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Environmental context. Household sand filters are widely used in Vietnam to remove As, Fe and Mn from
groundwater used as drinkingwater. From the solid-phase characterisation of a sand filter that has been used for
8 years,we conclude that As and Fe are retained by a combination of fast sorption reactions, surface-catalysed Fe
oxidation and mediated As co-oxidation and that microbial processes are probably involved in effective Mn
retention. This study contributes to a better mechanistic understanding of filter functioning as a basis for further
improvements in filter design and operation.

Abstract. Household sand filters are widely used in Vietnam to removeAs, Fe andMn from anoxic groundwater used as

a drinking water resource. To expand the mechanistic knowledge of the filter functioning, we investigated the bulk and
micrometre-scale distribution of Fe, As, P and Mn and the speciation of Fe, Mn and As in a sand filter after 8 years of
operation using bulk and micro-focussed X-ray fluorescence spectrometry (XRF) and X-ray absorption spectroscopy
(XAS) and scanning electron microscopy coupled with energy dispersive X-ray detection (SEM-EDX). Effective

oxygenation of the anoxic groundwater enables the oxidative removal of Fe, As and Mn in the filter sand. Our results
show that Fe is retained in the filter as a 2-line ferrihydrite-like FeIII-precipitate that coats sand grains, and that As
accumulates dominantly as pentavalent arsenate. The very close spatial correlation of accumulated As and P with Fe

throughout the filter sand and down to the micrometre-scale and the effective Fe, P and As retention at an estimated
average water residence time of only 30 min suggest that their uptake is governed by a combination of fast sorption
reactions, surface-catalysed FeII oxidation andmediatedAsIII co-oxidation. In contrast,Mn is retained in separateMnIV/III-

(oxyhydr)oxide coatings and concretions, probably as a result of coupled surface-catalysed and microbial MnII oxidation.
Silicate sorbed to the ferrihydrite-like FeIII-coatings inhibits their crystallisation and associated remobilisation of P andAs.
The periodic drainage and aeration of the filter favours the oxidation of any residual FeII and AsIII and the formation of

dense Fe precipitates and may thereby contribute to effective filter operation over several years.
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Introduction

The use of As-rich anoxic groundwaters as a drinking water

resource poses a serious threat to the health of some 100 million
people in South and South-east Asian countries.[1–3] These
groundwaters may contain As at levels exceeding the World

Health Organization (WHO) drinking water guideline of
10 mg L�1 by 10 to 100 times, causing skin diseases, heart, liver
and kidney problems, diabetes and various kinds of cancer.[2] At

the same time, these waters often contain high levels of FeII and
MnII due to reductive mobilisation with AsIII in the subsur-

face.[1,3–6] Both Fe and Mn are nuisance chemicals that affect
the taste and aesthetics of drinkingwater. InVietnam, household
sand filters were found to provide an effective means to remove

As, Fe and Mn from groundwater, with (weight-based) Fe/As
ratios .250 typically ensuring As removal to levels below
10 mg L�1.[7,8]
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Many of the individual geochemical and microbial processes

contributing to the removal of Fe, As and Mn from aerated
groundwater in sand filters are well documented. Iron removal is
driven by the oxidation of dissolved FeII to poorly soluble FeIII

and its precipitation in the filtermatrix.[9] At near-neutral pH, FeII

oxidation includes the homogeneous oxidation of dissolved FeII

by O2, catalytic oxidation of surface-bound FeII and, under
microaerophilic conditions, microbial FeII oxidation.[9] Depend-

ing on chemical conditions, the structure of the formed FeIII

precipitates ranges from poorly crystalline lepidocrocite
over ferrihydrite-type hydrous ferric oxide to amorphous FeIII-

phosphate.[10–13] The abiotic oxidation of dissolved FeII also
mediates the co-oxidation of arsenite (AsIII) to more strongly
sorbing arsenate (AsV).[14] In addition, microorganisms may

oxidise AsIII through respiration or detoxification pathways.[15]

BothAsIII and AsV compete with phosphate and silicate for
co-precipitation with the forming FeIII precipitates.[16,17] At
near-neutral pH, the homogeneous oxidation of dissolved MnII

by O2 does not proceed at a significant rate and removal of Mn
by oxidation to poorly soluble MnIV is driven by surface-
catalysed and microbial oxidation processes.[18–21]MnIII/IV oxi-

des accumulated in sand filters may also contribute to improved
Fe and As removal by acting as an effective oxidant for both
FeII and AsIII.[22–24]

Although much is known about the individual processes
contributing to sand filter performance, the importance and
interplay of various (bio)geochemical reaction pathways is still

not fully understood and expected to depend on local conditions.
The aim of the present study therefore was to shed light on the
functioning of effective household sand filters forAs removal by
investigating the spatial distribution and speciation of Fe, As and

Mn in a sand filter after use for,8 years in a rural household in
Vietnam. Specifically, we (i) determined the amounts of As, P,
Fe and Mn accumulated in the filter matrix by X-ray fluores-

cence spectrometry (XRF), (ii) characterised the speciation of
accumulated As, Fe and Mn using X-ray absorption spectro-
scopy (XAS) and (iii) analysed element distributions at the

millimetre- to micrometre-scale using micro-focussed (m-) XRF
and XAS and scanning electron microscopy coupled with
energy dispersive X-ray detection (SEM-EDX).

Materials and methods

Sand filter characterisation

The sand-filter studied in this work (Fig. 1) was located in the
village Van Phuc in the rural outskirts of Hanoi, Vietnam. The

sand used in the filter had been collected from the nearby Red

River and exhibited a broad size distribution (,25% fine
gravel, ,75% coarse to very fine sand). The sand was con-
tained in a rectangular concrete tank with a surface area of

83� 57 cm2 and a depth of 52 cm. The sand layer was 43 cm
high, resulting in a sand volume of,0.20 m3. Based on a bulk
density of 1470� 110 kg m3 and a porosity of 35� 5% (mean
and standard deviation; derived from volume and weight of

four sand samples in dry and water saturated state), the filter
was calculated to contain,300 kg of sand with a pore volume
of ,71 L (and ,42 L of water storage volume on top of the

sand surface). According to the owner, the filter was typically
used twice a day with intermittent filter drainage. Groundwater
from the owner’s shallow tubewell was pumped through a hose

onto the sand surface on the left side of the filter at a rate of
,12 L min�1. The water rapidly infiltrates through the sand
and drains through two outlets at the bottom of the filter
(effluent water) into a storage tank (Fig. 1) at a rate of

2.6� 0.1 L min�1. During pumping, the water level above the
sand surface rose until the water overflows after ,10 min. At
this point, the pump was switched off and the filter was

allowed to drain. Two operation cycles per day thus corre-
sponded to the treatment of ,240 L of groundwater per day.
Combined with the estimated pore volume of ,71 L, the

effluent flow rate of 2.6 L min�1 translates into a residence
time of the water in the filter sand of,30 min under plug flow
conditions. However, incomplete drainage of water between

consecutive filtration cycles may have substantially enhanced
the residence time of a part of the water, whereas another
fraction may have passed the filter considerably faster due to
rapid infiltration and preferential flow. At the time of the

collection of sand samples (April 2010), the filter had been in
use for ,8 years and was still operated with the originally
added sand, except for the annual replacement of the topmost

2–3 cm of sand with fresh sand.

