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Abstract
Kinetics of iron reduction, formation of vivianite and the microbial community in activated sludge
from two sewage treatment plants (STPs) with low (STP Leeuwarden, applying enhanced biological
phosphate removal, EBPR) and high (STP Cologne, applying chemical phosphate removal, CPR)
iron dosing were studied in anaerobic batch experiments. The iron reduction rate in CPR sludge
(2.99 mg-Fe g VS-1 h-1) was 3-times higher compared to EBPR sludge (1.02 mg-Fe g VS-1 h-1)
which is probably caused by its 3-times higher iron content. Accordingly, first order rate constants
in both sludges are comparable (0.06 ± 0.001 h-1 in EBPR vs 0.05 ± 0.007 h-1 in CPR sludge), thus
potential rates in both sludges are comparable. The measured Fe(III) reduction rates suggest that all
iron in STP Leeuwarden and STP Cologne can be turned over within 15 h and 44 h respectively.
Mössbauer spectroscopy and X-ray diffraction (XRD) indicated vivianite formation within 24 h in
both sludges. After 24 h, 53% and 34% of all iron were bound in vivianite in the EBPR and CPR
sludge respectively. Next generation sequencing (NGS) showed that the microbial community in the
CPR sludge comprised more genera with iron-oxidizing and iron-reducing bacteria. Iron reduction
and vivianite formation commence once activated sludge is exposed to oxygen free conditions. Our
study reveals that the biogeochemistry of iron in STPs is very dynamic. By understanding the
interactions between iron and phosphate crucial processes in modern sewage treatment, such as
chemical phosphate removal or phosphate recovery from sewage sludge, can be optimized.

Keywords: Vivianite, Iron reduction, Activated sludge, Sewage, Phosphate
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1 Introduction
Phosphate has to be removed from sewage to prevent its emission to surface waters. Dosing iron
(Fe) salts is an effective method to eliminate the phosphate (WEF, 2011). It is the most widespread
method and allows, in contrast, to enhanced biological phosphorus removal (EBPR) the realisation
of sewage treatment plants (STPs) with net energy production (Wilfert et al., 2015). For iron based
chemical phosphate removal (CPR) ferrous (Fe(II)) or ferric iron (Fe(III)) salts are used. Adsorption
via Fe(III) oxides, which are rapidly formed when Fe(III) comes in contact with water, is the main
mechanisms for initial phosphate removal when Fe(III) are dosed (Lu et al., 2016; Mao et al., 2016;
Wendt von, 1973). Several factors like aging/recrystallization of the precipitates, bacterial activity
and pH variations can result in the transformation of these initial precipitates also affecting their
phosphate retention capacity (Senn et al., 2017; Smith et al., 2008; Szabo et al., 2008).
Fe(III) reduction occurs in STPs and can be chemically, direct biologically or indirect biologically
induced (Kappler et al., 2004; Nielsen et al., 2005, 2005; Nielsen, 1996; van den Brand et al., 2015).
Fe(III) reduction is often considered to cause mobilization of phosphate, however, in environmental
systems doubts have been risen about this hypothesis (Gächter and Müller, 2003; Golterman, 2001,
1995; Roden and Edmonds, 1997). Also observations in wastewater systems indicate that the
mobilization of phosphate induced by Fe(III) reduction is not necessarily true. During anaerobic
digestion, when strong reducing conditions prevail for a long period, all Fe(III) is likely reduced to
Fe(II) (Ivanov et al., 2003). Still, phosphate was retained in the solid fraction of digested sludge at
molar Fe:P ratios of around 2 (Ivanov et al., 2003; Thomas, 1965). In another study it was shown
that phosphate was removed within 30 h from solutions containing complexed Fe(III), phosphate
and Fe(III) reducing bacteria (Azam and Finneran, 2014). In the same study, bulk phosphate was
removed within two days via Fe(III) reduction in real septic water. In both experiments complexed
Fe(III) was used, in this form Fe(III) is not capable to bind phosphate. The mineral vivianite,
(Fe3(II)[PO4]2·8H2O) was identified in these experiments using X-ray diffraction (XRD). Similarly,
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in longer running experiments it was found that Fe(III) reduction caused phosphate removal and
vivianite formation in septic tanks (Zhang, 2012).
For sewage, limited information on phosphate removal in response to Fe(III) reduction exist. It was
reported that Fe(III) reduction resulted in effective removal of phosphate during anaerobic digestion
of sewage sludge and that Fe(III) reducers can be used to eliminate phosphate from sludge liquor
(Stabinov et al., 2005). In another study, activated sludge was kept under anaerobic conditions, it
was claimed that Fe(III) reduction (with a parallel decrease in dissolved phosphate) resulted in the
formation of vivianite without giving experimental evidence (Cheng et al., 2015). In a similar study
(with a significant drop in pH), Fe(III) reduction did not result in substantial phosphate removal
(Cheng et al., 2017). In purely chemical experiments, it was shown that within 1-5 h efficient
phosphate removal could be achieved in secondary effluents when Fe(II) was dosed in the absence
of oxygen and XRD indicated that vivianite was formed. The residual phosphate levels at the
optimum pH=8 were lower as compared to experiments where Fe(III) was dosed (Ghassemi and
Recht, 1971).
Vivianite was found in digested sludge and in sludge before the anaerobic digestion (Frossard et al.,
1997; Singer, 1972; Wilfert et al., 2016). Before digestion, sludge passes anoxic, sometimes
anaerobic but also aerated zones. In an earlier publication (Wilfert et al., 2016) it was hypothesized
that the presence of vivianite in surplus sludge before the anaerobic digestion can be explained by
fast Fe(III) reduction rates (Nielsen, 1996), fast vivianite formation (Azam and Finneran, 2014) and
slow oxidation kinetics of vivianite (Miot et al., 2009; Roldan et al., 2002). Fe(III) reduction has
been detected in STPs, however the products of Fe(III) reduction are unknown. In this study the
products of iron reduction in sewage sludge were characterised and quantified for the first time.
Information regarding the iron reducing community in activated sludge are also lacking. It is
currently not known how iron dosing affects the microbial population in the activated sludge.
Identifying Fe(III) reducing bacteria is important because Fe(III) reduction can also be induced by
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other bacteria via indirect mechanisms e.g. electron shuttling (Kappler et al., 2004) or sulphide
(Pyzik and Sommer, 1981) or via other non-enzymatic pathways (Lovley, 2013).
We determined Fe(III) reducing rates using HCl extraction of the produced iron species, studied the
iron reducing community using deep next generation sequencing (NGS) and analysed products of
Fe(III) reduction in activated sludge systems using XRD and Mössbauer spectroscopy. Two STPs
were sampled, one relies on Fe(III) dosing and the other plant combines Fe(II) and Fe(III) dosing
with enhanced biological phosphate removal (EBPR). We hypothesized that (1) Fe(III) reducing
rates are higher in the CPR sludge, (2) Fe(III) reducing genera show a higher relative abundance in
the CPR sludge and that (3) vivianite is formed in both treatment plants as Fe(III) reduction
commences. Currently, the time scale of iron reduction and vivianite formation in activated sludge
systems are unknown despite the important role vivianite plays for phosphate recovery and removal
in STPs.
Understanding the formation of vivianite in sludge is necessary to develop new phosphate recovery
technologies, e.g. for stimulating the growth of large vivianite particles that can be separated from
the sludge for subsequent phosphate recovery (Lin et al., 2017; Liu et al., 2018; Wang et al., 2018;
Wilfert et al., 2018).

2 Methods and Material
2.1 Sample origin
Activated sludge samples were obtained from aerated tanks of the STPs Cologne-Rodenkirchen
(Capacity: 70,000 p.e.; expressed in 150 g TOC/d) where Fe(III) is dosed for CPR and from the STP
Leeuwarden (226,000 p.e.; expressed in 150 g TOC/d). In the STP Leeuwarden, EBPR, supported
by dosing Fe(II) and Fe(III) salts, is applied. The sludge retention times (SRTs) in the activated
sludge systems are 15 days in the STP Leeuwarden and 12 days in the STP Cologne. The elemental
composition of the initial sludge (Table S1) was determined using a microwave assisted acid
5

digestion (MD, 9.0 mL 70% HNO3 on 1 g wet sample and heating for 20 minutes at 200 °C)
followed by inductively coupled plasma optical emission spectrometer (ICP-OES). Total and
volatile solids (TS and VS respectively) were determined according to standard methods (APHA,
AWWA, WEF, 1998). After sampling, the sludge was settled for 3-4 hours to increase the TS
content by a factor of 7 for Leeuwarden and 5 for Cologne (Table S1and Table S3). The supernatant
was discarded and further experiments were performed with settled sludge (Table S3). Due to the
transport/settling time we assume that anaerobic conditions occurred in the sludge.

2.2 Experimental design
To determine the total Fe(III) reduction rates in the activated sludge, Fe(III)Cl3·7H2O (1.0 g / kg
settled sludge) was added to the settled sludge inside an anaerobic glovebox (95% N2 and 5% H2).
In the following “all iron” refers to the initially present iron (Leeuwarden 100 and Cologne 1190
mg Fe/kg settled sludge) plus the Fe(III) that was added to the sludge (200 mg Fe / kg settled
sludge). 100 mL of this mixture was added into butyl rubber stoppered serum bottles (n=3 per time
interval) and equipped with magnetic stirring bars. Samples were incubated at 25 °C, for up to 24 h
while stirring (400 rpm) and sampled at different time intervals. This was the experimental group,
aiming to obtain total Fe(III) reduction rates. To determine chemical Fe(III) reduction rates in the
sludge, a control group was treated analogue to the samples in the experimental group, however,
this gravity settled sludge was autoclaved (30 min, 121 °C) before the experiments. Fe(III)
reduction rates were calculated using the slope of the linear fitting of decreasing Fe(III)
concentrations versus time. The biological Fe(III) reduction rates reported are the difference
between total and chemical Fe(III) reduction rates.

2.3 Sampling and sample preparation
At each time interval, prior to (destructive) sampling, temperature, pH and ORP of the samples
were determined potentiometric (Figure S1). Total Fe(III)/Fe(II) concentrations in the samples were
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determined spectrophotometric after a 0.5 M HCl extraction (Nielsen et al., 2005; Rasmussen and
Nielsen, 1996).
At the beginning and at the end of the experiment about 2 mL sample were taken for NGS analyses.
These samples were centrifuged (2 minutes, 8000 G), the pellet was collected and stored at -20 oC
for one day to extract the DNA using the Mo-Bio PowerSoil kit (Mo-Bio Laboratories, Inc, USA).
The purity of the extracted genomic DNA met the requirements of NGS (Table S2). Then the
extracted DNA was stored at -20 oC until sequencing commenced. Sequencing and basic data
analysis were delegated to GATC Biotech (Germany). In case of paired end sequencing, amplicons
were sequenced in both directions, the resulting read pairs were merged based on overlapping bases
using fast length adjustment of short reads (FLASH) with maximum mismatch density of 0.25
(Magoč and Salzberg, 2011). The sequencing data was compressed by performing sequence
clustering based on 99% similarity basis accounting for PCR and sequencing errors (< 1%) using
cd-hit (Li and Godzik, 2006). Chimera check was performed with UCHIME (Edgar et al., 2011).
Data that was not qualified as reliable was discarded. All qualified sequences were submitted to the
NCBI database for a BLAST search (E-value cutoff 1e-06). All hits were utilized and the similarity
was set above 97%.
The remaining sample was filled in plastic centrifuge tubes, the lids were sealed with parafilm and
samples were centrifuged (10 min, 3500 G). Back in the glovebox the supernatant was filtered (0.45
µm) to determine the dissolved Fe(II)/Fe(III) concentration using the ferrozine method (Viollier et
al., 2000) and the dissolved elemental and ionic composition using ICP-OES and IC respectively.
For XRD and Mössbauer analyses, the centrifuge pellet from the sample centrifugation was two
times washed with oxygen free acetone and centrifuged (10 min, 3500 G) and then spread on glass
plates inside the glovebox. The samples were apparently dry within 30–60 minutes but drying was
continued in the dark, overnight inside the glovebox. For XRD analyses, the dried and grinded
sample from one of the triplicates was filled in 0.7 mm glass capillaries and sealed with modelling
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clay and superglue inside the glovebox. Just before the measurements started, glass capillaries were
burnt off to be able to mount them in the sample holder. The measurements were done on a
PANalyticalX´Pert PRO diffractometer with Cu-Ka radiation (5-80 o2θ, step size 0.008o). For
Mössbauer analyses, dried and grinded samples were filled in plastic rings, sealed with Kapton tape
and super glue and then wrapped in parafilm. Still in the glovebox the samples were put in gas tight
glass bottles and stored until Mössbauer analyses. Transmission

57

Fe Mössbauer spectra were

collected at 100 K with conventional constant-acceleration and sinusoidal velocity spectrometers
using a
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Co (Rh) source. Velocity calibration was carried out using an α-Fe foil. The Mössbauer

spectra were fitted using Mosswinn 4.0 (Klencsár, 1997).

3 Result
3.1 Fe(III) Reduction
Figure 1 shows the average Fe(II), Fe(III) and total iron concentrations over time during the
experiments. All iron concentrations in this graph were measured using the ferrozine method after
an extraction step with 0.5 M HCl. On average 88% of all iron was extracted from EBPR activated
sludge, while 84% could be extracted from the CPR sludge. In both sludges, Fe(III) dominated at
the start of the experiment. Initially, Fe(III) made up 93% and 92% of all iron in EBPR and CPR
sludge respectively. In EBPR sludge, about 75% and in the CPR sludge 58% of all iron was reduced
within 24 h respectively. The chemical Fe(III) reduction rate, determined in experiments with
autoclaved sludge, was about 5% of the total iron reduction rate. The specific iron reduction rate,
that was actually measured in the samples, in the CPR sludge (2.99 mg-Fe g VS-1 h-1, R2=0.95) was
almost 3 times higher than the one in EBPR sludge (1.02 mg-Fe g VS-1 h-1, R2=0.97).
Fe(III) bio-reduction of Fe(III) oxyhydroxides follows first order kinetics (Bonneville et al., 2009;
Hacherl et al., 2003). Hence, the first order rate constant (k) was determined by linear fitting of
ln(Fe(III)) versus time. By assuming first order kinetics for biological iron reduction, (i.e. the iron
reduction rate depends on the concentration of iron only) the rate constant allows comparing iron
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turnover rates between sludges with identical iron phases but different iron contents. The k value
(95% Confidence Interval) for EBPR sludge was 0.06 ± 0.001 h-1 and for CPR sludge 0.05 ± 0.007
h-1. A t-test showed that there is a statistical difference between the constants (p<0.05, t=0.03). The
k value of the EBPR sludge was only 1.14 times higher than the one obtained from measurements
on CPR sludge. In practice, one can consider the potential iron reduction rate in STP Leeuwarden as
being comparable to the one in STP Cologne. Thus, Fe(III) reduction rates should be very similar
when both sludges contain the same quantities of iron. The positive correlation between the iron
content and iron reduction rates in sludge samples is illustrated in Figure 4. Here, data from earlier
studies on iron reduction rates in sewage sludge were plotted.

Figure 1: Iron concentrations in activated sludge during batch tests determined after HCl extraction. Fer refers to the ferrozine
method. Tot refers to total iron. A & C refer to sludge from STP Leeuwarden and STP Cologne respectively, while B & D were the
corresponding sludges after autoclaving.
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3.2 Vivianite formation
3.2.1 XRD
The degree of crystallinity in both samples was low, probably due to a large organic fraction and
due to the presence of inorganic amorphous phases (all spectra including peak assignments are
included in the supporting information, Figure S2). Despite a low crystallinity, several crystalline
phases were identified in the samples. Samples from the activated sludge tanks in the STP
Leeuwarden contained only quartz as crystalline material at the beginning and after 24 h of
anaerobic incubation (Table 1). The samples from the STP Cologne also contained quartz at the
beginning and end of the experiment but the dominant crystal phase was calcium carbonate. After
24 h of anaerobic incubation characteristic peaks of vivianite appeared in the samples. Vivianite
contributed 29% to the crystalline material in the CPR sludge after 24 h of incubation (Table 1). In
our study, XRD was used as a qualitative analytical tool to identify the presence of
minerals/vivianite (Figure S2). The amorphous share and thus the contribution of vivianite to the
total sample were not determined. Mössbauer spectroscopy was used for quantifying vivianite and
other iron minerals in the samples.
Table 1. Semi-quantitative results from XRD measurements on EBPR sludge (STP Leeuwarden)
and CPR sludge (STP Cologne).
Share
ID

Leeuwarden sludge

Cologne sludge

Compound

(% of crystalline material)
t=0 h

t=24 h

Quarz (SiO2)

100

100

Quarz (SiO2)

19

15

Vivianite (Fe3[PO4]2·8H2O)

-

29

Calcium Carbonate (CaCO3)

81

57
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3.2.2 Mössbauer spectroscopy
Vivianite was identified and quantified in all samples by Mössbauer spectroscopy. Note, results
from Mössbauer spectroscopy refer to total iron in the samples. The total iron content in both
samples differed considerably (Table S3).
The spectra showed Mössbauer parameters for vivianite in agreement with data that was obtained
before (Gonser and Grant, 1976). However, the ratio of the two iron sites in vivianite should be 2
(Mori and Ito, 1950; Rouzies and Millet, 1993) but deviated from 2 in our measurements (1.4 for
EBPR sludge, 1.1 for CPR sludge, Table 2). We believe that impurities in the vivianite are the
reason for this deviation. Substitution of iron by other cations in iron phases can effect Mössbauer
measurements (Gil et al., 1992), also the site ratios (Amthauer and Rossman, 1984). For baricite
(the analogue of vivianite with partial substitution of iron by magnesium) iron substitution takes
preferably place at site 2 (Yakubovich et al., 2001). If iron substitution in vivianite also takes
dominantly place at site 2 then an iron site ratio < 2 can be expected. Indeed, vivianite is commonly
known to contain impurities (Rothe et al., 2016). In sewage, dissolved metals, such as calcium and
magnesium, occur that could be incorporated in the vivianite structure. With this line of reasoning
we hypothesize that the vivianite in our samples is rather a vivianite-like structure, i.e. that some of
the iron was replaced (data indicate that the replacement takes preferably place at site 2) by other
metals such as magnesium or calcium. When we refer to vivianite in the following we actually refer
to the vivianite-like structures with unknown degrees of impurity. Oxidation of vivianite can also
change the site ratios but it was observed that initial oxidation rather increases than decreases the
site ratio i.e. that it leads rather to an iron site ratio > 2 (Rouzies and Millet, 1993).
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Table 2. Mössbauer results obtained with the samples from STP Leeuwarden and STP Cologne at
the beginning of the experiments and after 24 h of anaerobic incubation.
Temperature

IS

Spectral

Γ

QS

Sample

Phase
(K)

-1

-1

contribution

-1

(mm·s )

(mm·s )

(mm·s )

0.37

0.68

0.49

Fe3+/FeII

95

1.25

2.36

0.30

Fe2+ (Vivianite I)

2

1.25

2.97

0.30

Fe2+ (Vivianite II)

3

0.39

0.70

0.54

Fe3+/FeII

47

1.16

2.64

0.39

Fe2+ (Vivianite I)

22

1.22

3.17

0.39

Fe2+(Vivianite II)

31

0.36

0.74

0.48

Fe3+/FeII

91

1.19

2.45

0.32

Fe2+ (Vivianite I)

3

1.19

2.98

0.32

Fe2+(Vivianite II)

5

0.38

0.72

0.46

Fe3+/FeII

66

1.14

2.59

0.34

Fe2+ (Vivianite I)

16

1.19

3.03

0.34

Fe2+(Vivianite II)

18

(%)

EBPR sludge
100
t=0

EBPR sludge
100
t=24 h

CPR sludge
100
t=0

CPR sludge
100
t=24 h

Note: Experimental uncertainties: Isomer shift: I.S. ± 0.01 mm s -1; Quadrupole splitting: Q.S. ± 0.01 mm s-1; Line width: Γ ± 0.01
mm s-1; Spectral contribution: ± 3%.

Mössbauer spectroscopy showed that vivianite was initially present only in small fractions in the
EBPR sludge (5% of all iron bound in vivianite) and CPR sludge (8% of all iron bound in vivianite)
respectively (Table 2). After 24 h of anaerobic incubation the vivianite content in both samples
increased substantially. At the end of the experiments vivianite was the dominating iron phase in the
EBPR sludge, here the Fe(II) in vivianite summed up to 53% of all iron. In CPR sludge about 34%
of all iron was in vivianite at the end of the experiments. The vivianite structures in EBPR sludge
(after 24 h) have Mössbauer parameters that are closer to those of standard. Also the site ratio is
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higher – it seems the vivianite in EBPR sludge is better defined i.e. more crystalline compared to
the vivianite in the CPR sludge.
The Fe(II) content in the activated sludges determined by HCl extraction combined with
photometric determination of Fe(II)/Fe(III) was different to the Fe(II) content determined by
Mössbauer spectroscopy. After 24 h, Mössbauer spectroscopy suggested that in EBPR sludge 53%
and in CPR sludge 34% of all iron is Fe(II). In contrast, HCl extraction showed that in the same
samples 83% (EBPR sludge) and 66% for (CPR sludge) of all iron is Fe(II). For EBPR sludge, the
extraction efficiency was relatively high (94%). From CPR sludge only 71% of all iron was
extracted after 24 h by using HCl and hence a comparison between HCl extraction and Mössbauer
spectroscopy is difficult. Using Mössbauer spectroscopy for obtaining the oxidation state of the iron
is not straight forward when samples are not measured at 4 K. In Table 2, Fe3+ refers to high-spin
Fe(III) (that could e.g. be an iron oxide); Fe2+ to high-spin Fe(II) (vivianite or disordered/impure
vivianite) and Fe(II) to low-spin Fe(II) (probably pyrite). For spectra obtained at 100 K, the Fe 3+
(iron oxide) can overlap with Fe(II) (pyrite) – it can be any of the two alone or a mixture, but not an
intermediate species. Thus, assuming HCl extraction is accurate in accounting for all Fe(II), then the
difference between Mössbauer and HCl extraction should be iron that is bound in pyrite (about
30%). The elemental composition of the sludge solids indeed suggests that up to 50% of all iron
could be bound in pyrite in EBPR sludge since the molar Fe:S ratio in the sludge was about 1 (Table
S1). Thus, we can assume 30% of all iron in EBPR sludge is bound in pyrite, 53% in vivianite and
the remaining 17% in another, unknown iron phase which is probably a ferric compound.
Differences between HCl extractions and Mössbauer could be related to differences in sample
handling (wet vs. dried sample) or the presence of other low spin Fe(II) species with Mössbauer
parameters close to the one of pyrite (but with different stoichiometry / elemental composition).
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3.3 Microbial communities in the activated sludges
Next generation sequencing was carried out to identify microbial groups that have been related to
iron reduction before. These analyses serve as a first step for generating a deeper understanding of
iron reducing communities in sewage sludge (regarding e.g. dominating groups of iron reducers,
share of iron reducers of the total microbial population etc.). Currently, this knowledge is not
available. The dominant phylum in both sludges was Proteobacteria comprising between 68 and 89%
of all operational taxonomic units (OTUs) (Figure S3). Betaproteobacteria formed the dominant
class of all OTUs observed (38–63% of all OTUs, Figure S4). The predominant microbial genera in
the sludges are shown in Figure 2 and in Table S4. As expected for activated sludge communities
the diversity was high with many different OTUs each comprising only a small fraction in the total
community (Saunders et al., 2016; Zhang et al., 2012). The genus diversity in the two sludges were
high with 103 OTUs in CPR sludge and 107 OTUs in EBPR sludge. Both sludges showed a similar
Simpson index (between 0.95 and 0.96) and Shannon index (between 3.62 and 3.74) indicating a
comparable richness and evenness on the genus level. The top 3 genera in EBPR sludge were
Flavobacterium (11.7%), Novosphingobium (9.4%) and Rhodoferax (8.9%). While in CPR sludge,
the top 3 genera were Novosphingobium (10.8%), Dechloromonas (9.3%) and Rhodoferax (8.9%).
Compared with the EBPR sludge, the CPR sludge showed a higher abundance of the genera
Dechloromonas (9.3% vs 1.6%), Aquabacterium (4.5% vs 2.2%), Rubrivivax (3.4% vs 0.6%),
Thauera (2.5% vs 0.9%), Leptothrix (3.2% vs 0.6%) and Simplicispira (3.0% vs 0.4%), but a lower
abundance of the genera Flavobacterium (4.6% vs 11.7%), Trichococcus (0.6% vs 6.8%) and
Janibacter (0.2% vs 3.1%).
After anaerobic incubation for 24 h, a slight difference in the abundance of several genera was
observed. In EBPR sludge the abundance of Novosphingobium increased from 9.4 to 12.0%. In
CPR sludge the abundance of Dechloromonas decreased from 9.3 to 3.6%.
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Figure 2: Genus wise OTU distribution (Top 20 OTUs contain 68% of total OTU assigned reads). Sequencing of 16S ribosomal RNA
gene aiming the V3-V5 region.

3.4 Dissolved elemental composition
From EBPR sludge significant amounts of phosphate were released within the first few hours of the
experiment (Figure 3, Figure S5). This was accompanied by a release of potassium and magnesium.
Phosphate accumulating organisms (PAOs) are probably responsible for this phenomenon (Jardin
and Pöpel, 1994). