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eCoatings reflect Fe and Mn removal

eBackwash removes Fe flocs &
sustains water flow

eStratified biological community
despite backwash

eLayered coatings indicate full
vertical mixing of filter medium
after several backwash cycles
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ABSTRACT

Aeration followed by rapid sand filtration is a common method in drinking water treatment to remove
iron (Fe) and manganese (Mn) from anoxic groundwater. To ensure the successful removal of Fe and
Mn within a single filter, several factors such as raw water characteristics, backwash procedures and
chemical and microbial interactions with the filter medium need to be considered. Here, we assess the
characteristics of a single medium rapid sand filter with highly efficient removal of Fe and Mn. Using
synchrotron X-ray spectroscopy, we show that formation of ferrihydrite-type Fe oxides in the top of the
filter (0-50 cm) accounts for > 95 % of the removal of dissolved Fe?* in the filter. Birnessite-type Mn-
oxides, which are thought to be biogenic, form over a wider depth interval (0-110 cm). Results of 16S
rRNA gene amplicon sequencing indicate a corresponding distinct vertical stratification of the microbial
community, with potential iron-oxidizing Gallionella, Leptothrix and Sideroxydans dominating in the
upper part of the filter, and nitrifiers being more prevalent deeper in the filter. Besides Fe and Mn-oxide,
Fe-flocs and bacteriological hollow sheets form in the upper part of the filter. Both the Fe-flocs, hollow
Fe-sheets and part of the Fe and Mn coatings are removed through backwashing, thereby reducing the
pressure difference measured over the filter medium linked to clogging of pores (from 14 kPa to 1.5
kPa) and ensuring continued water flow. Backwashing removes part of the Gallionella, but this does
not negatively impact the filter performance. Strikingly, SEM imaging with EDS mapping revealed
alternating layers of Fe and Mn-oxides on the coated grains throughout the filter. This indicates slow
mixing of the filter medium between the upper 30 cm and the rest of the filter during backwashing.
Slow mixing likely contributes to continued success of the filter by ensuring homogeneous filter bed

growth, while still allowing for stratification of the microbial community.
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1. INTRODUCTION

Groundwater serves as a vital drinking water source globally. Redox-sensitive elements such as iron
(Fe) and manganese (Mn) often are present in anoxic groundwater. To ensure the provision of safe
water and prevent aesthetic problems and fouling of distribution infrastructure with metal
(oxyhydr)oxides (henceforth termed metal-oxides), the removal of these elements is essential (Buamah
et al., 2009; Vries et al., 2017). A commonly employed method for removing dissolved Fe** and Mn?*
from anoxic groundwater, without the use of chemical oxidants, involves aeration followed by rapid
sand filtration. Despite the widespread use of this technology, the design and operation of sand filters
have predominantly relied on empirical knowledge from plant operators accumulating over the years.
Consequently, a comprehensive understanding of the characteristics of a well-functioning filter and
how removal efficiencies depend on water chemistry, regular backwashing and associated filter medium

characteristics is lacking.

In sand filters with high oxygen concentrations (O, > 250 uM), dissolved Fe?* precipitates with low
crystallinity, such as ferrihydrite (Fes20s5 (OH)4 3H20; Michel et al., 2010) form in the top of the filter
through homogeneous, heterogeneous or biological oxidation (Van Beek et al., 2016). Homogeneous
Fe®* oxidation refers to the oxidation of Fe?* by dissolved oxygen and subsequent hydrolysis and
precipitation of Fe-flocs. The process is rapid at near-neutral pH and typically occurs already in the
supernatant on top of the filter (Gude et al., 2018; Vries et al., 2017). Heterogeneous Fe®* oxidation
refers to a series of reactions with oxidation and precipitation following surface adsorption of Fe?*
(Tamura et al., 1980; Van Beek et al., 2016). The ferrihydrite formed in sand filters through both
pathways is mostly present as globular nodules (diameter of 2-6 nm), characterized by a high degree of
surface roughness and a large surface area (Carta et al., 2009; Sharma et al., 2002). Iron-oxidizing
bacteria use Fe?* as an electron donor and, thus, can contribute to Fe removal in rapid sand filters as
well (de Vet et al., 2011; Gulay et al., 2013). Bacteria belonging to the genera Gallionella and
Leptothrix, for instance, are known iron-oxidizers, and their activity leads to the presence of
characteristic twisted stalks and hollow sheets, respectively, that can be detected microscopically (Chan

et al., 2010; Krepski et al., 2012). However, some iron-oxidizing Gallionella and Sideroxydans species
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can also produce particulate Fe-oxides of an amorphous morphotype (Emerson et al., 2010; Lin et al.,

2012).

In rapid sand filters, Mn?* is usually removed through heterogeneous and/or biological oxidation. While
heterogeneous oxidation leads to the formation of Mn(lll) or Mn(ll)/Mn(ll)-oxides including
hausmannite, manganite or feitknechtite (Inoué et al., 2019; Lan et al., 2017; Murray et al., 1985)
microbially catalyzed Mn(Il) oxidation results in the precipitation of Mn(IV)-phyllomanganates such
as birnessite or todorokite (Kim et al., 2003; Tebo et al., 2004; Villalobos et al., 2003; Webb et al.,
2005). Biological Mn?* oxidation likely plays an important role in the start-up phase of sand filters, but
when filters age, it is believed that Mn®* oxidation becomes predominantly heterogeneous (Bruins et
al., 2015). Birnessite has a high negative charge and is characterized by a typical coral or sponge-like
structure that is visible using an electron microscope (Jiang et al., 2010, Bruins et al., 2015). Microbially
produced Mn-oxides cannot easily be distinguished from those formed through chemical oxidation
based on imaging. Techniques such as micro-focused Mn K-edge X-ray spectroscopy, however, can be
used to provide crucial information to distinguish biologically and chemically formed Mn-oxides by
characterizing the redox state and local coordination environment of Mn (Zahoransky et al., 2022).
Removal of Mn?" in rapid sand filters can be hindered by high concentrations of Fe?* or ammonium
(NH4") in the raw water, possibly due to lowering the contact time with the filter medium, or due to the
reductive dissolution of Mn-oxides by Fe** (Gouzinis et al., 1998; Haukelidsaeter et al., 2023; Tian et

al., 2019).