Water sampling and analysis

Raw groundwater (influent) delivered to the sand filter was

sampled in 2009 (duplicates), 2010 (triplicates) and 2012 (19
samples), treated water draining out of the filter (effluent) was
sampled in 2010 (triplicates). The water samples were passed

through 0.22-mm membrane filters and acidified on site for the
analysis of total element concentrations using inductively cou-
pled plasma mass spectrometry (ICP-MS, Agilent 7500ce,
Agilent Technologies, Santa Clara, CA, USA).
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Fig. 1. (a) Side view and (b) top view of studied sand filter. Water is pumped onto the sand on the left side of the

filter (‘in’). Through two outlets (‘out’), the water trickles into the storage tank (‘T’). Approximately 10 cm-long

sand cores of 2.5-cm diameter were collected on the left (‘L’), in the middle (‘M’) and on the right (‘R’) side of the

filter (filled grey circles) at three depths (0–10 cm, 15–25 cm, 30–40 cm). In panel (b), the cemented sand surface in

the left part of the filter can be seen.
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Sand sampling

As indicated in Fig. 1b, undisturbed sand cores of 2.5-cm dia-

meter and 9–10-cm length were collected in 50-mL polyethylene
tubes on the left, in the centre and on the right side of the filter at
depths of 0–10 (top), 15–25 (middle) and 30–40 cm (bottom).

The cemented sand surface on the left side of the filter where the
water is entering was sampled separately. In the laboratory, the
cores were frozen, cut into an upper and a lower part and freeze-
dried. Most material from the upper half of each core was pow-

dered using a mixer mill with ZrO2 jars (MM400, Retsch GmbH,
Haan, Germany) for analysis byXRF andXAS aswell as for acid
digestion and acid-oxalate extraction. From the three vertical

samples from the middle of the filter, fine material and coatings
on quartz grains were gently separated from sand grains in an
agate mortar for separate analysis by Fe K-edge XAS. The lower

part of each core was embedded in two-component epoxy-
resin and prepared as 30 mm-thick polished thin-section on As-
free glass slides (Thomas Beckmann, Schwülper-Lagesbüttel,

Germany) for analysis by light microscopy, m-XRF, m-XAS and
SEM-EDX.

Total and oxalate-extractable element contents and bulk
mineralogy of filter sand

Total element contents were determined using energy-disper-
sive X-ray fluorescence spectrometry (XEPOSþ, SPECTRO
Analytical Instruments GmbH, Kleve, Germany). For XRF

analysis, the powdered samples were further ground and
homogenised using a mixer mill with tungsten carbide jars,
mixed with wax and pressed into 32-mm pellets. Quantification
was based on a build-in calibration for geological samples. The

analysis of three reference materials and three synthetic
P-containing Fe-coated quartz samples (mixtures of quartz
sand, goethite and Fe-phosphate) (Table S1) indicated that

instrument-derived As, Fe andMn were typically within,10%
of the reference values. Results for the synthetic Fe-coated
quartz samples, however, suggested that effective total P con-

centrations may have been,25% lower than derived fromXRF
analysis (Table S1). The overestimation of total P by XRF may
have been due to insufficient sample homogeneity related to the
specific sample structure (Fe and P on the surface of quartz

grains) and possibly poor deconvolution of the P Ka fluores-
cence line next to the,200–800 times more intense Si Ka line.
For the determination of acid-extractable Fe, Mn, As, P and Ca,

the sand samples were extracted with HNO3 and H2O2 in a
microwave oven (50 mg of powdered material; 1.5 mL of 65%
HNO3þ 0.1mM30%H2O2; 180 8C for 10min; ultraCLAVE 4,

MLSGmbH, Leutkirch, Germany) and the extract was analysed
by ICP-MS. Acid-extractable contents of Fe, Mn and As (Table
S2) were in general agreement with XRF-derived total contents

(Table S2). Acid-extractable P contents, however indicated an
overestimation of total P by XRF analysis (of the same magni-
tude as indicated by XRF results for synthetic Fe-coated quartz
samples; Table S1) or incomplete P extraction or recovery in the

microwave-assisted acid digestion (Table S2).
Acid oxalate-extractable contents of Fe, As, P and Si were

determined by extracting 50 mg of the powdered sand samples

with 40 mL of 0.2 M NH4-oxalate solution at pH 2.5 (extraction
for 2 h at 29 8C in the dark; analyses by ICP-MS).

To characterise the bulk mineralogy of the sand, selected

samples were analysed by X-ray diffraction (XRD) using CoKa
radiation (X’Pert Powder diffractometer with XCelerator detec-
tor, PANalytical, Almelo, the Netherlands).

Synchrotron-based spectroscopic analyses

On two thin-sections of filter sand from ,5–10-cm depth

(middle, right), three areas of ,10 mm2 each were analysed
by m-XRF and m-XAS. These analyses were performed at the
SUL-X beamline at ANKA (Angströmquelle Karlsruhe,

Eggenstein-Leopoldshafen, Germany) under vacuum at room
temperature. Beam energy was monochromatised using a
Si(111) fixed-exit double crystal monochromator. Focussing of
the X-ray beam was achieved with a Kirkpatrick Baez mirror

system. m-XRF measurements were performed with a ,50 or
60-mm beam and step sizes of 35 or 40 mm at X-ray energies of
12.5 keV (to collect X-ray fluorescence emission of Fe and As)

and 6.6 or 7 keV (below Fe K-edge for more sensitive detection
of Mn, Ca, K, and Si). The incident photon flux was registered
with an ionisation chamber, and the fluorescence signal was

recorded using a seven-element Si(Li) solid state detector
(Gresham (now SGX Sensortech), High Wycombe, UK). On
selected points of interest, m-XAS measurements were per-

formed at the K-edges of As, Fe and Mn. Beam energies were
calibrated by setting the first inflection point of the first-
derivative of the absorption edge of Au (for As analyses), Fe and
Mn metal foils to 11919, 7112 and 6539 eV. Using a collimated

beam (,1-mm diameter), bulk XAS data were recorded on
powdered samples pressed into 13-mm pellets either in trans-
mission (Fe) or fluorescence mode (As, Mn) at room tempera-

ture. Additional Fe K-edge XAS spectra of powdered bulk
samples and isolated fine materials were recorded at the Swiss
Norwegian Beamline (SNBL) at the European Synchrotron

radiation facility (ESRF, Grenoble, France) in transmission
mode at room temperature using a Si(111) double crystal
monochromator for energy selection (detuned to 70% of the
maximum intensity for rejection of higher harmonics) and ion

chambers for the measurement of incident and transmitted
photon flux.

