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A B S T R A C T

Iron (Fe), manganese (Mn), and ammonium (NH4
+) removal from groundwater using rapid sand filtration is a 

widely employed method in drinking water production. Over time, Fe and Mn oxides accumulate in the filter, 
which necessitates frequent backwashing to avoid clogging. In this study, we investigated the impact of back-
washing on the microbial community and filter chemistry in a dual-media filter comprising anthracite and sand 
layers. Specifically, we focused on the removal of Fe, Mn, and NH4

+ over the runtime of the filter. With increasing 
runtime, depth profiles of dissolved and particulate Fe revealed the buildup of Fe oxide flocs, causing Fe2+ and 
Mn2+ oxidation and nitrification to occur at greater depths within the filter. Towards the end of the filter run-
time, breakthrough of suspended Fe oxides was observed, likely due to preferential flow. Backwashing effectively 
removed metal oxide flocs and restored the Fe removal efficiency in the top layer of the filter. While the two 
layers remained separate, the anthracite and sand layers themselves fully mixed during backwashing, leading to 
a homogenous distribution of the microbial community within each layer. Methyloglobulus and Gallionella were 
the predominant organisms in the anthracite layer, likely catalyzing methane and Fe2+ oxidation, respectively. 
The nitrifying community of the anthracite consisted of Nitrosomonas, Candidatus Nitrotoga, and Nitrospira. In 
contrast, the nitrifying community in the sand layer was dominated by Nitrospira. Backwashing minimally 
affected the microbial community composition of the filter medium except for Gallionella, which were prefer-
entially washed out. In conclusion, our research offers a molecular and geochemical basis for understanding how 
backwashing influences the performance of rapid sand filters.

1. Introduction

Groundwater accounts for 97% of the global freshwater supply, 
excluding glaciers and icecaps, and is the source of almost half of all 
drinking water in the world (van der Gun, 2012). Before anoxic 
groundwater can be used as drinking water, methane (CH4), iron (Fe), 
manganese (Mn), and ammonium (NH4

+) need to be removed due to 
their potentially toxic nature and the risk of bacterial regrowth or 
fouling in the distribution system. Aeration followed by rapid sand 
filtration is a commonly employed method to achieve their removal, 
where CH4 is stripped and Fe, Mn, and NH4

+ are oxidized and removed in 

the filter.
Fe and Mn can be removed by biological and chemical processes, 

with either homogeneous or heterogeneous chemical oxidation for the 
latter. In the case of heterogeneous oxidation, dissolved Fe2+ and Mn2+

adsorb onto mineral coatings composed of metal oxides on the filter 
medium, where they undergo hydrolysis and oxidation (van Beek et al., 
2016; Vries et al., 2017). Under the pH conditions at which rapid sand 
filters operate, homogeneous oxidation occurs only for Fe, leading to the 
formation of Fe oxide flocs (van Beek et al., 2016). The biological 
oxidation of Fe2+ in rapid sand filters is often catalyzed by Gallionella 
spp. (de Vet et al., 2011; Gülay et al., 2018; van Beek et al., 2016) and 

* Corresponding author.
E-mail address: s.luecker@science.ru.nl (S. Lücker). 

Contents lists available at ScienceDirect

Water Research

journal homepage: www.elsevier.com/locate/watres

https://doi.org/10.1016/j.watres.2024.122809
Received 22 April 2024; Received in revised form 14 November 2024; Accepted 16 November 2024  

Water Research 270 (2025) 122809 

Available online 17 November 2024 
0043-1354/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1107137
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1107137
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1107137
mailto:s.luecker@science.ru.nl
www.sciencedirect.com/science/journal/00431354
https://www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2024.122809
https://doi.org/10.1016/j.watres.2024.122809
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2024.122809&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Leptothrix spp., which, however, may depend on dissolved organic car-
bon (DOC) to grow hetero- or mixotrophically (Fleming et al., 2018). 
Other bacteria, such as diverse members of the Acidivorax, Burkholder-
iales, Ferriphaselus, Undibacterium, and Curvibacter are found at low 
abundances in rapid sand filters and might contribute to Fe removal 
(Gülay et al., 2013, 2018). Biological Fe2+ oxidation is generally thought 
to be favored at slightly acidic pH (6.5–7.0) and low oxygen (O2) con-
centrations (< 6 mg L− 1) (van Beek et al., 2016; Vries et al., 2017; Müller 
et al., 2024). However, also in groundwater with higher pH (7.5–8.0), 
chemical and biological Fe2+ oxidation may co-occur, as low tempera-
tures typical for groundwater in moderate and colder climates might 
slow chemical oxidation rates (Sung and Morgan, 1980; Gülay et al., 
2013). The bacteria involved in Mn2+ oxidation are not well recognized, 
with various genera proposed to be involved. For instance, Pseudomonas 
spp. have been linked to Mn2+ oxidation in rapid sand filters through 
both culture-dependent and independent methods (Bruins et al., 2017; 
Hu et al., 2020; Marcus et al., 2017). Metagenome-assembled genomes 
of bacteria belonging to the Burkholderiales and Rhizobiales contain 
proteins putatively involved in Mn2+ oxidation (Palomo et al., 2016), 
and the rhizobial genera Pedomicrobium and Hyphomicrobium have been 
hypothesized to contribute to Mn2+ removal based on their high abun-
dances in rapid sand filters (Larsen et al., 1999; Albers et al., 2014; 
Palermo and Dittrich, 2016).