Regular backwashing of sand filters is necessary to remove metal-oxides and to restore hydraulic
function (Ramsay et al., 2021). The upward flow of water and air leads to mixing of filter medium, with
the largest displacement often occurring in the top of the filter (Ramsay et al., 2021). Nevertheless, this
mixing may still lead to a homogeneous composition of the filter bed and microbial community
composition, as suggested in a recent study (Corbera-Rubio et al., 2023), but whether this holds for

rapid sand filters in general remains to be confirmed.
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In this study, we assessed the chemical and microbiological processes contributing to successful Fe and
Mn removal and the impact of backwash in a single medium rapid sand filter treating anoxic
groundwater at a drinking water treatment plant (DWTP) in the Netherlands. We used a combination
of advanced geochemical and microbiological analyses, including synchrotron X-ray spectroscopy, X-
ray diffraction (XRD), sequential extractions, scanning electron microscopy (SEM) and 16S rRNA gene
amplicon sequencing to identify the chemical and microbial processes taking place in the filter before
and after backwash. We found evidence for a vertical stratification of microbiological processes
contributing to Fe and Mn removal, while alternating Fe and Mn coatings were found on the filter
medium throughout the filter, implying slow mixing and thereby homogenization of the chemical

composition of the filter medium due to backwashing.

2. Materials and methods

2.1 Drinking water treatment plant

The DWTP investigated in this study is located in Laren, the Netherlands (52.24029°N, 5.20258°E) and
is operated by Vitens N.V. The groundwater is extracted from 9 wells (8 vertical wells and 1 horizontal
well) from an unconfined shallow aquifer (-13 m). The groundwater is anoxic and is mixed with slightly
oxygenated shallow ground water in the wells, therefore raw water contains some oxygen (~60 pM).
The treatment process consists of three steps, including aeration, single medium rapid sand filtration

and granular activated carbon filtration (Supplementary Figure 1).

The DWTP operates two rapid sand filters in parallel, each with an area of 40 m? and a filter medium
thickness of ~2 m. The sand has an average diameter of 1.7-2.5 mm (porosity ~42%) and density of 2.6
g/cm?. The supernatant level which is controlled with a valve in the outflow of the filter, is between 30-
40 cm above the filter bed. The feed flow is ~220 m3/h. One filter (Filter 1) was investigated in this
study and has been in operation with this sand filter material since 2014, when the sand was replaced
after ~25 years of operation. The DWTP is not continuously operational, with production periodically
being halted when drinking water demands are lower. The annual production rate for Filter 1 is ~1 000

000 m?,
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Filters are backwashed after 16 000-18 000 m*® water has been produced (every ~72 to 82 h). This
cleaning procedure has a duration of 19.5 minutes and consists of the following steps: 1 minute of water
backwash (water velocity of 21 m/h), 12 minutes of air and water backwash (air velocity of 60 m/h,
water velocity of 20 m/h and) and 6.5 minutes of water backwash (water velocity of 40 m/h). The

backwash does not lead to overall bed expansion.

The pressure difference in the filter during a filter run is monitored continuously by the drinking water
company using piezometers in the top and bottom of the filter. The pressure difference data for two
backwash cycles which sampling was conducted in November 2021 were analyzed in this study. We
also calculated the Fe load between two backwash cycles based on raw water concentrations and the
total volume filtered, and assessed whether there was a relationship between the Fe load and pressure

buildup.

2.2. Sample collection

Water samples were collected in November 2021 at five different times in a backwash cycle, first at the
end of the runtime (74 h), then at four different time points after backwash (2 h, 25 h, 29 h and 43 h).
Filter medium samples were obtained just before and after backwash (74 h, 0 h). Backwash suspension

samples were collected every 1 min during the backwash procedure.

Extracted groundwater (“raw water”) was collected prior to aeration. Filter influent water was collected
directly from the supernatant water above the filter. To assess Fe?*, Mn?"and NH4* removal in the filter,
water samples were obtained from 6 taps available at the side of Filter 1 at 50, 80, 110, 140, 170 and
200 (bottom of filter) cm depth. Filter effluent water was sampled from a tap exiting under the filter

effluent chamber.

The pH, O, conductivity and temperature were measured directly in the water from the taps with a
HQ40D Portable Multimeter (HACH), with a tube from each tap leading directly into a plastic bottle
that overflowed continuously. Unfiltered and filtered (0.45 um) water samples were collected in 15 mL

centrifuge tubes and acidified with ultra-pure nitric acid (HNOs; 10 puL per 1 mL of sample) and stored
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at 4 °C for analysis of total and dissolved Fe and Mn. For the analysis of NH4*, NO, and NOg’, separate

filtered water samples were collected and stored at -20 °C.

A stainless-steel peat sampler (Veenlans 04.09, Royal Eijkelkamp) was used to collect sand samples at
the following sand filter depth intervals for analysis of the geochemistry and microbiology: 0-2 cm, 4-
6 cm, 10-15 cm, 15-20 cm, 25-30 cm, 30-40 cm, 40-50 cm, 50-60 cm, 60-70 cm, 70-80 cm, 80-90 cm,
90-100 cm, 100-110 cm, 110-120 cm, 120-130 cm, 130-140 cm, 140-150 cm, 150-160 cm and 160-170

cm. The sand samples were stored in 50 ml centrifuge tubes in a freezer (-20°C) until analysis.