For the extraction of the normalised X-ray absorption near

edge structure (XANES) and the X-ray absorption fine structure
(EXAFS) spectra and for data evaluationby linear combination fit
(LCF) analysis the software code Athena was used.[25] LCF

analysis of the Fe K-edge EXAFS and Mn K-edge XANES
spectra was based on collections of Fe and Mn reference spectra
from which the most suitable spectra were selected based on

preliminary fits. The selected spectrawere included in all final fits
with individual fractions constrained to values between 0 and 1.

SEM-EDX analyses

Elemental distribution maps were recorded with a scanning

electron microscope (NOVA NanoSEM230, FEI, Hillsboro,
OR, USA) operated at an acceleration voltage of 15 kV and
equipped with an energy dispersive X-ray analysis system (X-

MAX 80, Oxford Instruments, Oxford, UK). Elemental distri-
bution maps of large areas were obtained by an automated
recording of EDX counts of 270 individual images corre-
sponding to an area of ,10 mm2. The pixel resolution of the

backscattered electron (BSE) image was 0.2 mm and the ele-
mental distribution maps were recorded at a pixel resolution of
0.4 mm later binned to 0.8 mm (2� 2 pixels). Selected BSE and

elemental distribution maps were exported using the INCA

software (The Microanalysis Suite, V.18d, Oxford Instruments)
and stitched together with Fiji.[26,27]

On selected areas (Mn-rich coatings), individual elemental
distribution maps (single images) were recorded over several
hours to increase the signal-to-noise ratio. For these
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measurements, the drift correctionmethod available in the INCA

software was activated. The pixel resolution of BSE images was
0.07 mm and the pixel resolution of the elemental distribution
maps was 0.14 mm later binned to 0.28 mm (2� 2 pixels).

Results

Water chemistry

Data on the chemistry of the raw groundwater and the treated
effluent water are given in Table 1. For the influent, mean ele-
ment concentrations from samples collected in 2009, 2010 and

2012 are reported (results for individual years in Table S3).
The raw groundwater contained elevated concentrations of
As (114� 17 mg L�1), Fe (16.0� 0.2 mg L�1) and Mn (1.27�
0.07 mg L�1). These concentrations were well within the
range reported for As-affected groundwater in the Red River
delta[3,7,28] and the standard deviations (from three sampling

dates over 4 years) indicated that the composition of the shallow
groundwater was fairly stable. The effluent concentration of As
(6� 1 mg L�1) recorded in 2010 was below the WHO drinking

water guideline of 10 mg L�1 and indicated that As was effec-
tively retained in the filter sand (,94� 2% removal), as con-
firmed by extensive tests on filter performance conducted in
2012.[29] Comparison of the influent and effluent concentrations

showed that also Fe, P and Mn were effectively retained. The
effluent concentrations of Si, Ca and Mg, on the other hand,
showed that Si, Ca and Mg retention was limited, but were too

similar to the influent concentrations to precisely quantify the
minor fractions (,10%) retained. Results obtained in 2012[29]

showed that the anoxic groundwater and the filter effluent

exhibited near-neutral pH (Table 1) and demonstrated that
dissolved Fe and As in the raw groundwater were mainly
present in their reduced forms FeII and AsIII. The O2 concen-
tration in the effluent of,5.4mg L�1 O2 showed that the anoxic

groundwater became effectively oxygenated, which is essential
for effective oxidative removal of Fe, As and Mn.

Mineralogy and composition of bulk filter material

The qualitative evaluation of XRD patterns collected on three
sand samples (Fig. S1) indicated that the filter sand consisted
mainly of quartz with minor fractions of feldspar, calcite and

primary phyllosilicates (chlorite and mica), in line with mean
contents (standard deviation in parentheses; n¼ 9) of 36% (2%)
Si, 5.0% (0.5%) Al, 2.0% (0.2%) K, and 1.4% (0.5%) Ca

determined by XRF spectrometry on the nine bulk samples.
Cementation of the sand surface on the left side of the filter was

probably due to enhanced CaCO3 precipitation, considering that

the cemented sand crust consisted of 11% acid-extractable Ca.
The total contents of As, P, Mn and Fe determined by XRF

spectrometry are listed in Table 2 and shown in Fig. 2. The

results reflect the substantial accumulation of As in the filter,
with solid-phase As concentrations decreasing from the top left
to the bottom of the filter (Fig. 2a). The cemented sand surface
on the left side of the filter may have hampered local water

infiltration resulting in a lower As content in the underlying
sand. Total As and P very closely correlated with Fe (Fig. 2b, d),
suggesting concomitant retention in the filter matrix at the

macroscopic scale. A less close correlation was observed
between Mn and Fe (Fig. 2c).

Molar oxyanion/Fe ratios derived from oxalate-extractable

Fe, P, Si andAs contents revealed onlyminor variations between
the ten samples (Table S4; Si/Fe¼ 0.21� 0.03, P/Fe¼
0.063� 0.005, As/Fe¼ 0.0062� 0.0005; n¼ 10), pointing to
the accumulation of P and As with Fe in a similar type of phase

throughout the filter matrix. The molar Si/Fe ratio in the oxalate
extract (0.21; Table S4) in comparison to the ratio in the influent
groundwater (2.1, Table 1) indicated that ,10% of the Si

contained in the groundwater were retained in the filter sand.

Element distribution in thin-sections by synchrotron-based
m-XRF and SEM-EDX

To explore spatial element correlations at smaller scales, two
thin-sections prepared from material from the top sand layer
(middle and right) were investigated by light microscopy,

synchrotron-based m-XRF mapping, and SEM-EDX analysis
(Figs 3, 4). The elemental distribution maps of Fe, K and Si in
Fig. 3b indicated the presence of quartz (Si only, green),

K-feldspar (K and Si; orange) and chlorite (Fe-rich, blue; Si not
visible due to intensity scaling) grains. The maps for Fe and As
(Fig. 3c) indicated that most sand grains were covered with As-

containing Fe-rich coatings, whereas Mn was concentrated in
concretions and Mn-rich coatings at fewer locations (see also
maps in the Supplementary material collected on other areas). In
the plot of As v. Fe counts (Fig. 3d), points with relatively high

and constant As/Fe ratios (Fig. 3e, pink dots) correspond to As-
containing Fe coatings which were also readily visible as brown
coatings in the lightmicroscope image (Fig. 3a). These points can

be clearly discerned from pixels with low As/Fe ratios that rep-
resent Fe-rich mineral grains. Points with intermediate As/Fe
ratios reflect pixels with contributions from both Fe coatings and

mineral grains. The colour in Fig. 3e, which is indicative for the
As/Fe ratio in accumulated Fe coatings, did not differ in Mn-rich

Table 1. Characterisation of sand filter influent (raw groundwater) and effluent (treated water)

pH and dissolved O2 in influent and effluent were measured on-site in 2012 using flow cell electrodes (pH: n¼ 4, s.d.¼ 0.0; O2(aq): n¼ 6).[29] Influent

concentrations of As, P, Fe, Mn, Ca and Mg correspond to arithmetic mean (and standard deviation) from groundwater samples collected in 2009, 2010 and