In contrast to Fe and Mn, NH4
+ is only removed by biological pro-

cesses. Oxidation of ammonia (NH3) to nitrite (NO2
− ) and subsequently 

nitrate (NO3
− ) can be performed in a two-step process by ammonia- 

oxidizing bacteria or archaea in conjunction with nitrite-oxidizing 
bacteria, or by Nitrospira able to perform complete ammonia oxidation 
(comammox) (Daims et al., 2015; Van Kessel et al., 2015). Rapid sand 
filters typically have a higher abundance of Nitrospira compared to other 
nitrifiers (Albers et al., 2014; Gülay et al., 2016) and 
metagenomics-based approaches revealed the presence of comammox 
Nitrospira in rapid sand filters (Palomo et al., 2016; Poghosyan et al., 
2020), indicating their ability to perform complete ammonia oxidation 
to be the reason for their high abundances. Recent findings show that 
within the initial eight months following filter replacement, Nitro-
somonas and Candidatus Nitrotoga were the dominant nitrifiers before 
the later proliferation of Nitrospira, indicating a succession of different 
nitrifiers after filter replacement that is likely defined by their individual 
growth rates (Haukelidsaeter et al., 2023).

The microbial communities in the incoming groundwater and the 
rapid sand filters used to treat the groundwater are usually distinct 
(Nitzsche et al., 2015; Gülay et al., 2016). A determining factor in this 
change in community composition is likely the shift in dissolved oxygen 
levels from typically anoxic in the groundwater to (super-)saturated 
after the aeration step of the treatment (Gülay et al., 2016).

With increasing operation time between backwash cycles, the filter 
bed resistance of rapid sand filters increases (Bourke et al., 1995). This is 
mainly the result of an accumulation of Fe oxide flocs due to the high O2 
and rise in pH in the supernatant water (Vries et al., 2017; Gude et al., 
2018; Haukelidsaeter et al., 2024), which is known to hinder NH4

+

removal in full-scale sand filters as well as pilot-scale columns 
(Corbera-Rubio et al., 2024; De Vet et al., 2009). To restore proper filter 
function, regular backwashing is necessary. The frequency of back-
washing is largely dependent on the Fe loading of the filter and in pri-
mary filters typically occurs every 1–4 days, using a reverse flow of 
water and/or air through the filter (Ramsay et al., 2021; Beshr et al., 
2023). While backwashing is a common practice in the operation of 
rapid sand filters, its effects on the microbial community and removal 
processes of solutes in the filter are not well understood. Characteristic 
stalks of Gallionella have been identified in backwash sludge, suggesting 
some level of microbial community alteration in the filter (van Beek 
et al., 2012; Müller et al., 2024). In a single media filter, stratification of 
the microbial community despite backwashing has been reported 
(Haukelidsaeter et al., 2024). Furthermore, backwashing may cause 
partial loss of the mineral coating on filter grains (van Beek et al., 2016). 

However, this coating removal cannot exceed the development rate, 
considering the increased thickness of mineral coatings observed in 
older filters (Haukelidsaeter et al., 2023). Lastly, in dual-media rapid 
sand filters, which consist of a layer of anthracite coal above the sand 
layer to better retain and remove particulate impurities like Fe oxide 
flocs, the two layers can mix (Ramsay et al., 2021), but usually remain 
separated after backwashing (Corbera-Rubio et al., 2023). However, the 
effect of backwashing on microbial community mixing within the 
different layers has not been studied in high resolution in dual-media 
filters.

It is important to study the impact of backwashing on the microbial 
community and filter performance in diverse locations due to the sig-
nificant variability in groundwater chemistry and operating conditions. 
The objective of our study was to expand the current understanding of 
how backwashing impacts dual-media rapid sand filters used for treating 
groundwater with high concentrations Fe2+, Mn2+, and especially NH4

+, 
at a full-scale drinking water treatment plant. Specifically, we focused 
on the effects of Fe floc accumulation on the removal of these com-
pounds, as well as the influence of backwashing on the microbial com-
munity and the mineral coating.

2. Materials and methods

2.1. Drinking water treatment plant

Samples were collected from the Vitens N.V. Drinking Water Treat-
ment Plant (DWTP) located in Sint Jansklooster, the Netherlands 
(52◦40′41.2″N 6◦00′47.8″E). The chemical composition of the raw water 
at this site fluctuates across the 18 wells from which groundwater is 
extracted. Generally, the Fe concentration varies between approxi-
mately 125–180 µM, Mn between 6 and 8 µM, and NH4

+ levels between 
approximately 70–200 µM. The temperature typically is within the 
range of 11–12 ◦C.

The treatment process at the Sint Jansklooster DWTP involves 11 
distinct steps (Supplementary Figure S1), as outlined in detail by Hau-
kelidsaeter et al. (2024). Following plate aeration, raw water is 
distributed across 12 parallel dual-media filters, each covering an area of 
25 m2. These filters consist of layers of approximately 0.9 m of anthra-
cite (particle size: ⌀ 1.4–2.5 mm) and 1.6 m of sand (⌀ 0.8–1.2 mm), 
with porosities of approximately 50% and 42%, respectively. The su-
pernatant level on top of the filters has an average height of approxi-
mately 0.1 m. In this study, we specifically sampled pre-filter 11 (VF11) 
for analysis, of which the anthracite and sand layers were replaced in 
2019 and 2010, respectively. Notably, before the most recent sampling, 
additional O2 dosing was introduced to the influent. This was done by 
evaporating pure O2 gas under atmospheric conditions in the influent 
water before it was distributed across all filters.

At the Sint Jansklooster DWTP, the filters are typically backwashed 
after approximately 7000 m3 of water have passed through (equivalent 
to 112 empty bed volumes), which occurs on average over a period of 3 
to 4 days. The backwash procedure uses approximately 200 m3 of pre- 
filtrate water (i.e., the effluent water from the primary rapid sand 
filtration step) and is performed according to the following sequence: a 
3-minute water wash at a rate of 1500 m3 h− 1, followed by a 2-minute 
water wash with decreasing flow from 1500 to 0 m3 h− 1, a 5-minute 
air scour at a rate of 60 Nm3 m− 2 h− 1, a 4-minute water wash at 1500 
m3 h− 1, and finally, a 1-minute 40-second water wash with decreasing 
flow from 1500 to 0 m3 h− 1.

2.2. Sample collection

Samples were collected in March, June, and October 2021. In March, 
samples were obtained after the filter had been running for 72 h (just 
before backwashing), and 2 h and 24 h after backwashing. In June, 
samples were taken after the filter had been running for 136 h (just 
before backwashing) and 2 h after backwashing. In October, samples 
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were collected after 48 h of filter runtime (1 h before backwash), as well 
as 2 h and 24 h after the backwash. Single samples were taken during all 
collections. For the March and October samples, the Fe and Mn load was 
calculated from the influent solute concentrations and the volumes of 
filtered water (Table 1). The hydraulic loading rate (HLR) of water 
within the filter under investigation was estimated based on the overall 
HLR of six parallel filters, as the water from the preceding treatment step 
was evenly distributed among these six filters. During the March sam-
pling, the HLR was not consistent and changed from 24 m3 m− 2 h− 1 

before to 12.8 m3 m− 2 h− 1 right after backwashing, and to 11.4 m3 m− 2 

h− 1 after one day of operation. In October 2021, this issue was resolved 
and the HLR was 15.2 m3 m− 2 h− 1 during all three sampling times.

Abstracted groundwater samples were collected from a tap prior to 
plate aeration. Filter influent samples were collected directly from the 
top of the filter (i.e., supernatant water). To assess where Fe, Mn, and 
NH4

+ were removed in the filter, water samples were obtained from 11 
taps at different depths of the filter (every 20 cm), as well as the filter 
effluent. Filtered (0.45 µM, Nylon syringe filter, Genetec) water samples 
for determination of dissolved Fe and Mn were collected in 15-mL 
Greiner tubes and acidified with ultra-pure nitric acid (HNO3, 10 µL 
per 1 mL sample) upon arrival at the laboratory. Filtered water samples 
for the analysis of NH4

+, NO2
− , and NO3

− were stored at − 20 ◦C. In March 
2021, water samples for CH4 were collected from the raw water and 
supernatant in 125-mL serum bottles by allowing the water to overflow, 
ensuring no air bubbles were introduced. The bottles were immediately 
sealed with butyl rubber stoppers and secured with aluminum crimp 
caps. To preserve the samples, 1 mL of saturated ZnCl2 solution was 
added to each bottle. The samples were stored inverted in the dark to 
prevent contamination and degradation.

In March 2021, samples of anthracite and sand were collected for Fe 
and Mn oxide determination. A stainless-steel peat sampler (Veenlans 
04.09, Royal Eijkelkamp, Giesbeek, The Netherlands) was used to collect 
samples from up to 2 m deep within the filter. Anthracite samples were 
collected at various depth intervals (15 samples in total: 0–2 cm, 2–4 cm, 
4–6 cm, 6–8 cm, 8–10 cm, 10–15 cm, 15–20 cm, 20–25 cm, 25–30 cm, 
30–40 cm, 40–50 cm, 50–60 cm, 60–70 cm, 70–80 cm, and 80–90 cm). 
Similarly, sand samples were collected at eight depth intervals, with 
each interval representing a depth of 10 cm. These samples were stored 
in 50-mL Greiner tubes at − 20 ◦C.

In June 2021, raw water, effluent water at 136 h and 2 h of filter 
runtime, and backwash water samples were taken for microbial com-
munity analysis. Backwash water samples were collected every minute 
during the water washing stages of the backwash procedure. This 
resulted in four backwash water samples during the initial and five 
samples during the subsequent water washing period. Between these 
two washing steps, the filter was allowed to settle and air-scoured for 
five minutes (see above for the backwashing procedure).

For microbial community analysis of the filter medium, seven sam-
ples were collected in March and June 2021 from the anthracite (depth 
intervals: 0–4 cm, 4–10 cm, 10–15 cm, 15–20 cm, 25–30 cm, 30–50 cm, 
50–100 cm), and two samples from the sand (depth intervals: 100–150 
cm, 150–200 cm). Each filter medium sample was prepared by collecting 
equal amounts of material throughout the depth interval, and then 

manually mixing by shaking the material in 50-mL Greiner tubes. All 
samples were taken from a single horizontal location in the filter and 
stored at − 20 ◦C until DNA isolation.

2.3. Water chemistry analysis

Water pH, O2 concentration, conductivity, and temperature were 
measured on-site in overflowing plastic bottles using a HQ40D Portable 
Multimeter (HACH, Düsseldorf, Germany). Particulate and dissolved Fe 
and Mn were analyzed using a Perkin-Elmer Avio 500 Inductively 
Coupled Plasma Optical Emission Spectrophotometer (ICP-OES; detec-
tion limit (LOD) Fe = 0.023 mg L− 1 or 0.4 µM, Mn = 0.001 mg L− 1 or 
0.02 µM). The concentration of NH4

+, NO2
− , and NO3

− (LOD NH4
+= 0.3 

µM, NO2
− = 0.02 µM, NO3

− = 0.09 µM) in the filtered water samples was 
determined spectrophotometrically with a Thermo Scientific™ Gallery 
Analyzer. The measurement of NOx followed the methodology 
described in Jumppanen et al. (2014), while NH4

+ was measured ac-
cording to the ISO7150–1:1984 standard. To determine the CH4 con-
centrations, 5 mL of nitrogen gas was added to each sample, removing 
an equivalent volume of liquid. CH4 concentrations were measured 
using a Thermo Finnigan Trace™ gas chromatograph equipped with a 
Flame Ionization Detector, with a detection limit of 0.02 µmol L⁻¹, 
following gas and water phase equilibration for >2 h.

The turbidity in the effluent of VF11 was determined by Vitens N.V. 
using a CUS52D Turbidimeter (Endress+Hauser, Reinach BL, 
Switzerland) continuous turbidity sensor (installed in November 2022). 
Turbidity data was analyzed from a backwash sequence starting 5th of 
January until 9th of January 2023 while the filters were operated in a 
similar manner to the sampling times in 2021.