2.3. Analysis of water chemistry

Total and dissolved Fe (Limit of Detection [LOD] = 0.4 uM) and Mn (LOD = 0.018 puM) were analyzed
using a Perkin-Elmer Avio 500 Inductively Coupled Plasma Optical Emission Spectrophotometer (ICP-
OES). The difference between total and dissolved Fe and Mn was used as a measure of particulate Fe
and Mn. The concentration of NH;" (LOD = 0.3 puM), NO2 (LOD = 0.02 uM) and NO3 (LOD = 0.09
UM) in the filtered water samples was determined spectrophotometrically with a Gallery™ Discrete
Analyzer. NOx was measured as described in Jumppanen et al. (2014), and NH," according to ISO7150-

1:1984.

2.4. Geochemical analysis of filter medium

The type of Fe and Mn-oxides present on the coatings before and after backwash was determined using
a three-step sequential extraction procedure with ascorbic acid, 1M HCI and CDB (Claff et al., 2010;
Lenstra et al., 2021; Raiswell et al., 2010). The first extraction step with ascorbic acid primarily
dissolves Fe from poorly crystalline Fe-oxides (e.g., ferrihydrite) and Mn-oxides (e.g., birnessite). The
second extraction step dissolves minerals sensitive to low pH, including carbonates and poorly ordered
oxides, and the third step dissolves crystalline Fe-oxides. The filter medium was freeze-dried prior to
extraction. Approximately 100-250 mg of filter medium and 10 ml extractant were used in each step.

All samples were analyzed with ICP-OES to determine Fe and Mn content.

For high-resolution imaging, coating thickness measurements and elemental mapping of coating

characteristics, a Zeiss EVO 15 environmental SEM with energy dispersive X-ray spectroscopy (EDS)



170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

was used. Filter medium from 5-10 cm and 150-160 cm in the filter bed was analyzed, from samples
taken before (74 h) and after backwash (0 h). Selected samples were freeze-dried and fixed to 0.5-inch
aluminum SEM specimen stubs (Agar Scientific Ltd.) using a conductive carbon glue. Mounted
samples were coated with 15 nm of platinum using a 208HR Sputter Coater. Particles from backwash

water (taken after 7 minutes of backwashing) were processed and analyzed in a similar manner.

Filter medium from 15-20 cm depth in the filter was embedded in epoxy resin (2.5 cm) and polished to
expose cross sections of the sand grains and coatings at the surface. The sample was investigated using
M-XRF and p-X-ray absorption spectroscopy at Fe and Mn K-edges at the ID21 beamline (Salome et
al., 2013) at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The beam was
focused to 0.7pum ver. x0.8um hor. using a Kirkpatrick Baez mirrors system. The samples were mounted
vertically, with an angle of 62° with respect to the incident beam. X-ray energy of the incoming beam
was selected and tuned by means of a horizontal deflecting double-mirror system (Si coating for
harmonics rejection) and a Si (111) monochromator (AE/E ~2.10—4). The beam intensity was monitored
continuously using a photodiode placed upstream of the sample. XANES spectra were acquired in XRF
mode, using a large area (80 mm? collimated active area) Silicon Drift Diode (Bruker, Karlsruhe,
Germany). At selected spots, X-ray absorption spectra in fluorescence mode were collected within the
corresponding energy range, 6.50— 6.90 keV and 7.00-7.65 keV for Mn and Fe, respectively. The
monochromator energy was calibrated based on the maximum intensity of the first derivative of Mn
foil at 6.53862 keV for Mn and Fe foil at 7.11198 keV for Fe. X-ray fluorescence spectra were processed
and lp normalized using the PyMca X-ray Fluorescence Toolkit (Sole”et al., 2007) to produce elemental
maps. Spectra for analyzing the X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) were normalized and extracted using the ATHENA software

package (version 0.8.056 Ravel and Newville, 2005).

Consecutively collected Mn-XANES spectra at one spot exhibited a shift of the edge to lower energies
and a decrease in white line intensity, indicating photoreduction of Mn-oxides (Supplementary Figure
2). For this reason only the first spectrum was used for further analysis, assuming that the effect of

photoreduction was negligible for this spectrum. Normalized Fe and Mn XANES spectra, collected at
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different spots on the sample, varied for the respective element regarding the amplitude of oscillations,
shape and position of the edge, and the magnitude of the pre-edge feature. These differences could not
be solely ascribed to differences in speciation but are also caused by self-absorption. To correct for self-
absorption the XANES(Fluo) algorithm a correction method developed by Daniel Haskel implemented
in Athena was used (Haskel, 1999). As the exact composition at the measured spots was not known the
correction was made based on Fe(OH)3; n(H20) and MnO; n (H20), respectively. The number of water
molecules was adjusted until the magnitude of the pre-edge feature and the amplitude of the white line
was similar to those of the selected reference spectra showing strong resemblance with the spectra from
the sample. Differences among spectra remaining after this correction should then be indicative for

differences in speciation. \

The mineralogy of Fe and Mn-oxide coatings from selected samples from the top (2-4 cm), middle (90-
100 cm), and bottom (150-160 cm) of the filter was determined by XRD. Freeze dried samples were
ground using a mortar and pestle and sieved to obtain the fraction < 50 um and subsequently placed
onto a PMMA sample holder with a cavity diameter of 25 mm. XRD spectra were obtained with a
Bruker DS Advance with a LYNXEYE detector and a 6/0 goniometer with Cu-Kao radiation (A =
1.54056 A) with the tube operated at 40 kV and 40 mA. We used a primary Soller slit of 2.5°, a
motorized divergence slit that illuminates 20 mm of the sample, resulting in a constant irradiated
surface, and a motorized anti-scatter screen. X-ray powder diffraction patterns were recorded from 3 to
80 °20, in 0.02° steps, and counting for 0.85 s per step. Samples were spun continuously during
measurement (0.25 Hz). Samples were compared to standards, including those of quartz and felspar

minerals and, Fe and Mn-oxides(e.g. birnessite and ferrihydrite) for identification.

