instead of
allowing it to drain out. Raising the water level permanently above
the nail layer (columns L-4 and L-5) increased nail/water contact time
and greatly improved As removal in the laboratory columns. The only
partial success seen in the modified field filters at the time of writing
is difficult to explain. It is possible that the raised outflow tube of filters
F-2 and F-4was pushed too far down into the recipient funnel by house-
hold users, lowering the water level again below the nail layer.

In the laboratory, As removalwas still effective evenwhen flow rates
greatly exceeded 1.77 mL/min (equivalent to 10 L/h in the field). In the
columns with saturated nail layers, 35–45% of the filtered water of each
new filtration cycle is standing water from the previous filtration, that
has been in contact with Fe oxides in the column for hours (depending
on the frequency of filtration). The effect of flow rate is thus partly
buffered by water remaining in the filters between filtrations, but
55–65% of the effluent is still newly filtered water. This also reflects
the real situation in households in Burkina Faso, where water is filtered
2–3 times daily. When the number of filtration cycles per day was in-
creased from three to eight in the laboratory (in-series experiment),
lowering the overall contact time of water to nails over the course of
the day, As removal efficiency in the first column (L4, outlet S4) de-
creased clearly (Fig. 5). Besides contact time, other important factors
influencing As removal in the conducted experiments were the pH of
the inflowwater and the specific surface area of the nails. At pH N 8, cor-
rosion is slow and Fe(II) is very short-lived (few minutes to seconds
(Millero et al., 1987)), oxidising and precipitating quickly as Fe(III)
(oxy)(hydr)oxides on surfaces. Arsenic in the water then has less con-
tact to the Fe(0) surface, where Fe(II) and Fe(III) are formed and As is
removed via co-precipitation with Fe(III) (Katsoyiannis et al., 2008;
Wenk et al., 2014). This is illustrated in the clear drop in As removal ef-
ficiency when inflow water had a pH of ~8.5 (Fig. 4, Fig. 6). Important
are also longer pauses between filtration cycles that provide time for
Fe(0) oxidation, depletion of oxygen, and formation of higher Fe(II)
concentrations leading to solid phase transformations and As
incorporation.

4.3. Specific surface area and contact times

The specific surface area of a filter material is an important parame-
ter as it determines the number of adsorption sites and the accessibility
of the contaminant to the adsorbent (Crittenden et al., 2012). In the case
of the nails, the higher the specific surface area, the higher Fe corrosion
and the more Fe(II) and Fe(III) is produced for As sorption. In a direct
comparison, filter F-4 generally outperformed F-2, the former using
smaller nails with a slightly higher specific surface area (Fig. 3). The
very effective As removal of the GEH filter in comparison to the nail fil-
ters is not surprising, considering that the specific surface area of GEH is
six orders of magnitude larger than that of the nails (Table SI-1). In ad-
dition, GEH is composed of stable, oxidised Fe(III) phases and does not
need to undergo the oxidation steps of Fe(0).

Even though As removal efficiencywas high in themodified filters F-
1, F-2 and F-4 (70–90%), they did not remove As to levels below 50 μg/L.
This is certainly connected to the very high As concentrations (up to
1350 μg/L) of the two tubewells and the large volumes of water filtered
per day (40–60 L), conditions that are at the extreme end for nail-based
filters.

4.4. Comparison with other filters

Other studies employing nail-based filters mostly worked with As
input concentrations b400 μg/L (Banerji and Chaudhari, 2017; Chiew
et al., 2009; Ngai et al., 2007; Singh et al., 2014; Smith et al., 2017).
Two newer studies tested filters with nails or iron filings mixed with
sand. The Chinese NIS (“nails-in-sand”) filter tested by Smith et al.
(2017) used a relatively thin layer (3–4 cm) of 5 kg nails mixed with
sand, positioned between an 8 cm upper and a 30 cm lower layer of
sand in an 80 L bucket. This filter removedAs to b50 μg/L for sixmonths,
but the As inflow concentrations were lower (150–350 μg/L) and less
water was filtered per day (~20 L), limiting comparability with the fil-
ters in Burkina Faso. Smiech et al. (2018) tested filter columns (25 cm
diameter, 150 cm length) with a 25 cm active layer of 600 g iron filings
mixed with 12 L dry sand at the top of the column (iron filings with a
diameter 0.3–1.25 mm were produced by a metal sawing machine).
The columns were operated for 230 days in continuous down-flow
(6 L/h) with As(III) input concentrations of 70 μg/L with occasional
peaks up to 230 μg/L. Median outflow concentrations were 9.9 μg/L,
but started to rise after 200 days, which was attributed to the depletion
of the iron layer. Due to the different designs and operation, it is difficult
to directly compare the different filters, but the following recommenda-
tions can be made.
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4.5. Design and operation of filters

For the treatment ofwaterwith high concentrations of As(III) and As
(V), iron filters without sand in the ZVI-layer and operated with longer
pauses between filtrations have the following advantages: (1) While
continuous flow of aerated water results in the formation of brown
iron(hydr)oxides consisting of mainly ferrihydrite, goethite and
lepidocrocite (Smiech et al., 2018), intermittent operation results in for-
mation of green rust and magnetite (Neumann et al., 2013). Since mag-
netite is much denser than iron(hydr)oxides, clogging is less likely.
(2) Loosely packed ZVI layers have a higher porosity (0.63–0.79) than
sand (0.4), resulting in longer contact times and in better access of
water to the corroding iron surfaces. For the formation of green rust
and magnetite, the iron layers need to remain saturated between filtra-
tions, which can be achieved with outlets raised above the top of the
iron layer. Future designs should raise the water level at least 5–10 cm
above the nail layer andmake sure that the raised outlet cannot be tam-
pered with. Replacing the CIM of SONO-filters with nails results in a
smaller specific Fe(0)-surface area, which makes slow and controlled
flow more important. Users of the filters have to regularly observe,
clean and adjust the flow at the outlet taps and ensure that the flow ve-
locity in thefilter does not exceed 20 cm/h (16 L/h in filterswith a diam-
eter of 320 mm). As this can be challenging in day-to-day operation,
installing simple flow-regulating valves might be an adept measure to
facilitate flow control.

5. Significance and implications

To our knowledge, zero-valent iron-based household filters were
field-tested for thefirst time in As-affected areas ofWest Africa.With in-
fluent concentrations of 400–1300 μg/L, As was reduced by an average
of ~70% and for 300–600 μg/L by an average of ~80%. The filters did
not undergo anymaintenance during the trial period of twelve months,
nor did users report any clogging. However, the combined effects of
very high As input concentrations and filtered volumes of 40–60 L/d,
with not well-controlled flows resulted in effluent As concentrations
above the older limits of 50 μg/L and the new limit of 10 μg/L. The effi-
ciency thus needs to be improved, either by employing a ZVI material
with a higher surface area (iron filings, steel wool), by adding another
nail bed, or ultimately by an adapted design and operation of the de-
scribed filter. The parallel experiments with the downsized laboratory
filters have shown that the filters can reach the limit of 50 μg/L, if flow
conditions are controlled and preferential flow and inclusion of air is
avoided. Careful construction of the filters in the field with a homoge-
nous nail-bed and a raised outflow position ensuring constant immer-
sion of the nails should achieve the same laminar flow of water during
filtrations as in the laboratory columns. Controlling the proper fabrica-
tion and operation of filters is currently a challenge in the villages
where As removal is most urgent, even though these filters could, in
the future, also provide opportunities for local entrepreneurs or social
businesses.

Due to lack of other water sources, alternatives to As removal may
not be available. Even with optimized nail filters, effluent concentra-
tions below 10 μg/L are unlikely to be achieved, but the less stringent
older limit of 50 μg/L, which is still valid in Bangladesh and other coun-
tries, can be reached, even with high input concentrations. In India, for
example, the permissible limit for As in the absence of an alternate
source of water is 50 μg/L (BIS, 2012). Since visible signs of arsenicosis
are rarely observed with 50 μg/L and cancer risks are assumed to be lin-
earwith As concentration (Schmidt, 2014), a reduction of As concentra-
tions from 400 to 1000 μg/L down to below 50 μg/L results in large
health benefits (WHO, 2018).

For less contaminated wells where As is between 10 and 100 μg/L,
the simple nail filter is likely to lead to outflow concentrations of
b10 μg/L, although further field trials would be needed to confirm this
hypothesis. 80–90% of As-affected tube wells in Burkina Faso have
concentrations between 10 and 100 μg/L (Bretzler et al., 2017). Never-
theless, the high-As tube wells (concentrations N100 μg/L) remain of
largest health concern for the population, with the cancer risk rising
greatly at these exposure levels (Argos et al., 2010; Sohel et al., 2009).
Although the longer-term goal has to be compliance with the 10 μg/L
guideline, implementation of technologies that can reach the 50 μg/L
are preferable as an intermediate solution to no action at all. Addition-
ally, a focus should lie on finding or producing suitable scrap iron filings
and turnings with a high specific surface area to use in a SONO-style
composite iron matrix. Steel wool could also be a promising material
due to its high surface area and reactivity (Lufingo et al., 2019;
Tepong-Tsinde et al., 2019). If nails are used, then a constant saturation
of the nail bed and several hours of pause between filtrations need to be
guaranteed in order to maximise As removal efficiency.
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