2.4. Geochemical filter medium analysis

The amount of Fe and Mn oxides present in the filter material coating 
was determined using a two-step sequential extraction procedure with 
ascorbic acid and HCl (Claff et al., 2010; Lenstra et al., 2021). The filter 
medium was first oven-dried at 60 ◦C for 20 h. Subsequently, 100–250 
mg filter medium was mixed with 10 ml extractant in two separate steps. 
All samples were measured with ICP-OES as described above.

Scanning Electron Microscopy (SEM) was used for elemental map-
ping and high-resolution imaging of backwash sludge characteristics. 
Selected filter media samples were freeze-dried and fixed to 0.5-inch 
aluminum SEM specimen stubs (Agar Scientific Ltd.) using carbon ad-
hesive discs. Mounted samples were coated with 10 nm of platinum 
using a sputter coater (208HR Sputter Coater, Cressington). Back-
scattered electron images were acquired with Zeiss Evo 15 SEM, 
equipped with EDS for element mapping.

2.5. DNA isolation and 16S rRNA gene amplicon sequencing

DNA was extracted from 0.5 g (wet weight) filter material using the 
DNeasy Powersoil DNA isolation kit (QIAGEN, Hilden, Germany), with 
minor modifications. Cell lysis was performed by bead beating at 50 Hz 
for 1 min using a TissueLyser LT (QIAGEN, Hilden, Germany). When 
insufficient DNA concentrations were obtained from these extractions, 
up to four cell lysis replicates using 0.5 g sample material each were 
pooled on one GeneJet Spin column. Finally, DNA was eluted in 100 µL 
DEPC water, with a 1 min incubation step at room temperature of the 
silica matrix in the DEPC water prior to the final centrifugation. From 
water samples, DNA was extracted using the DNeast Powerwater DNA 
isolation kit (QIAGEN, Hilden, Germany). For effluent and influent 
water, 1 L was used, and 50 ml for backwash water samples. The samples 
were concentrated on a 0.2 µm nylon filter (⌀ 47 mm; Pall Corporation, 
Port Washington, USA), which was then washed with 10 mL 0.5 M 
ammonium oxalate (pH 3), and subsequently with 10 mL 1 × phosphate 
buffer saline (PBS). DNA was eluted in 50 mL DEPC water, using a 1 min 
incubation step as described above.

Table 1 
Fe and Mn load to the filter during one filter run, as calculated from influent 
concentrations and the volume of filtered water.

Sampling Runtime Water filtered (m3) Fe load 
(kg)

Mn load 
(kg)

March 2021

72 h 4600 34 1.58
2 h 93 0.7 0.03
24 h 1080 9 0.4

October 2021
48 h 5800 43 2.07
2 h 90 0.9 0.04
24 h 1140 11 0.5
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16S 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 II Fusion DNA Polymer-
ase Nextera XT Index Kit V2 (Illumina, San Diego, USA) with the 16S 
Metagenomic Sequencing Library Preparation Part # 15,044,223 Rev. B 
protocol. On average 106,059 (SD = 13,670) 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 SILVA database 
(release 138.1, Quast et al., 2013). The relative abundances as calcu-
lated using DADA2 were analyzed using the R package Phyloseq 
(v1.30.0; McMurdie and Holmes, 2013).

2.6. Quantitative PCR

Bacterial 16S rRNA gene copy numbers were determined by qPCR as 
previously described (Haukelidsaeter et al., 2023) using the primers 
331F (5′-TCCTACGGGAGGCAGCAGT-3′, Nadkarni et al., 2002) and 
518R (5′-ATTACCGCGGCTGCTGG-3′, Muyzer et al., 1993). PCR re-
actions were performed in a C1000 Touch thermocycler with a CFX96 
Touch real-time detection system (Bio-Rad Laboratories B.V., Vee-
nendaal, The Netherlands) with the following program: initial dena-
turation at 95 ◦C for 5 min, 44 cycles of denaturation at 95 ◦C for 30 s, 
annealing at 60 ◦C for 30 s, and elongation at 72 ◦C for 45 s, and a final 
elongation step at 72 ◦C for 10 min. This was followed by a final 
denaturation at 95 ◦C for 10 s, followed by a melting curve preparation 

at 65 ◦C for 1 min, and a melting curve analysis from 65 to 95 ◦C, with 
0.5 ◦C increments every 5 s.

3. Results & discussion

3.1. Chemical and microbial characteristics of the filter

At the time of sampling, oxygen was always present in the filter (>
112 µM) and the pH was near neutral (7.4–7.2; Supplementary data). 
Most CH4 was effectively stripped during plate aeration, reducing its 
concentration from an average of 201 µM in the raw water to 1.4 µM in 
the supernatant (Supplementary Data). Fe was primarily removed in the 
anthracite layer and was present in both dissolved and particulate forms. 
In contrast, Mn was primarily present as dissolved Mn2+ and was mostly 
removed in the sand layer. Still, removal was only 80% complete, and 
~1–2 µM of Mn leaked through to the filter effluent (Fig. 1). All NH4

+ was 
oxidized to NO3

− , with NO2
− accumulating to 0.1–0.3 µM in the anthracite 

layer (Figure 2; Supplementary data). The decrease in O2 and NH4
+

concentrations followed the same pattern (Fig. 2) with a ratio close to 
2:1, indicating that nitrification is the main driver of O2 removal. Before 
and after the introduction of additional O2 dosing, which increased su-
pernatant O2 concentrations from an average of 319 µM to 407 µM, the 
entire filter remained oxic, with effluent O2 concentrations averaging 
130 µM and 168 µM before and after dosing, respectively (Supplemen-
tary Data). Given the similar removal profiles observed before and after 
dosing (Fig. 1) and the sustained oxic conditions, we conclude that the 
O2 dosing did not affect filter performance at the time of sampling.

The depths of Fe and Mn2+ removal were reflected in the composi-
tion of the mineral coating, which on the anthracite consisted mostly of 

Fig. 1. Removal profiles of Fe, Mn, and NH4
+ throughout the filter. Concentrations of dissolved Fe (red dots), particulate Fe (red stars), dissolved Mn (black dots), 

particulate Mn (black stars), and NH4
+ (green diamonds) with depth in the filter. Profiles for (A) March 2021 were taken 72 h (4600 m3 water filtered and a HLR of 24 

m3 m− 2 h− 1), 2 h (93 m3 and 12.8 m3 m− 2 h− 1) and 24 h (1080 m3 and 11.4 m3 m− 2 h− 1) after backwashing, and (B) October 2021 at 48 h (5800 m3 and 15.2 m3 m− 2 

h− 1), 2 h (120 m3 and 15.2 m3 m− 2 h− 1) and 24 h (1140 m3 and 15.2 m3 m− 2 h− 1) after backwashing. Sn, Supernatant; A, Anthracite; S, Sand; Eff, Effluent.
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Fe oxides, while a combination of Mn and Fe oxides comprised the 
coating on the sand grains (Supplementary Figure S2). All Fe and Mn 
oxides were easily soluble and of poor crystallinity, as was previously 
confirmed by X-ray diffraction (Haukelidsaeter et al., 2023). The 
incomplete removal of Mn in the filter could be explained by its age, as 
Mn removal efficiency declines in older filters with thick mineral coat-
ings (Haukelidsaeter et al., 2023).

The microbial community of the filter medium was found to be 
comparable across the different sampling depths of each media type, but 
distinct between the anthracite and sand layers, as also was observed 
previously (Haukelidsaeter et al., 2023). While shifts in relative 

abundances were observed between the microbial communities present 
in the March (Supplementary Figure S3) and June (Fig. 3) samples, the 
overall community structure remained highly similar. The presumably 
methane-oxidizing members of the Methylomonadaceae (25–32% rela-
tive abundance) and functionally distinct microorganisms within the 
Gallionellaceae (6–13%) were the most abundant families in the 
anthracite layer (Fig. 3 and Supplementary Figure S3). The Methyl-
omonadaceae consisted mostly of the genus Methyloglobulus (82–92%), 
while the Gallionellaceae comprised the iron-oxidizing genus Gallionella 
(72–78%; Table 2 and Supplementary Table S1) and the nitrite-oxidizing 
Candidatus Nitrotoga (18–25%). In addition to Candidatus Nitrotoga, the 

Fig. 2. Removal profiles of NH4
+, NO2

− , and NO3
− throughout the filter. Concentrations of NH4

+ (light green diamonds), O2 (blue dots), NO2
− (purple open circles), and 

NO3
− (dark green diamonds) with depth in the filter. Samples were obtained in October 2021 at 48 h, 2 h, and 24 h after backwash. Sn, Supernatant A, Anthracite; S, 

Sand; Eff, Effluent.

Fig. 3. Microbial community composition of filter medium and water samples. The microbial community composition was determined by 16S rRNA gene amplicon 
sequencing. Samples were taken in June 2021 before (after 136 h of runtime) and 2 h after backwash, and water samples were taken from the raw water, effluent 
water (before and after backwash), and the backwash water during the backwashing event. Only families with relative abundances > 1% are shown. The families 
Nitrospiraceae, Nitrosomonadaceae, Methylomonadaceae, Hyphomicrobiaceae, and Gallionellaceae are highlighted.
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nitrifying community of the anthracite harbored the families Nitro-
spiraceae (7–13%) and Nitrosomadaceae (4–9%). While the Methyl-
omonadaceae, Gallionellaceae, and Nitrosomonadaceae were less 
abundant in the sand (1–7%, 0–2% and 1–2%, respectively) compared to 
the anthracite layer, the relative abundance of Nitrospiraceae remained 
high also in the sand layer (7–9%).

The microbial community of the raw water, which acts as the inoc-
ulum of the filter, was dominated by members of the families Beijer-
inckiaceae (24%) and Gallionellaceae (16%), followed by Paenibacillaceae 
(5%) and Xanthobacteraceae (5%; Fig. 3). This was notably different from 
the microbial community of the filter medium, which indicates that the 
change in O2 concentrations after plate aeration as well as the possibility 
of attachment to the filter medium selectively enriches for certain 
groups of bacteria, as was observed before (Gülay et al., 2016). Except 
for the Gallionellaceae, other bacterial groups that likely play a role in Fe, 
Mn, and NH4

+ removal (e.g., Nitrospiraceae, Nitrosomonadacecae, 
Hyphomicrobiaceae) had low relative abundances in the raw water 
compared to the filter medium (Fig. 3).

The microbial composition in the effluent water differed noticeably 
from both the raw water and the filter medium, yet it exhibited a closer 
resemblance to the microbial community found in the raw water, at least 
towards the end of the filter runtime. However, the total bacterial 
number in the effluent water was higher compared to the raw water (5.7 
× 106 - 1.3 × 107 and 6.0 × 105 16S rRNA gene copies L− 1, respectively; 
Fig. 4), which is likely caused by the detachment of bacteria from the 
filter medium. This is in agreement with previous work (Dott and 
Trampisch, 1983) that found higher colony counts in effluent water of 
an RSF compared to the raw water. The microbial community of the 
effluent water after 136 h of filter operation was characterized by a high 
abundance of Beijerinckiaceae (16%), Vicinamibacteraceae (9%), and 
Gallionellaceae (5%; Fig. 3), the latter containing almost exclusively 
members of the genus Gallionella (Table 2). This indicates that the raw 
water microbial community had the largest influence on the effluent and 
the incoming bacterial biomass was not completely removed by the filter 
medium. The observed increased quantity of bacteria in the effluent 
compared to the raw water likely was due to a combination of prolif-
eration of the incoming microorganisms in the filter and washout of the 
filter medium community (Fig. 4). This contrasts with research from 
Pinto et al. (2012), who found that the microbial community of the filter 
effluent was more similar to the filter medium than to the source water. 
However, in that study, a mixture of surface and groundwater was used 
as the source water, necessitating additional treatment steps, such as 
flocculation, sedimentation, and ozonation before rapid sand filtration. 
As ozonation kills almost all bacteria, this explains why the microbial 
community of the effluent resembled the filter medium rather than the 
raw water (Pinto et al., 2012). Interestingly, we observed here that the 
microbial community in the effluent water 2 h after backwash resembles 
a mixture of the microbial communities present in the raw water and the 

different layers of filter medium, indicating that backwashing dislodges 
parts of the microbial biomass, which is not completely removed yet 
during the backwash (see below; Fig. 3).

3.2. Filter function before backwashing

The filter had been running for 72 h in March 2021 and 48 h in 
October 2021 before it was backwashed, corresponding to a loading of 
~34 and 43 kg Fe, and ~1.68 and 2.07 kg Mn onto the filter, respec-
tively (Table 1). This accumulation was reflected in high concentrations 
of particulate Fe (~400 µM) in the supernatant (Fig. 1) and although 
most Fe2+ was removed in the anthracite layer, Fe2+ also reached the 
underlying sand layer in March (Fig. 1). At this time, a breakthrough of 
iron flocs (~140 µM) was also observed.

Especially NH4
+ removal moved deeper into the sand layer over time 

Table 2 
Relative abundance of the main genera in the most abundant families as determined by 16S rRNA gene amplicon sequencing. The runtime of the filter at the time of 
sampling and the sample type are given. Samples were taken in June 2021. A, anthracite; S, sand.

Family Genus
136 h 2 h

raw water
effluent

back-wash
A S A S 2 h 136 h

Methylomonadaceae
Methyloglobulus 82% 84% 83% 89% 80% 96% 80% 86%
Crenothrix 16% 13% 15% 10% 9% 3% 18% 12%

Nitrospiraceae Nitrospira 100% 100% 100 % 100% 100% 100% 100% 100%
Nitrosomonadaceae Nitrosomonas 98% 27% 99% 65% 25% 54% 29% 91%

Gallionellaceae
Gallionella 77% 96% 75% 76% 97% 96% 97% 97%
Candidatus Nitrotoga 21% 4% 23% 24% 2% 3% 2% 2%

Hyphomicrobiaceae
Hyphomicrobiaceae 86% 37% 86% 44% 72% 53% 22% 64%
Pedomicrobium 9% 38% 9% 36% 22% 32% 53% 23%

Sphingomonadaceae
Novosphingobium 68% 80% 68% 76% 63% 49% 53% 62%
Spingorhabdus 17% 2% 16% 7% 11% 8% 0% 13%

Fig. 4. Absolute bacterial abundances of filter medium and water samples. 
Absolute abundances were determined by qPCR for the filter medium before 
and after backwashing, the raw water, effluent water before and after back-
washing, and backwash water. Samples before and after backwashing were 
taken in June 2021 at 136 h and 2 h runtime, respectively. The error bars 
represent the standard deviation of technical duplicates.
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(Fig. 2), as also observed at other DWTPs (Corbera-Rubio et al., 2024; De 
Vet et al., 2009). The role of Fe flocs in inhibiting nitrification remains 
elusive (Corbera-Rubio et al., 2024). Fe is a known scavenger for dis-
solved phosphorus (Romano et al., 2017) and metals such as copper 
(Jackson and Bistricki, 1995), which both can be important for efficient 
nitrification in rapid sand filters (De Vet et al., 2012; Wagner et al., 
2016). However, a limiting role of P is unlikely, given its presence in the 
anthracite, and in the upper part of the sand layer where nitrification 
also occurred (Supplementary data). Floc buildup reduces pore space 
and can lead to higher water velocities. However, porous flow modeling 
of rapid sand filtration suggests that increased flowrates alone cannot 
explain the delayed nitrification (Corbera-Rubio et al., 2024)

The overall removal efficiencies of Mn2+ (~80%) did not differ 
substantially before and after backwash (Fig. 1). However, recent work 
has shown that Fe2+ can efficiently inhibit biological Mn2+ oxidation, as 
Fe2+ can attach to the cell surface and damage the cell membrane of 
Pseudomonas putida MnB1 (Tong et al., 2022). Therefore, if microbio-
logical processes contribute to Mn2+ removal, as is the case in the 
dual-media filter studied here (Haukelidsaeter et al., 2023), it is bene-
ficial to separate the removal of Fe and Mn in the filtration process. The 
anthracite, which is characterized by large particles and high porosity, 
efficiently removes Fe from the water through physical straining of the 
flocs combined with heterogeneous and biological removal processes. 
The sand, in turn, is characterized by metal coatings harboring a distinct 
diverse microbial community that is capable of removing Mn and NH4

+

through biological oxidation and, in the case of Mn, potentially also 
facilitating heterogeneous oxidation (Haukelidsaeter et al., 2024). While 
some separation of Fe and Mn removal is also observed in single media 
filters (Haukelidsaeter et al., 2024), it is more pronounced in dual-media 
filters, illustrating the value of using the latter for separating removal 
processes.

Turbidity measurements from a similar backwash cycle showed an 
increase in turbidity before backwash (Fig. 5). This increase in turbidity 
can be attributed to the breakthrough of iron flocs to the effluent, which 
may be linked to preferential flow in the filter, i.e., zones of high or low 
flow (Haukelidsaeter et al., 2023). Preferential flow can be more 
important in rapid sand filters with increased deposition of flocs to the 
filter because these oxides can create channels or pathways that allow 
water to flow more easily through certain areas of the filter, bypassing 
the intended filtration process. Consequently, the contact time between 
the water and the filter media may not be sufficient for the effective 
removal of Fe, Mn, and NH4

+, moving the processes to greater depth in 
the filter.