Specific surface areas of selected filter medium samples from 2-4 cm, 50-60 cm, 100-110 cm, and 150-
160 cm were measured using the Brunauer-Emmett-Teller (BET) nitrogen gas adsorption method
(relative pressure range 0.05-0.25) with a Quanta chrome Autosorb-6B gas adsorption analyzer at 77
K. Results were normalized to the density of the filter material. Before the surface area measurement,

the samples were exposed to a vacuum for 40 hours at 60 °C.
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2.5. DNA isolation and 16S rRNA gene amplicon sequencing
For analysis of the microbial community before and after backwash (74 h and 0 h), sand samples of the
filter medium were analyzed from the following depth intervals for spatial coverage: 0-2 cm, 4-6 cm,

10-15 cm, 25-30 cm, 40-50 cm, 70-80 cm, 80-90 cm, 110-120 cm, 130-140 cm, 160-170 cm.

Genomic DNA was extracted from samples of 0.5 g (wet weight) using the DNeasy Powersoil DNA
isolation kit (QIAGEN, Hilden, Germany). Cell lysis was performed by bead beating at 50 Hz for 1 min
using a TissueLyser LT (QIAGEN, Hilden, Germany). When insufficient amounts of DNA were
obtained, up to four replicates using 0.5 g sample material each were pooled on one Genelet Spin
column. In addition to 800 pL CD1 solution, 500 pL of 10 % wi/v skimmed milk (Sigma-Aldrich) was
added to the Powerbead Pro tubes. The skimmed milk solution was autoclaved for 5 min at 121 °C,
which proved long enough to avoid isolating DNA from the skimmed milk itself, and short enough to
avoid excessive caramelizing of the skimmed milk solution (Corbera-Rubio et al., 2023). Prior to DNA
elution in 100 uL DEPC water, the column was incubated with DEPC water for 1 min at room

temperature.

16 rRNA gene amplicon sequencing was performed by Macrogen Inc. (Seoul, South Korea) using the
Illumina MiSeq platform. Primers used for bacterial 16S rRNA gene amplification were 341F (5'-
CCTACGGGNGGCWGCAG-3; Herlemann et al., 2011) and 806R (5'-
GGACTACHVGGGTWTCTAAT-3'; Caporaso et al., 2012). Paired end libraries were constructed
using the Herculase Il Fusion DNA Polymerase Nextera XT Index Kit V2 (Illumina, San Diego, USA)
with the 16S Metagenomic Sequencing Library Preparation Part # 15044223 Rev. B protocol. Between
100.000 and 260.000 paired end reads were obtained per sample. The data was processed in R (v3.5.1;
R Core Team, 2019) using the DADA2 pipeline (v1.8; Callahan et al., 2016). The 16S rRNA gene-
based taxonomy was obtained using the SILVVA database (release 138.1, Quast et al., 2012). The relative
abundances as calculated using DADA2 were analyzed using the R package Phyloseq (v1.30.0;
McMurdie & Holmes, 2013). For data visualization in bar plots, families and genera were included that

constituted >1% and 1.5% relative abundance, respectively, in at least two of the samples.
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3. RESULTS

Before backwash (i.e. 74 hours after the previous backwash cycle), the filter was covered with a 1-2 cm
thick layer of fine orange flocs (Figure 1 A). The color of the filter medium was reddish-brown in the
top 30 cm of the filter and gradually transitioned to blackish-brown between ~50 and 160 cm depth
(Figure 1 B). Directly after backwash, the orange layer of fine material on top of the filter was no longer
present and the color of the upper 30 cm of the filter was much browner (Figure 1C). The deeper parts

of the filter (below 50 cm depth) remained predominantly blackish-brown (Supplementary Figure 3).

3.1. Water chemistry and filter functioning

The supernatant of the sand filter was always well-oxygenated (>280 uM Og; Table 1) because of the
aeration of abstracted anoxic groundwater prior to the sand filtration step. In the sand filter, oxygen
concentrations decreased with depth, but never reached values below 193 uM (Figure 2). Only minor
variations in pH were observed, with values ranging from 7.2 to 7.4. The conductivity of the water
decreased with depth in the filter (by ~10 units), in line with the removal of solutes. Both NH,* and
NOs" were present in the raw water (~34 and 50 uM, respectively). All NH4* was converted to NOs™ in

the sand filter (Table 1; Supplementary Figure 4).

Iron in the raw water was mostly present in dissolved form (Table 1). At the end of a filter run,
particulate Fe dominated in the supernatant of the sand filter. After backwash, however, Fe in the
supernatant of the sand filter was primarily dissolved (Figure 2). The Fe data for 25 and 43 h hours after
backwash show that the proportion of particulate Fe increased at the expense of dissolved Fe during the
filter run. Most Fe removal (> 95-99 %) occurred in the top 50 cm of the filter at the investigated time

points (Table 1 and Supplementary Data S2).

Manganese occurred only in dissolved form and is, therefore, assumed to be present as Mn?.
Manganese was removed between a depth of 0 and 110 cm depth, in parallel with NH,* (Figure 2). At
50 cm depth in the filter, only ~52 % of the incoming Mn was removed. The depth of Mn removal and
the removal efficiency did not change during the investigated time points of a filter run (Supplementary

Data S1).

11



275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

With increasing runtime, an increase in pressure across the filter from 1,5 kPa to 14 kPa was observed
(Figure 3), which strongly correlated with the Fe load (R°= 0.93; Supplementary Data S3). After

backwashing, the pressure across the filter was restored tol kPa.

3.2 Filter medium

Most Fe-oxides were extracted in the ascorbic acid step, while Mn-oxides were mostly dissolved in HCI
(Supplementary Table 1). The ratio of the total Mn:Fe extracted was close to 1, with an average of ~680
pmol/g Fe and ~674 pmol/g Mn-oxides present throughout the filter before and after backwash
(Supplementary Table 1). If we combine the Fe and Mn load for the filter (see section 2.1, assuming a
bulk filter material density of 2.6 g/cm®and 7 years of operation) with the total amount of Fe and Mn
measured in the filter (average before and after backwash), we find that ~17% of the Fe and ~63% of
the Mn that entered the filter accumulated there. This implies that ~83% of the Fe and ~37% of the Mn

was removed from the filter through backwash (Supplementary Table 1, Supplementary Data S4).