2012, the influent concentration of Si corresponds to the mean (and standard deviation) of triplicate samples collected in 2010. All effluent concentrations

correspond to the mean (and standard deviation) of triplicate samples collected in 2010. Detailed results for 2009, 2010, and 2012 are given in the supple-

mentarymaterial (Table S3). Influent data forAs/Fe, P/Fe andMn/Fe aremolar element ratios. ForAs/Fe, P/Fe andMn/Fe, themean (and standard deviation) of

ratios in samples collected in 2009, 2010 and 2012 are given, for Si/Fe the ratio was determined in 2010. For results from individual years see Table S3

Sample pH O2(aq) As P Si Fe Mn Ca Mg

(mg L�1) (mg L�1) (mg L�1) (mg L�1) (mg L�1) (mg L�1) (mg L�1) (mg L�1)

Influent 6.9 ,0.1 114 (�17) 560 (�130) 16.6 (�0.3) 16 (�0.2) 1.27 (�0.08) 171 (�5) 36.9 (�1.2)

Effluent 7.1 5.4 (�0.4) 6.2 (�1.1) ,5 15.6 (�0.2) ,0.1 ,0.01 157 (�13) 38.8 (�0.4)

As/Fe P/Fe Si/Fe Mn/Fe

Influent 0.0053 (�0.0008) 0.063 (�0.015) 2.1 (–) 0.08 (�0.005)
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Fig. 2. (a) Total contents of As in nine sand samples collected in a vertical plane through the filter (left

(L),middle (M) and right (R) side of filter; at depths of 0–5, 15–20 and 30–35 cm in the sand layer). Bubble

area scales with square root of As content, numbers indicate As concentration (mg kg�1). (b–d) Total

contents of As, Mn and P as a function of total Fe (squares), linear regressions (lines) and regression

parameters (n¼ 9). Data are listed in Table 2.

Table 2. Total element contents in bulk samples determined by X-ray fluorescence

spectroscopy (XRF)

Depth interval of bulk samples used for XRF analysis. Average data are arithmetic mean of

contents in nine bulk samples measured by XRF (without crust sample). Background contents

data are of P, Mn and Fe in sand estimated from linear regressions of P, Mn or Fe v. As for an

assumed As background content of 0 mmol kg�1 (Fig. S2). Accumulated contents data are

arithmetic mean from XRF analyses minus background contents. X/Feacc data are molar As/Fe,

P/Fe, andMn/Fe ratios calculated from estimated accumulated amounts in each sample; values in

parentheses indicate standard deviation (n¼ 9)

Location Depth As P Mn Fe

(cm) (mmol kg�1) (mmol kg�1) (mmol kg�1) (mmol kg�1)

Left (L) CrustA 7.0A 86.3A 57.9A 1542A

0–5 3.84 57.0 45.4 958

15–20 0.37 15.6 13.6 278

30–35 0.60 15.5 23.2 289

Middle (M) 0–5 2.92 45.4 37.3 749

15–20 2.02 33.2 33.0 555

30–35 1.42 26.4 25.1 441

Right (R) 0–5 3.16 46.2 40.8 799

15–20 1.96 33.5 27.2 559

30–35 2.15 31.6 26.9 584

Average 2.05 33.8 30.3 579

Background 0 9.2 13.5 174

Accumulated 2.05 24.7 16.8 405

X/Feacc 0.0050

(�0.0006)

0.061

(�0.004)

0.041

(�0.021)

ACemented sand crust formed on left side of filter sand analysed by acid extraction. Amounts

correspond to respective molar As/Fe, P/Fe and Mn/Fe ratios of 0.045, 0.056 and 0.038.
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zones (coatings, concretions). This indicated that local Mn
accumulations did not affect As–Fe interactions in their vicinity.

The analysis of a sub-area by SEM-EDX showed that the Fe
coatings were only a few tens of micrometres thick (Fig. 3f).
Whereas Aswas not detectable by EDX, the EDX-derived Pmap
revealed the same close spatial correlation with Fe (Fig. 3f, g) as

observed for As and Fe by m-XRF (Fig. 3e). Mn was not
detectable by EDX in pure Fe coatings, in line with low Mn/Fe
ratios of the order of,0.01 qualitatively estimated from m-XRF-
derived Mn and Fe intensities.

The black Mn-rich coating around one quartz grain was
evaluated in more detail using m-XRF and SEM-EDX (Fig. 4).

The elemental distribution maps derived from m-XRF mea-
surements confirmed the high Mn-content of black coatings.
However, even in black coatings, Mn counts were typically
not higher than Fe counts, indicating that the black coatings

contained both Mn- and Fe-bearing phases. SEM-EDX anal-
ysis of the areas A and B conducted at a higher special
resolution (Fig. 4c–f) showed that the Mn- and Fe-rich coat-

ings consisted of an intimate but clearly separate association

of pure Mn or Fe precipitates, with thin Fe coatings often
covering more extensive Mn precipitates. EDX analysis

revealed that P was exclusively associated with the Fe phase
which also contained a minor fraction of Mn, whereas the Mn
phase did not contain detectable levels of P and Fe (Fig. S5,
Supplementary material). In contrast to P, As was below the

detection limit of SEM-EDX.

Speciation of Fe, Mn and As by XAS

The speciation of Fe,Mn andAs in the filter material wasmainly
assessed by K-edge XAS on bulk samples. In addition, m-XAS
data for As and Mn were collected on thin-sections. The Fe

K-edge EXAFS spectra of bulk samples and fine material
(separated from bulk samples by gentle grinding) in comparison
to reference spectra used for LCF analysis are shown in Fig. 5.
Based on preliminary fits using a reference spectra database

including amorphous and crystalline FeIII-(oxyhydr)oxides,
magnetite, vivianite, FeII- and FeIII-containing phyllosilicates,
organically complexed FeIII and FeII and FeIII salts, the fol-

lowing four references were found to account for all spectral
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Fig. 3. (a) Light microscope image of thin-section from sand from top-right sample and (b, c) corresponding m-X-ray fluorescence
elemental maps for K–Si–Fe and As–Mn–Fe (area 3.2� 3.2 mm2; step size 35 mm, beam size ,50 mm; As and Fe maps recorded at

12.5 keV, Mn, K, and Si at 6.6 keV). (d) Correlation of As Ka v. Fe Ka counts for map shown in panel (c) and (e) filtered elemental

distribution map for pink-coloured points in panel (d). (f, g) Scanning electron microscopy elemental distribution maps (inverted

grayscale) for Fe and P in areamarked bywhite squares in panels (b) and (c). In panels (b) and (c), white level corresponds to zero counts

and black levelwas defined as the count level corresponding to 85% (Fe) or 95% (Mn,As) of the cumulative counts of themapped area.
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features in the sample spectra and were included in final LCF
analysis: goethite, 2-line ferrihydrite, amorphous FeIII-phos-

phate and chlorite. Results obtained by LCF analyses based on
these reference spectra are listed in Table 3. Considering the
total Fe contents and the estimated background Fe content

(Table 2), the fraction of accumulated Fe over total Fe in the
studied samples ranged from 77% in the sample from the top to
61% in the sample from the bottom of the filter. Accordingly,

LCF results indicated a minor fraction of Fe contained in
chlorite, in linewith the observation of chlorite grains in element
distribution maps (Fig. 3, 4) and the identification of chlorite by

XRD (Fig. S1). The concomitant occurrence of a very small
goethite fraction may indicate that in addition to chlorite some
goethite was already contained in the fresh sand. In the fine-
grained isolates from the same samples, both the goethite and

chlorite fractions were reduced (Table 3), indicating that
EXAFS results from these samples more closely represented the
structure of the accumulated Fe. The respective LCF results

showed that the average local Fe coordination of the accumu-
lated FeIII precipitate could be described by a combination of
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Fig. 4. (a, b) Lightmicroscope image of thin-section from sand from top-middle and corresponding m-X-
ray fluorescence (-XRF) elementalmap for Fe–As–Mn. (c, e) Scanning electronmicroscopy backscattered

electron images and (d, f) corresponding tricolour distribution maps (Fe–Mn–Si) in a Mn–Fe coating

around a quartz grain (areas A and Bmarked in panel a). Scale bar in panel (e) applies to panels (c–f). The

entire area mapped by m-XRF is shown in Fig. S4. Label Mn2 in panel (a) indicates point analysed by Mn

K-edge X-ray absorption near edge structure (XANES) (Fig. 6).

Table 3. Results from linear combination fitting (LCF) analysis of Fe

K-edge X-ray absorption fine structure (EXAFS) spectra

Fits were performed on the k3-weighted EXAFS spectra over the k-range of

2 to 9.5 Å�1 with individual fractions constrained to range between 0 and

100% but unconstrained sum. Individual fractions normalised to a sum of

100% and the unnormalised sums are reported. Reference spectra used for

LCF analysis included goethite (Goe), 2-line ferrihydrite (Fh), amorphous

FeIII-phosphate (FeP) and chlorite (Chl, CCa-2 from the Source Clay

Repository, West Lafayette, IN, USA). L Crust data are not shown in Fig. 5.

NSSR (normalised sum of squared residuals)¼P
(datai-fiti)

2/
P

datai
2

Goe Fh FeP Chl Sum NSSR

(%) (%) (%) (%) (%) (�1000)

M 0–5 5 51 32 12 106 3.0

M 15–20 6 54 26 15 107 10.5

M 30–35 16 37 31 16 101 9.8

M 0–5 fine 4 55 35 5 108 4.2

M 15–20 fine 0 65 31 4 109 3.2

M 30–35 fine 0 67 30 3 107 2.6

L Crust 2 59 32 7 100 3.0
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,65% 2-line ferrihydrite (with edge- and (minor) corner-
sharing Fe–Fe linkage) and ,35% amorphous FeIII-phosphate

(accounting for monomeric and oligomeric Fe). A similar result
was also obtained for the Fe-rich cemented crust collected on the
surface of the sand filter (Table 3), suggesting that Fe retained at

the sand surface was not precipitated in markedly different form
than Fe removed within the sand matrix. The LCF-based
representation of the accumulated FeIII precipitate by a mixture

of ,65% 2-line ferrihydrite and ,35% amorphous FeIII-
phosphate does not imply the formation of two separate FeIII

precipitates (for which no evidence was found by m-XRF, SEM-

EDX and oxalate extraction) or a specific content of phosphate
or silicate in the precipitate (due to the dominance of the signal
of second-shell Fe over P and Si and lacking sensitivity of Fe K-
edge EXAFS spectroscopy to differentiate between second-

shell P or Si). Instead, the LCF-derived characterisation of the
FeIII precipitate shows that Fe accumulates as a ferrihydrite-like
phase with a lower degree of edge- and corner-sharing Fe–Fe

linkages than in synthetic 2-line ferrihydrite, which can be
attributed to co-precipitated Si and P which reduce the extent of
FeIII polymerisation.[11,30,31]

The speciation of Mn in the sand filter was assessed by bulk
and m-XANES spectroscopy at the Mn K-edge (Fig. 6). Analysis

of the crust formed on the left side of the filter surface and of the

top sample from the centre of the filter by LCF showed that Mn
was mainly retained as a MnIII/IV-(hydr)oxide phase, as also
confirmed by LCF results for two m-XANES spectra collected in
Mn-rich zones (Table 4). The analysis of a phyllosilicate-type

mineral grain on a thin-section, however, confirmed the presence
ofMnIII/II-bearing primaryminerals in the sand. BecauseMnIII/II-
bearing minerals influenced the bulk XAS spectra and because

beam-inducedMn reduction was observed in some cases using a
m-focussed beam, we did not attempt to further constrain the type
of MnIV/III-oxide based on Mn EXAFS spectra.

The analysis of two samples from the top of the filter and of
several points of interest on a thin-section byAsK-edgeXANES
spectroscopy confirmed that As was mainly retained as penta-
valent AsV (Fig. S6, Supplementary material).

Discussion

Estimation of accumulated As, P, Fe and Mn

From linear regressions of total contents of Fe and P v. As, the
respective background contents in the sand were estimated
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material from three depths from the filter middle, corresponding fine

material, reference spectra (solid lines; Goe, goethite; Fh, 2-line ferrihydrite;

FeP, amorphous FeIII-phosphate; Chl, chlorite; reference spectra Goe, Fh,

FeP from Voegelin et al.[11] and Chl from Frommer et al.[58]), and linear
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based on the assumption that the fresh sandwasAs free (Table 2;
Fig. S2b, d). By subtracting these background contents from the
total contents, the accumulated contents in each sample (not
shown) and the average accumulated contents in the sand filter

were estimated (Table 2). The molar ratio of accumulated As/Fe
(Table 2) was similar to the molar As/Fe ratio in the influent
water (Table 1), indicating the consistency of the results and the

approach for estimating accumulated As and Fe fractions in
individual bulk samples. The XRF-derived estimates for accu-
mulated Fe and the EXAFS-derived characterisation of accu-

mulated Fe as a ferrihydrite-like precipitate were in line with
oxalate-extractable Fe contents (Table S4) which on average
accounted for 90� 9% of the estimated accumulated Fe.

For Mn, linear regressions against As (Fig. S2c) and Fe

(Fig. 2c) returned lower regression coefficients than regressions
betweenAs, Fe and P (Fig. S2b, d; Fig. 2b, d). This indicated that
spatially separate accumulation of Mn not only occurred at the

micrometre-scale as observed by m-XRF (Fig. 3) and SEM-EDX
(Fig. 4) but probably also affectedMn distribution in the filter at
the larger scale. Therefore, estimates for background and

accumulated Mn based on total Mn contents and linear regres-
sion of Mn v. As were considered to be associated with larger
uncertainty than estimates for As, Fe and P.

Based on the mean concentrations of accumulated As, P, Fe
and Mn in the sand samples (Table 2) and the estimated mass of
sand in the filter (300 kg), accumulated amounts were estimated
as 0.61 mol (0.46 g) As, 7.4 mol (229 g) P , 122mol (6.79 kg) Fe

and 5.0 mol (276 g) Mn. For comparison, considering that
,108 mg L�1 As, 0.56 mg L�1 P, 16.0 mg L�1 Fe and
1.27 mg L�1 Mn were retained in the filter (Table 1), accumu-

lated amounts of 1.01 mol As, 12.7 mol P, 201 mol Fe and
16.2 mol Mn were estimated from information on filter use
provided by the owner (treatment of 2� 120 L per day over 8

years; not considered in this estimate was the annual replace-
ment of the topmost 2–3 cm of sand which may reduce the
remaining accumulated amounts by ,5–15%). For As, P and

Fe, estimates of accumulated amounts based on XRF data
corresponded to ,60% of the estimates based on groundwater
composition and filter use, whereas for Mn, the XRF-derived
estimate accounted for only,30% of the estimate derived from

filter usage. Although both estimates were based on different
types of assumptions, simplifications and analytical uncertain-
ties, their similar magnitude confirmed that the studied filter

had indeed been in regular use over several years without

replacement of the entire filter sand. Considering that XRF

results for Fe and Mn were quite reliable (Table S1) and that Fe
andMn also exhibited fairly stable concentrations in the influent
water (Table S3), the much lower percentage of Mn (,30%)

than Fe (,60%) ‘recovered’ by the XRF-based estimate rela-
tive to the groundwater–operation-based estimate either indi-
cated that localisedMn accumulations were not representatively
probed by the nine bulk sand samples or that Mn periodically

leached from the filter.

Co-precipitation and removal of Fe and As in aerated
groundwater

Regarding the role of influent water composition for effective
As removal, an earlier field study on the performance of sand
filters inVietnam showed that Fe/As ratios in the groundwater of

.50 (weight-based) normally ensure reduction of effluent As
to values ,50 mg L�1 and Fe/As ratios .250 reduction to
,10 mg L�1 in sand filters.[7] With an Fe/As ratio of 140, the

groundwater treated in the studied filter thus seemed suited for
effective As removal.

The simple classification based on an Fe/As ratio mainly

accounts for two effects: (i) Mediated co-oxidation of AsIII to
more strongly sorbing AsV during FeII oxidation by O2

[14] and
(ii) competition ofAsIII andAsVwith other oxyanions for uptake

by the forming FeIII-precipitates.[16] Because FeII competes with
AsIII for reaction with reactive intermediates of FeII oxida-
tion,[14] the fraction of co-oxidised AsIII in synthetic ground-
water was observed to level off at,50% for (weight-based) Fe/

As ratios exceeding,20.[16] More effective As removal at even
higher Fe/As ratios is therefore mainly due to further reduction
of oxyanion competition (more sorption sites). From experi-

ments in synthetic groundwater at pH 7.0, it was found that
phosphate and AsV sorbed most strongly to fresh FeIII precipi-
tates, with sorption affinities ,100 times higher than for AsIII

and,1000 times higher than for silicate.[16] Phosphate thus has
a much stronger effect on both AsV and AsIII uptake by FeIII

precipitates than Si and the relatively low molar P/Fe ratio of

,0.06 of the influent water (Table 1) hence was another key
factor enabling effective As removal.[1,7,16] The rather high
concentrations of bivalent Mg and especially Ca in the influent
(Table 1) contributed to effective As retention by electrostati-

cally enhanced co-sorption with As and other oxyanions[11,32,33]

and more specific covalent interactions, especially between Ca
and phosphate, which further reduce sorption competition.[11] In

addition, the high concentrations of Ca and Mg also have a
strong coagulating effect[11,34,35] and prevent the formation of
stably dispersed As-bearing FeIII colloids that could otherwise

pass the filter matrix.
Thus, based on the composition of the treated groundwater,

effective co-precipitation of As and P with Fe in rapidly
coagulating FeIII precipitates is expected to occur even in the

absence of pre-existing surfaces or microbiological processes,
provided that sufficient time for near-complete homogeneous or
autocatalytic Fe oxidation is available (half life time of,20min

for purely homogeneous and of ,15 min for autocatalytic
oxidation of 15 mg L�1 dissolved FeII in air-saturated 10 mM
bicarbonate electrolyte at pH 7.0[36]). However, noting that a

fraction of the treatedwatermay pass the filter along preferential
flow paths in less than 30 min, the near-complete removal of Fe,
As and Mn suggested that surface-catalysed and possibly

microbial processes may also contribute to filter functioning,
as will be discussed in more detail in the following sections.

Table 4. Results from linear combination fit (LCF) analysis of Mn

K-edge XANES spectra

Fitswere performed over an energy range of 6534 to 6614 eVwith individual

fractions constrained to range between 0 and 100% but unconstrained sum.

Individual fractions normalised to a sum of 100% and the effective fit sums

are reported. References used for LCF included d-MnO2, todorokite (Todo),

0.2M aqueousMn2þ (Mnaq
2þ), and chlorite (Chl, CCa-2 from the SourceClay

Repository, West Lafayette, IN, USA). NSSR (normalised sum of squared

residuals)¼P
(datai-fiti)

2/
P

datai
2

d-MnO2 Todo Mnaq
2þ Chl Sum NSSR

(%) (%) (%) (%) (%) (�1000)

L Crust 45 39 3 12 100 0.1

M 0–5 34 38 17 12 101 0.2

Mn1 (Fig. S3) 18 53 15 14 100 0.4

Mn2 (Fig. 4a) 25 71 0 4 99 0.2

Mn3 (Fig. S3) 0 33 2 64 101 1.9
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Processes involved in Fe, P and As retention in the filter sand

The O2 concentration of ,5.4 mg L�1 in the filter effluent

indicated that the groundwater became effectively oxygenated
during treatment. Assuming an O2 concentration of 8 mg L�1 for
fully oxygenatedwater and considering that,2.7mgL�1 ofO2 is

needed for the oxidation of 16.0 mg L�1 of FeII and 1.27 mg L�1

ofMnII (to FeIII andMnIV), the concentration ofO2 in the effluent
of ,5.4 mg L�1 was quantitatively in line with near-complete
groundwater oxygenation (,8mgL�1O2) before infiltration into

the filter sand and oxidation of the FeII and MnII in the stagnant
water and the filter sand with negligible further O2 supply.

The characterisation of Fe by spatially resolved m-XRF and

SEM-EDX (Figs 3, 4) in combination with element speciation by
K-edge XAS (Fig. 5, Table 3) indicated that Fe was accumulated
as thin coatings of a two-line ferrihydrite-like precipitate on sand

grains, in line with earlier studies on the mineralogy of Fe in sand
filters used for Fe removal.[37,38] Apart from veryminor fractions
of goethite which may also have been introduced with the fresh

filter sand, no sign of the transformation of the accumulated Fe
into a more crystalline Fe-(hydr)oxide phase over a period of up
to 8 years was found. This has previously been attributed to co-
precipitated silicate which inhibits ferrihydrite crystallisation

during precipitate aging[37,39] and thereby also the potential
remobilisation of co-precipitated P or As.[40] Indeed, molar ratios
of 0.28� 0.03 (Si þ P þ As)/Fe and 0.21� 0.03 Si/Fe obtained

from the oxalate-extractable contents of Fe, Si, P and As in the
sand samples (Table S4) are in line with maximum oxyanion/Fe
ratios of ferrihydrite-type precipitates of ,0.25[12] and indicate

that silicate saturated the sorption sites that were not occupied by
phosphate and arsenate.

Previous work suggested that during FeII oxidation in ini-
tially homogeneous phosphate-containing aqueous solutions,

amorphous FeIII-phosphate with a P/Fe ratio of ,0.5–0.8
(depending on Ca) forms first.[10–12] Such a temporal sequence
would imply that – under conditions of dissolved Fe oxidation

and precipitation along a chromatographic flow path – the
precipitate in the uppermost part of the sand filter should have
a higher P/Fe ratio than precipitates formed at a greater depth,

and that the precipitate type should concomitantly shift from a
higher fraction of FeIII-phosphate in the top-most sand layers to
ferrihydrite-like at depth. However, based on XRF results for

bulk samples (Fig. 2) and Fe EXAFS LCF results for the fine
fractions from the sand and the cemented sand crust from the
filter surface (Table 3), the P/Fe ratio and structure of the
accumulated FeIII precipitate did not vary markedly over depth.

This was also supported by the relatively constant molar
oxyanion/Fe ratios of the oxalate-extractable FeIII precipitate,
including the cemented crust from the top of the sand (Table S4).

The homogeneity of the accumulated FeIII precipitate through-
out the filter indicates that the uptake of Fe and P may be
transport-limited and that transfer to the solid–water interface is

followed by rapid sorption of FeII and phosphate and surface-
catalysed FeII oxidation. Alternatively, at a molar P/Fe ratio of
0.063 in the untreated groundwater (Table 1), initially homoge-
neous oxidation of only ,10% of the dissolved FeII would be

sufficient for complete phosphate uptake into colloidal FeIII-
phosphate which could then be deposited onto sand grains
concomitant with continuing Fe oxidation and precipitation.

Removal of As in the sand filter involves mediated co-
oxidation ofAsIIIwith FeII,[14] followed by effective competition
ofAsVwith phosphate for co-precipitationwith FeIII and sorption

to FeIII-(oxyhydr)oxides.[16] K-edge XANES spectroscopy

confirmed that As retained in the filter was dominantly AsV

(Fig. S6). Over the entire filter sand (Fig. 2) as well as at the
micrometre-scale (Fig. 3, 4, S3, S4), As was accumulated
together with Fe, in parallel to phosphate. This suggests that

As retention was directly coupled to Fe and P removal and
probably involved fast sorption and surface-catalysed oxidation
reactions on FeIII coatings.

An average accumulated Fe content of 405 mmol kg�1

corresponds to,33 g kg�1 ferrihydrite-like Fe coatings (based
on an ideal ferrihydrite stoichiometry of FeO1.4(OH)0.2 with a
molecular weight of 81.7 g mol�1[41]). Considering a packing

density of 1.47 kg L�1 and a porosity of 35% of the filter sand,
this equals ,139 g L�1 of ferrihydrite-like precipitate per pore
volume. Even if only 1% of this precipitate is assumed to be

accessible to the passing groundwater, it can be estimated that
more than 90% of the FeII is adsorbed to the FeIII precipitate at
pH 7.0 and that surface-catalysed FeII oxidation accounts for
.99% of the total FeII oxidation (calculation based on condi-

tional sorption coefficient for FeII on ferrihydrite in 10 mM
bicarbonate electrolyte at pH 7.0[42] assuming sorption equili-
brium and based on oxidation rates for dissolved FeII[36] and

adsorbed FeII on ferrihydrite[42] in the same electrolyte, data
from Tamura et al.[42] for ferrihydrite formed by forced hydro-
lysis of dissolved FeIII). The corresponding conditional rate

coefficient of 0.6 min�1 for the oxidation of adsorbed FeII in
aerated solution (pO2¼ 0.2 atm) corresponds to a half-life time
of ,1.2 min, i.e. more than 10 times lower than the half-life

time of ,15 min estimated for autocatalytic oxidation of
15 mg L�1 FeII in aerated solution. These calculations indicate
that FeII oxidation in the studied sand filter is dominantly due to
surface-catalysed oxidation on accumulated FeIII coatings, in

line with model calculations reported in a recent review on Fe
removal mechanisms in rapid sand filtration.[9] However, some
contribution of microbial FeII oxidation cannot be ruled out,

which may be fostered by microaerophilic conditions in parts of
the filter pore space with limited water flow.[9]

The oxidation of dissolved FeII by O2 mediates the (at least

partial) co-oxidation of dissolved AsIII to AsV by reaction
intermediates,[14] and adsorbed AsIII on ferrihydrite is rapidly
co-oxidised during oxidation of FeII by O2.

[43] Although data on
the respective reaction rates is limited, both homogeneous and

surface-catalysed FeII oxidation by O2 may drive rapid co-
oxidation of dissolved or adsorbed AsIII during water filtration.
Furthermore, oxidation of AsIII could also be induced by FeII

adsorption to FeIII-(oxyhydr)oxide coatings even under anoxic
conditions.[44] Upon filter drainage and aeration, residual
adsorbed AsIII may undergo further slow oxidation by O2,

[45]

in line with the dominance of AsV in the studied filter samples.

Processes involved in Mn retention and role of accumulated
MnIV/III oxide

In contrast to Fe, P and As which became accumulated as fine
coatings throughout the sand matrix, Mn became accumulated as
pureMnIV/III-(oxyhydr)oxide in separate concretions and coatings
(Figs 3, 4, 6). The average amount of 16.8 mmol kg�1 accumu-

lated MnIV/III-oxide (Table 2) corresponds to 71 mmol L�1 of
pore volume. Even based on the unrealistic assumption that this
MnIV/III-oxide is entirely available for abiotic surface-catalysed

MnII oxidation in air-saturated water at pH 7.0 and that all MnII

in the passing groundwater readily (and exclusively) adsorbs to
theseMnIV/III-oxides, a pseudo-first-order rate coefficient of,0.9

day�1 can be estimated from kinetic rates,[18] indicating that
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abiotic surface-catalysed MnII oxidation on MnIV/III-oxides can-

not explain effectiveMn removal during filtration.MediatedMnII

oxidationby reactive intermediates ofFeII oxidation (in analogy to
mediated AsIII co-oxidation[14]) is not expected to occur because

MnIII and MnIV are strong oxidants that undergo rapid reduction
by reaction with FeII.[18,46] Most probably, the formation of
localisedMn-rich coatings is thus due to catalysed coupledbiotic–
abiotic MnII oxidation involving Mn-oxidising bacteria and sur-

face-catalysed MnII oxidation on freshMnIII/IV-oxides.[20,21,47] In
addition, MnII uptake by MnIV-(oxyhydr)oxides by a compro-
portionation mechanism[48] could contribute to Mn removal.

Considering that m-XRF analyses suggested that minor fractions
of Mn were associated with Fe coatings (,0.01 Mn/Fe), Fe
coatingsmight contribute toMnretention by acting as a temporary

adsorbent for MnII during a filtration event with subsequent MnII

oxidation on Mn-rich coatings.
MnIV/III oxides are effective oxidants for both FeII[22,49,50]

and AsIII.[23,51,52] Even though only a small fraction of the

71 mmol MnIV/III-(oxyhydr)oxide accumulated per litre of pore
volume may be accessible to passing groundwater, comparison
with the 0.29 mM Fe in the influent groundwater clearly

indicates that the Mn-rich coatings and Mn concretions carry a
high FeII and AsIII oxidation capacity. Indeed, element distribu-
tion maps collected on Mn-rich coatings showed that they also

contained thin Fe layers (Fig. 4), indicating that FeII (and
probably also AsIII) oxidation by MnIV/III-(oxyhydr)oxide peri-
odically occurred. However, the distribution patterns of Fe and

As in relation toMn in the three areasmapped by m-XRF (Figs 3,
S3, S4) suggest that this mode of Fe (and As) oxidation and
retention was of minor importance compared to surface-
catalysed FeII oxidation on Fe coatings and mediated AsIII

co-oxidation. Nevertheless, MnIV/III-(oxyhydr)oxides may
play an important role by buffering and preventing As and Fe
mobilisation and release if the filter is temporarily operated

without sufficient aeration or if elevated inputs of organic
carbon induce higher microbial respiration rates. Depending
on the extent to which reductively formed MnII can be retained

by sorption (e.g. cation exchange on clay minerals or adsorp-
tion to FeIII-(hydr)oxide coatings) or precipitation reactions
(e.g. with calcite), such periodic events, however, might lead
to elevated MnII concentrations in the filter effluent.

Precipitate accumulation in the filter pore space

The studied filter still performed well after 8 years of operation
without sand replacement (except for annual replacement of the

surface sand layer), indicating that filter clogging did not occur.
From the average accumulated amount of Fe in the filter sand of
405 mmol kg�1 and based on an ideal ferrihydrite stoichiometry

(FeO1.4(OH)0.2; 81.7 g mol–1[41]), a dry Fe-precipitate mass of
,33 g kg�1 filter sand is calculated. Assuming a density of
,4 g cm�3 (for ,6-nm diameter ferrihydrite crystallites[41]),

this corresponds to,3.5%of the total pore volume (considering
bulk density of 1.47 kg L�1 and porosity of 35%). This clearly
indicates that even after use for 8 years the filter still retained a
substantial capacity for further precipitate formation and P and

As retention. The formation of relatively dense precipitate
coatings on sand grains may be attributed to the periodic drying
of the filter sand, which causes gel-like hydrated ferrihydrite to

aggregate into dense particles that will not fully disperse again
upon rehydration,[53] resulting in reduced precipitate volume.

Due to the high Ca concentration of ,4 mM in the influent

(Table 1), precipitation of calcite in the pore space could also

have affected filter performance. XRD results (Fig. S1) indeed

confirmed the presence of calcite in the sand material, and the
cemented Ca-rich sand crust on the left side of the filter surface
(Fig. 1) was attributed to calcite precipitation. Comparison of

the influent and effluent Ca concentrations (Table 1), however,
indicated that only a small fraction (,6� 2%) of the dissolved
Cawas retained in the filter.Most probably, calcite precipitation
was limited by the extent of CO2 out-gassing and occurred

mainly at the sand surface. Therefore, and because the top
2–3 cm of filter sand were annually replaced, calcite precipita-
tion did not adversely affect filter performance.

Conclusions and implications

In the investigated household sand filter, effective removal and
retention of Fe, As and P can be attributed to several factors:

(i) The raw groundwater water is characterised by relatively
high Fe/As and Fe/P ratios that would also result in effective P
and As co-precipitation during water aeration even in the
absence of sand surfaces and microorganisms. (ii) The anoxic

groundwater is effectively aerated in the studied sand filter. (iii)
High concentrations of Ca and Mg in the groundwater prevent
the formation of mobile As-containing FeIII colloids. (iv) The

high amounts of accumulated ferrihydrite-like Fe coatings
ensure rapid adsorption of FeII, P and As, and surface-catalysed
oxidation of FeII and co-oxidation of AsIII. (v) Filter drainage

and partial drying after use promote the complete oxidation of
residual FeII and AsIII and the formation of more compact Fe-
coatings that limit the risk of filter clogging. (vi) Inhibited

crystallisation of the FeIII precipitates over time by adsorbed Si
prevents the remobilisation of accumulated As and P. Based on
theoretical calculations, autocatalytic and surface-catalysed FeII

oxidation on ferrihydrite-like sand coatings dominate FeII oxi-

dation, whereas microbial Fe oxidation is likely of minor
importance for effective removal of Fe, As and P. Mn is accu-
mulated in separate Mn-rich coatings and concretions and the

slow kinetics of purely abiotic surface-catalysed oxidation
suggest that MnII-oxidising bacteria play a key role in Mn
removal.

The effectiveness of sand filters for As removal critically
depends on the molar P/Fe ratio of the groundwater to be
treated.[1] In the case studied here, the groundwater had a P/Fe

ratio of 0.063 (Table 1). Considering an adsorptionmaximum of
,0.25 oxyanion/Fe for a ferrihydrite-like precipitate,[11,12] this
study thus shows that effective As removal can be achieved at a
groundwater P/Fe ratio of up to one fourth the sorption capacity

of ferrihydrite-type precipitates, and that both P and As are
not released back into solution over time because Si inhibits
precipitate aging. At higher P/Fe ratios of the groundwater,

however, saturation of the FeIII precipitate and precipitate aging
are expected to reduce filter performance. In these cases,
effective As removal requires additional Fe, for example from

electrocoagulation before filtration[54,55] or from zerovalent iron
implemented in the filter matrix.[56,57] Where Mn removal is
required as well, however, Fe addition should be kept as low as
possible to avoid a reduction in Mn removal efficiency.

With respect to the use of household sand filters for As
removal from groundwater, it has been recommended that the
sand should be replaced in regular intervals (i.e. every 3–6

months).[7] Considering the beneficial role of accumulated Fe
and Mn coatings and the probable importance of microbial Mn
oxidation, it appears that filter sand may be used over longer

periods of time depending on the chemistry of the raw
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groundwater. As discussed previously,[1,7] safe disposal of the

spent sand is required to prevent re-introduction of As into soil
or groundwater. Mixing a fraction of previously used filter
sand with fresh sand, however, may aid to rapidly establish

effective filter performance after sand exchange by introducing
reactive surface coatings and active MnII-oxidising microbial
populations.

Supplementary material

The Supplementary material is available from the journal
online (see http://www.publish.csiro.au/?act=view_file&file_id=

EN14011_ AC.pdf).
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