The microbial community growing on the filter medium did not 
change much over the runtime of a filter (Fig. 3 and Supplementary 
Figure S3), and only minimal changes were observed in the total number 
of bacteria present (Fig. 4). Still, the total bacterial numbers in the 
effluent were highest just before backwash. Interestingly, a slight in-
crease in the relative abundance of Gallionellaceae was observed with 
increasing filter runtime in March (Supplementary Figure S3), but not in 

June.

3.3. Backwash

The backwash water contained two visually distinct types of parti-
cles. The majority of these had a fluffy appearance and consisted mostly 
of Fe oxides with some Mn oxides, likely corresponding to the Fe flocs 
removed by backwash (Supplementary Figure S4). Additionally, angular 
particles consisting solely of Fe, which likely represent fragments of the 
Fe coating from the anthracite layer, were observed (Supplementary 
Figure S5). However, as most Mn is removed through chemical and/or 
biological oxidation in contact with the filter medium coating, less Mn 
was removed by backwashing, as also seen in single media filters 
(Haukelidsaeter et al., 2024). As filters age, the amount of Fe and Mn 
coating on the anthracite and sand, respectively, increases 
(Haukelidsaeter et al., 2023), supporting that the amount of Fe and Mn 
bound to the filter exceeds their quantity lost during backwashing.

During the first minutes of the backwash cycle, the backwash water 
was dominated by members of the Gallionellaceae (up to 76%), which 
were almost completely made up of the genus Gallionella. While not to 
the magnitude observed here, the presence of Gallionella in the back-
wash water of rapid dual-media filters has been described before (van 
Beek et al., 2012). It was hypothesized that their washout would result 
in reduced bacterial Fe oxidation after backwash, which we cannot 
verify here, as the contribution of biological Fe oxidation was not 
quantified. As the backwash procedure continued, Gallionella became 
relatively less abundant in the backwash water, whereas bacteria 
belonging to the order Vicinamibacterales increased in relative abun-
dance (Fig. 3). Towards the end of the backwash cycle, the microbial 
community of the backwash water mostly resembled that of the sand 
layer, as shown by NMDS analysis on beta diversity (Fig. 6). This in-
dicates that while Gallionella spp. are preferentially washed out during 
the beginning of the backwash cycle, the air scouring generally affects 
the microbial community of the sand more than of the anthracite layer. 
One reason for this could be the sand layer’s closer proximity to the air 
scouring source, resulting in more pronounced effects. Additionally, 
sand is denser than anthracite, requiring more force to displace and 
allowing air to pass through, possibly generating higher shear forces 
than the lighter anthracite.

The highest total bacterial numbers in the backwash water were 
observed at the beginning of the backwash cycle, and there seems to be a 
decline four minutes into the backwash cycle (Fig. 4). After five minutes 
of air scouring, the number of bacteria in the backwash water increased 
again, with a subsequent steady decline during the last part of the 
backwash procedure, except for the last sample.

3.4. Filter function after backwashing

Patches of dense orange-red Fe oxides had settled on the filter bed 
surface over the anthracite at several locations (Supplementary 

Fig. 5. Effluent turbidity determination. Turbidity (FTE) of the effluent (red) and flow rate (light blue) between two backwash events. Measurements were performed 
in January 2023.
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Figure S6). These patches may hinder uniform water flow through the 
filter bed, disrupting hydraulic gradients and causing irregular flow 
patterns, even post-backwash.

Following backwash, a decrease in particulate Fe concentrations in 
the anthracite layer was noted, although 5.9–8.2 µM of particulate Fe 
still broke through to the effluent (Fig. 1). This observation is further 
supported by the increased turbidity observed after backwashing of the 
filter (Fig. 5). The breakthrough of Fe can be attributed to settling pro-
cesses post-backwash, allowing dislodged coatings, biomass, or Fe flocs 
to pass through the filter more easily.

Moreover, post-backwash, removal of dissolved Fe, Mn, and NH4
+

was observed higher in the filter, indicating reversible inhibition by Fe 
oxides and restoration of pre-backwash filtration function, as also 
recently reported elsewhere (Corbera-Rubio et al., 2024). The peak Fe 
removal efficiency occurred 24 h post-backwash, coinciding with 
notably low turbidity levels in the effluent, suggesting the need for 
settling time and indicating a duration required for the microbial com-
munity to become fully active post-backwash (Fig. 5).

The microbial community composition of the filter medium 
remained largely unchanged by backwashing (Fig. 3, Supplementary 
Figure S3). An exception was the decrease in the relative abundance of 
Gallionellaceae in March 2021 after backwashing (Supplementary 
Figure S3), which largely recovered after 24 h. While this decrease in 
Gallionellaceae was not observed during the June sampling, members of 
the genus Gallionella were highly abundant in the backwash water. This, 
in addition to the decrease in Gallionella in the filter medium after 
backwashing, indicates that Gallionella are preferentially washed out 
from the filter (Fig. 3). This decrease has recently also been observed at a 
different DWTP using single media filtration (Haukelidsaeter et al., 
2024). However, since dual-media filtration is often employed to treat 
groundwater with high Fe concentrations, studying the effects of back-
washing on Fe-oxidizing bacteria in dual-media filters remains of special 
interest. In both March and in June, there was a notable increase in the 
relative contribution of Gallionella within the Gallionellaceae, particu-
larly in the sand layer (Table 2, Supplementary Table S1). Together with 
the fact that the relative abundance of Gallionellaceae remains stable as 
filters age (Haukelidsaeter et al., 2023), this suggests that Gallionella 
spp. grow faster than members of other bacterial genera during filter 

operation. Due to such enhanced growth, freshly formed biomass of 
these organisms might be less well attached to the filter medium and 
might grow attached to Fe flocs that are removed during backwash. 
Generally, however, despite an apparent loss of bacteria as evidenced by 
the quantity of bacteria in the backwash water, the absolute abundance 
of bacteria in the filter medium was not reduced by backwashing 
(Fig. 4). Additionally, the overall microbial community structures of the 
anthracite and sand layers remained largely unchanged (Fig. 6), indi-
cating that the backwashing procedure had a minimal influence on the 
microbial community.

Contrastingly, the microbial community composition of the effluent 
water was different 2 h after backwashing compared to before. While the 
same three families, Vicinamibacteraceae, Beijerinckiaceae, and Gallio-
nellaceae, were the most abundant families at both sampling time points, 
their relative abundances changed from 4.5%, 16.3%, and 9.1% to 
10.4%, 7.1%, and 6.1%, respectively. Moreover, 2 h after backwashing, 
the microbial community of the effluent was more similar to the filter 
medium, while it rather resembled the raw water before (Figs. 3 and 5). 
This indicates release of bacteria from the sand layer to the effluent right 
after backwashing. However, the observed total bacterial abundances in 
the effluent water were lower after backwashing compared to before.

The anthracite and sand layers of the dual-media rapid sand filter 
contained distinct microbial communities that remained largely un-
changed by backwashing, as also previously described (Ramsay et al., 
2021; Corbera-Rubio et al., 2023). This is consistent with visual obser-
vations of the filter medium right after backwashing and confirms that 
these layers do not get mixed by backwashing. This is likely the case 
because any mixing that might occur during backwashing is restored in a 
final water-washing step, where flow is gradually reduced to restore the 
separation of anthracite and sand. Each filter medium layer contained 
homogeneous microbial communities (Fig. 3, Supplementary Figure S3), 
achieved by separating removal processes using filter media of different 
densities that ensure that the microbes involved in these processes 
remain in their respective locations after cleaning procedures. In single 
media filters, stratification of the microbial community has also been 
observed despite regular backwash, which was linked to the continuous 
success of the filter (Haukelidsaeter et al., 2024).

3.5. Implications for drinking water treatment

Our findings highlight several key considerations for drinking water 
treatment. Regular inspection and maintenance of filters after back-
washing are essential to prevent issues such as clogging, channeling, and 
preferential flow. The turbidity sensor installed in November 2022 
demonstrated that a robust monitoring system continuously measuring 
turbidity can help detect irregularities in filter performance, allowing 
for prompt corrective actions. These actions may include adjusting 
backwashing frequency, replacing the filter medium (anthracite or 
sand), or performing periodic surface cleaning to maintain optimal 
filtration performance.

Drinking water companies should also carefully assess the duration 
and intensity of backwashing. First, filters may currently be washed for 
longer than necessary, leading to excessive loss of pre-filtrate water and 
increased energy consumption. Installing turbidity sensors to monitor Fe 
flocs in the backwash water could help determine when the filter has 
been sufficiently cleaned, reducing waste and energy use. Second, while 
our results show that intensive backwashing, including air scouring, 
minimally affects the mineral coating and microbial community, it may 
still be beneficial for water companies to explore milder backwashing 
programs. Milder backwashing would not only reduce energy con-
sumption but also promote the development of specialized zones within 
the filter bed, fostering microbial communities adapted to the specific 
contaminants encountered at different depths, which has been shown to 
be advantageous in single-media filters (Haukelidsaeter et al., 2024). In 
the dual-media filters we studied, two distinct microbial communities 
associate with the anthracite and sand layers that, however, are 

Fig. 6. NMDS analysis on the beta diversity of the microbial communities. Beta 
diversity was calculated as Bray-Curtis dissimilarity for the filter medium and 
water samples, based on 16S rRNA gene amplicon sequencing data. Samples 
were taken in June 2021.
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homogenous across the respective layers due to backwashing. This 
demonstrates the value of dual-media filtration, allowing for process 
separation despite aggressive backwashing. However, further research 
should explore whether milder backwashing could enhance microbial 
specialization also in dual-media filters.

4. Conclusions

In this study, we showed how backwashing is crucial for maintaining 
efficient removal of Fe, Mn, and NH4

+ in rapid sand filters. The accu-
mulation of metal oxides in the filter, primarily in the form of Fe flocs, 
caused a breakthrough of Fe flocs and moved nitrification and Fe and Mn 
oxidation deeper into the filter. Backwashing mainly restored filter 
function by removing these Fe flocs, and preferentially washed out 
Gallionella. While the microbial community composition was minimally 
impacted, temporary effects post-backwash included increased Fe 
leakage and higher turbidity in the effluent of the filter in the first hours 
after start-up due to slow settlement of the filter medium.

The filter media selection at the DWTP separates metal oxide 
removal processes to a higher degree than in single media filters, with Fe 
removal primarily occurring in the anthracite and Mn removal in the 
sand layer. Biological nitrification could take place throughout the filter, 
as key nitrifiers were abundant in both the anthracite and sand layers. 
The individual layers largely mixed internally, resulting in a homoge-
neous microbial community in the anthracite and sand layers, respec-
tively. Given the variability in operating conditions and groundwater 
chemistries, caution is needed when extrapolating results from one 
drinking water production site to others. Nonetheless, the findings 
presented here are broadly applicable to other locations utilizing dual- 
media rapid sand filters for treating anoxic groundwater with high 
levels of methane, iron, ammonium, and manganese. To advance our 
understanding of rapid sand filtration, future research should prioritize 
a careful selection of diverse operating conditions and groundwater 
chemistries to identify general and site-specific parameters that allow 
for predicting filter function. Finally, despite occasional breakthroughs 
of Fe and Mn from the filters, subsequent treatment steps at the DWTP 
ensured compliance with drinking water standards.
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