The thickness of the mineral coatings ranged from ~80 to ~200 um. Before backwash, Fe-oxides
dominated the coating surface in the top 30 cm of the filter (Figure 4, top 5 cm). After the filter was
backwashed, a mix of both Fe and Mn-oxide surface-coated grains were found in the top of the filter.
The Fe-oxides consisted of globular nodules < 1 um, while Mn-oxides appeared as sponge/coral like

structures of 1-13 pum in diameter (Supplementary Figure 5 and 6).

Cross-sections of the coatings revealed that they consisted of alternating layers of Fe and Mn-oxides
(Figure 4). The alternating coatings were found on filter medium grains originating from both the
surface (top 5 cm) and bottom samples (150 cm). Given the more than seven years of operation of the
sand filter at the time of sampling, this suggests slow mixing of the filter medium over the full filter
depth, and not only the top ~50 cm. The Mn-oxide layers were more porous compared to the denser
Fe-oxide layers (Supplementary Figure 7). The BET specific surface area of the filter medium was

similar across all depths of the filter ( ~3.4*10” m*¥m?®; Supplementary Data S5).

Remnants of hollow sheets, characteristic for the iron-oxidizer Leptothrix (Emerson et al., 2010) and

twisted stalks resembling those known for Gallionella (Chan et al., 2010) were detected on the metal
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coated surface of the filter medium, and, occasionally, were found to be intertwined within the filter
medium coating (Figure 5). The hollow sheets were far more dominant compared to the twisted stalks,
with the highest abundance in the top 30 cm of the filter. EDS imaging confirmed that the hollow sheets
mainly consist of Fe-oxides (Figure 5B). Bacterial filaments on the filter medium coating, recognizable

by their enrichment in carbon, were also detected (Figure 5A).

Self-absorption corrected XANES and EXAFS spectra of Fe and Mn collected along a transect through
the coating did not show significant differences (Figure 6). This indicates that the redox state and
speciation of Fe and Mn in the coating is very similar, irrespective of position and, hence, age and
change in composition. Upon comparison with spectra from a variety of Fe-oxides the XANES spectra
and the part of the EXAFS spectra with acceptable quality (k < 7 A-1) showed closest resemblance with
the spectrum FhSi*. This spectrum is a combination of spectra collected from Fe(lll) precipitates
formed upon the oxidation of Fe®* in the presence of 0.5 mM silicic acid in Na and Ca containing
background electrolyte (Senn et al., 2015). These precipitates are generally poorly ordered and
characterized by a lower degree of corner-sharing polymerization compared to 2L ferrihydrite,
synthesized in the absence of Si. The position of edge of the Mn XANES spectra indicates that Mn is
predominately in the form of Mn(IV) and the XANES and EXAFS spectra showed closest resemblance
with those of hexagonal birnessite produced by Mn(ll) oxidation by Pseudomonas putida. However,
the quality of the EXAFS spectrum beyond k 8 A-1 was insufficient to unequivocally identify the
structure of the phyllomanganates as distinctive features in the EXAFS spectra are located in that region

(Webb et al. 2005).

No sharp peaks other than those attributed to quartz and feldspar (microcline) could be identified in the
X-ray diffractograms (Supplementary Figure 8). This is in line with the findings from XAS analysis as
ferrinydrite-like precipitates and biogenic birnessite only produce broad peaks with low amplitude

(Cornell & Schwertmann, 2003; Villalobos et al., 2003)

SEM analysis of the backwash suspension showed that the backwash process mainly removed Fe-flocs

and we observe bacterial Fe-deposit structures mainly in the form of hollow sheets. Furthermore, some
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Mn-oxides were detected in these Fe-flocs, indicating that Mn was also removed during backwash

(Supplementary Figure 8).

3.3 Microbiology

The results of 16S rRNA gene amplicon sequencing revealed distinct variations in the microbial
community with filter depth that largely remained undistributed by the backwashing procedure (Figure
7). Before backwash, Gallionella was the most abundant genus in the upper 30 cm of the filter (40%
and 20% at 2 cm and 30 cm, respectively), but decreased in relative abundance with depth to 0.4% at
the bottom of the filter. Below 40 cm, Candidatus Nitrotoga constituted the most abundant genus in the
Gallionellaceae family (Supplementary Figure 10). Additionally, the genera Leptothrix and
Sideroxydans were present at 3-6% and 3-7%, respectively, with the highest abundance in the top 30

cm.

The relative abundance of Nitrospira increased with depth in the filter, accounting for ~5% across the
top 30 cm to ~18% at 160 cm depth. Generally, the microbial community below 100 cm depth was more

diverse than in the top of the filter (Figure 7).

Just after the filter was backwashed, the abundance of Gallionella in the top of the filter decreased (from
45% to 20% at cm depth), while the relative abundances of Sideroxydans and Leptothrix did not
decrease. The relative abundance of Nitrospira increased in the first 30 cm of the filter, from ~5% to
~7% before and after backwash, respectively. Generally, the microbial community below 25-30 cm
depth in the filter remained unchanged after backwash, as supported by nonmetric multidimensional
scaling (NMDS) analysis, which showed samples from similar depths from before and after backwash

clustering together (Supplementary Figure 11).
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4. DISCUSSION

4.1 Mechanisms of Fe and Mn removal

In this study, we show that both Fe** and Mn?*" are successfully removed during drinking water
production from abstracted groundwater, using one single-media rapid sand filtration step. This removal
is the result of a combination of both chemical and microbiological processes and requires regular

backwashing to counteract pressure buildup in the filter.

Because of fast oxidation of Fe?* under oxygenated conditions (Gude et al., 2018), most Fe?* is removed
in the supernatant and settles as Fe-flocs and microbially formed Fe-oxides on the filter bed (Figure 1,
Figure 5). As the water flows through the filter bed, globular nodules of Fe-oxides are formed on the
filter medium in the form of coatings, indicating that heterogeneous Fe?* oxidation also plays an role in

Fe®* removal (Supplementary Figure 5).

Gallionella, Leptothrix and Sideroxydans are genera known to harbor iron-oxidizing species that
oxidize Fe*" and dominate the top 30 cm of the filter (Figure 7). This dominance, together with the
observation of hollow sheets and twisted stalks indicative of biological iron-oxidation implies that
microorganisms contribute to Fe?* removal at this DWTP (Figure 5). Even though some Leptothrix
species can oxidize both Fe?* and Mn?" (Fleming et al., 2014; Zhang et al., 2002), our SEM-EDS
mapping only reveals Fe-rich bacteriological hollow sheets, suggesting that Leptothrix mainly convert
Fe*" in the studied filter (Figure 5). Some iron-oxidizing bacteria may enter the filter through the
groundwater, as the raw water is mixed with oxygenated water in the wells already. Despite the general
perception of Fe(ll) oxidation being microaerophilic (e.g. Maisch et al., 2019), their presence and
activity at higher O, concentrations, as observed here ([O2] = >70 uM; Table 1; Figure 2), is common
in drinking water treatment plants (de Vet et al., 2011; Gdlay et al., 2018; Sharma et al., 2005; Van
Beek et al., 2016). Raw water containing iron-oxidizing bacteria has previously also been observed at
other treatment locations (Pacini et al., 2005). The temperature of ~11 °C in the DWTP may further
stimulate microbial iron-oxidation as suggested in other studies (de Vet et al., 2011; Giilay et al., 2018).

Notably, the bacterial production of Fe-oxides in the form of stalks and sheets may allow for longer
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runtimes, as bacterially produced Fe-oxides is slightly less voluminous compared to Fe-flocs formed

through chemical precipitation (Sharma et al., 2005).

Both the solute and solid phase analyses indicate that removal of Mn?* occurs down to a depth of 110
cm, in parallel with NH4* removal (Figure 2). The groundwater at this DWTP contains ~20 pM Mn?",
which is a relatively high concentration compared to those elsewhere (Tekerlekopoulou et al., 2013).
We note that the presence of NH," (~30 puM) does not negatively affect Mn®* removal. This is in
agreement with other studies showing that when NH;" concentrations are below ~40 uM, Mn?* and
NH,* can be removed in parallel (Tian et al., 2019). However, at higher NH,* concentrations, Fe** and
NH," removal typically occurs before Mn** removal (Corbera-Rubio et al., 2023). While the effect of
high NH4* concentrations on Mn?* removal was previously linked to variations in O,and pH associated
with nitrification (Gouzinis et al., 1998; Tian et al., 2019), other chemical, physical and/or
microbiological factors likely also play a role in achieving successful Mn?* removal in the presence of

NH4* (Haukelidsaeter et al., 2023).

Microbial Mn?* oxidation is crucial in facilitating the removal of Mn?" in the studied filter, as indicated
by the dominance of Mn(1V) containing phyllomanganates in the oxide coatings (Figure 6). Although
we cannot exclude that heterogeneous oxidation of Mn occurs in the filter, the characteristic of Mn(l11)
and Mn(I1)/Mn(l11)-oxides with distinctively different XANES and EXAFS spectra were not found
(Figure 6; Inoué et al., 2019; Murray et al., 1985). This contrasts with previous work on other DWTPs,
which suggested heterogeneous oxidation of Mn®* dominates after a mineral coating is established on
the filter medium (Bruins et al., 2015). Members of the genus Hyphomicrobium are commonly
encountered at drinking water facilities where Mn?* is removed (Albers et al., 2015; Haukelidsaeter et
al., 2023). While they may be involved in Mn?* oxidation at this site, their abundance was low in the
filter (Figure 7). Additionally, the possibility for Mn?* oxidation by nitrifying bacteria has been raised
(Vandenabeele et al., 1995), which could match the simultaneous removal of Mn?* and NH," as
observed here (Figure 2) and the large relative abundance of especially the genus Nitrospira (Figure 7).
However, based on 16S rRNA gene amplicon sequencing alone, we cannot deduce the microorganisms
responsible for Mn?" oxidation in this rapid sand filter.
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The microbial depth stratification observed in the filter cannot be explained purely by thermodynamics,
but rather indicates that there are unknown microbial and chemical interactions determining the
sequence of microbial Fe?*, Mn?* and NH4* oxidation in the rapid sand filters (Figure 2; Figure 7). In
the top of the filter, iron-oxidizing bacteria need to rapidly oxidize Fe?* in order to compete with
chemical oxidation of Fe?* (Emerson et al., 2010). Notably, Fe?* oxidation precedes NH," oxidation in
the filter, even though the latter process is thermodynamically more favorable (-58 kJ/mol for Fe** vs
-349 kJ/mol for complete NH," oxidation; Emerson et al., 2010; Van Kessel et al., 2015). The inhibition
of NH4" removal by Fe has previously been observed in other drinking water filters (de Vet et al., 2009).

The exact nature of this interaction has not yet been identified, however.

Subsequent removal of NH,", occurring either prior to or at the same time as Mn?* removal has also
been observed at other DWTPs (Corbera-Rubio et al., 2023; Gouzinis et al., 1998; Tian et al., 2019).
Again thermodynamics cannot fully explain this (-68 kJ/mol for oxidation of Mn?* vs -349 kJ/mol for
complete NH4" oxidation; Yu & Leadbetter, 2020 ; Van Kessel et al., 2015), hence we assume that also
here other, yet unidentified factors regulate this sequence. As the common terminal electron acceptor
in all these reactions is O, and O, never becomes limiting in the investigated filter, its availability

cannot be a cause of the zonation of microbial processes.

Importantly, the vertical structure of the microbial community within the rapid sand filter in this study
exhibits a greater variation over depth compared to that of two other DWTPs (Figure 6; Corbera-Rubio
et al., 2023). This difference may be attributed to variations in backwash regimes implemented at these
other locations and/or lower spatial sampling resolution with depth. Overall, the microbial depth
distribution achieved here shows that regularly backwashed rapid sand filters can be biologically more

heterogeneous than previously assumed.

4.2 Effect of backwash
The removal efficiency of the sand filter for Fe?* and Mn?* did not change during a filter run (Figure

2). Hence, the backwash primarily restored efficient flow in the filter (Figure 3). Without backwash,
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the pressure buildup in the filter would probably result in irregular and preferential flow through the

bed and uncontrollable supernatant level, which would negatively affect both Fe and Mn removal.

Despite higher concentrations of Fe in the raw water when compared to Mn (Table 1; Figure 2), we
show that the metal oxide coatings were equally enriched in Fe and Mn (Supplementary Table 1). The
more efficient removal of Fe is the result of a difference in the removal mechanisms of Fe and Mn:
while both Fe and Mn form coatings on the filter medium, Fe additionally forms flocs in the supernatant
Both the flocs and Fe and Mn-coatings are removed during backwash, together with mainly hollow

sheets formed by iron-oxidizing bacteria (Supplementary Figure 9).

We show that one backwashing event leads to substantial mixing of the upper 30 cm of the filter
medium, while keeping both the stratification of the microbial community (Figure 7) and the color
gradient below a depth of 30 cm in the filter largely intact (Figure 1). The most prominent change in
the microbial community was the decrease in relative abundance of Gallionella in the top of the filter

after backwash, indicating preferential loss of these iron-oxidizing bacteria.

The presence of layered Fe and Mn-oxide coatings, along with relatively uniform coatings throughout
the height of the filter bed, indicates that slow mixing processes occur over time scales far beyond a
single backwash cycle (Figure 4, Supplementary Table 1). This is consistent with other studies
indicating random grain displacement, eventually resulting in a more even distribution of the grains
(Ramsay et al., 2021), and a homogenous chemical composition of the filter (Corbera-Rubio et al.,
2023; Sharma et al., 2002). However, the clear stratification of the microbial community, indicates that

full mixing is slower than bacterial regrowth within the different depths of the filter (Figure 7).

The resulting uniform growth of the filter bed, stimulated by multiple backwash cycles is likely
important for the hydrological performance of the filter (Ramsay et al., 2021). A well-sorted medium
ensures a more homogeneous flow through the filter and increases the contact time between water and

sand grains, which is especially crucial for effective Mn** removal (Haukelidsaeter et al., 2023).
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4.3 Coating growth and ageing of rapid sand filters

Based on the measured coating thicknesses, a coating growth rate of 9-28 um/year of the filter medium
can be estimated (Figure 6). A thick coating has been proven to be beneficial for microorganisms, such
as nitrifiers, that colonize the outer periphery of the coating which acts as a protective layer during
backwash (Gllay et al., 2014). We find that Mn-oxides are more porous than Fe-oxides, hence Mn-
oxide coatings might provide more attachment surfaces for microorganisms. Because ~50% of the
coating in the filter studied here consists of Mn-oxides, it is expected that at DWTPs where Mn*
concentrations are lower and where the filter is operated under similar conditions, coatings on filter

medium would have a lower rate of formation.

Combined X-ray characterization show that the Fe-oxide coating mainly consisted of ferrihydrite-like
precipitates, which is in line with other research (Sharma et al.,, 2002). Ferrihydrite is
thermodynamically more unstable compared to more crystalline oxyhydroxides, however the combined
effect of the presence of Si and Ca during Fe?* oxidation and precipitation can effectively retard aging
of the precipitates and the formation of more stable phases (Senn et al., 2015), and likely also contribute

to the preservation of the initially formed precipitates in the sand filter.

With time, the thickness of the filter medium coating increases. Once the grain sizes exceed a diameter
of 3 mm (nearly 50% growth) the expansion of the bed during backwash can become inefficient,

necessitating filter replacement.

4. CONCLUSIONS AND IMPLICATIONS FOR DRINKING WATER

PRODUCTION

We find that chemical and biological removal mechanisms contribute to Fe and Mn at the drinking
water treatment plant (DWTP) studied here. We show that biological removal processes play a role in
Fe?* removal, with iron-oxidizers such as Gallionella, Leptothrix, and Sideroxydans contributing to Fe
removal, mainly in the upper 30 cm the filter. The uniformity of the birnessite(IV) minerals suggest

microbial Mn?* oxidation.
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Our research highlights that the effectiveness of Fe and Mn removal from anoxic groundwater in
drinking water production using single-media rapid sand filters strongly depends on the following

factors:

1. Raw water characteristics: The initial concentrations of Fe and Mn can significantly impact
the filtration efficiency and rate of coating formation, as Mn contributes more to coating
formation compared to Fe. We observe that, at least at low NH4" concentrations, Mn and NH,*
were removed in parallel.

2. Regular backwashing: Implementing an appropriate backwash procedure is vital for
successful Fe and Mn removal. We show that pressure increases in the filters over a runtime,
mainly due to the build-up of Fe-flocs that settle at the top of the filter. Backwash removes the
Fe-flocs and Mn-oxides, thereby sustaining water flow. In the investigated filter, a single
backwash cycle mainly mixed the upper ~30 cm of the filter. However, with time, backwashing
does slowly mix the whole filter bed ensuring homogeneous growth of the coatings in the filter
bed.

3. Coating growth and coating formation: The formation of mineral coatings improve both Fe?*
and Mn* removal, by providing sites for heterogeneous oxidation and attachment sites for

microbes. The estimated rate of growth of the coating at the studied DWTP was ~9-28 pum per

year.

Based on the above, we recommend that water treatment facilities control the backwash process to
remove flocs without complete mixing of the filter media. This will likely be beneficial for the microbial
processes taking place in the filter and ensure the reliable and effective removal of Fe and Mn, and

ultimately provide high-quality drinking water to consumers.
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Figure 1. Photos taken during sampling of the filter in November 2021. A) Drained filter surface
before backwash (74 h). B) Filter medium as collected from a depth of 20-70 cm in the filter before
backwash showing a color transition from reddish-brown to blackish-brown. C) Drained filter surface
after backwash, also showing people collecting filter medium.



Table 1. Concentrations of Fe, Mn and NH4* in rapid sand filters before (74 h) and after
backwash (2h). Concentrations of total Fe, Mn, NH4*, Oz, pH, and conductivity in the raw

water (Raw), supernatant (Sn), at 50 cm depth in the filter, and in the effluent (Eff). For data
from the additional sampling time points, see Supplementary Data.

Fe? Fe Mn " : i
Sample ;i colved particulate dissolved V4 NEE - G ) CEmeushiy
UM UM UM UM UM UM uS/cm
Raw 52 1 17 35 55 70 7.3 474
74 h Sn 5 47 17 35 55 280 7.4 471
50 cm 0.5 0.1 8 12 74 218 7.3 462
Eff 0.2 0 0 0.3 96 193 7.3 460
Raw 53 0 17 34 54 69 7.2 474
oh Sn 45 7 17 34 55 280 7.4 471
50 cm 2 0.5 7 11 73 233 7.4 463
Eff 0.4 0.1 0 0.4 86 243 7.3 460
Fe,NH, (uM) Fe,NH,"(uM) Fe, NH, (uM) Fe, NH/ (uM)
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Figure 2. Depth profiles of Fe, Mn, NH4* and O, in the filter. A) 74 h runtime (just before
backwash), B) 2 h, C) 25 h, and D) 44 h runtime after backwash. Dissolved Fe (dFe, red bullets),
particulate Fe (pFe, red stars), dissolved Mn (dMn, black bullets), particulate Mn (pMn, black stars),
NH4* (light green diamonds) and O, (purple hollow bullets), concentrations at different depths in the

filter are shown.
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Figure 3. Pressure difference buildup in the filter as a function of filtration runtime in

two backwash cycles. Pressure (black dots) and Fe load (red stars) over filter runtime are
shown. The Fe load is estimated based on raw water concentrations (kg).



A) Before backwash B) After backwash

Top 5cm

Top 5 cm

150 cm

Mn
Figure 4. SEM-EDS images of filter medium coatings. A) before backwash (74 h) and B) after
backwash (0 h). Samples were taken from the top (5 cm) and bottom (150 cm) of the filter. Fe is

shown in pink, Mn in green.




SEM - EDS

Figure 5. High resolution SEM and SEM-EDS images of microbial features on the filter
medium. Sample was taken at 5 cm depth after backwash. A) Uncoated carbon-containing bacterial
filaments and Mn-rich globular sponge-like structures; B) Fe-rich hollow sheets and Mn-rich globular
sponge-like structures. Fe is indicated in pink, Mn in green and carbon (C) in blue.
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Figure 6. XAS-spectra indicating mineralogy and oxidation state between the alternating Fe and Mn-
oxide layers in the coating A) Elemental map showing alternating Fe (red) and Mn (Blue) layers on a
sand grain containing Si (green) and the locations on the coating for which X-ray absorption spectra
for Fe (yellow dots) and Mn (yellow crosses) were obtained. The large map has been collected with a
step size of 2 um while the rectangles indicate area of interests mapped with a resolution of 0.5 pm.
Self-absorption corrected B) Mn XANES and C) Mn EXAFS spectra for 10 locations on the coating
and for microbial, hexagonal birnessite, and D) Fe XANES and E) Fe EXAFS for 8 locations on the

coating and the Fe-Si” spectrum obtained from Senn et al. (2015).

| . _27‘”‘\“H‘\HH\HH\HH\HH

birnessite
Mhl



before backwash

0-2 ]
6—8
10-151
25-30 1
40-50
T0-580 1
so-901 1 HEEE | 1 N SN N .
110-120 1 |
E 130-140
2 160-170
=
=
_g after backwash
& 0-2
i 6—8
10-151 [ ]
25-30 1
40-50 1
T0-80 1
so-e04 | NI NN 0
110-1201
25 LT o TR
160-1704
0.00 0.25 0.50 0.75 1.00
Relative Abundance
Genus
B vicinamibacterales  [J] PLTA13 Methyloglobulus B Gaiellales
‘Vicinamibacteraceae . Parvibium Leptothrix . Crenothrix
. TRAZ-20 . QK190 Latescibacterota Comamonadaceas
SWB02 MNovosphingobium . Lacunisphaera Candidatus Nitrotoga
B sutfuritalea Nitrospira B Jciooo1001-HO3 ADB39
D Sideroxydans Mitrosomonas . 15-44 . 67-14
Saccharimonadales MMDA . Hyphomicrobium Others
. Rhodoferax . Microscillaceae Gemmatimonadaceae
Rhizorhapis Methylovulum Gallicnellaceas
. pLwW-20 Methylomonadaceae Gallicnella

Figure 7. Microbial community genus composition before and after backwash. 16S rRNA gene
amplicon sequencing-based relative microbial abundances A) before backwash B) and after
backwash. Sideroxydans, Nitrospira, Gallionella, Leptothrix and Candidatus Nitrotoga are

highlighted.



Highlights

e Fe removal occurs in the top of the filter while Mn is removed over a larger depth

The microbial community remains stratified with depth after backwash

Gallionella, Leptothrix and Sideroxydans are involved in Fe** oxidation

Layered Fe and Mn-coatings throughout the filter suggest full mixing with time

Backwash plays a crucial role in maintaining efficient water flow
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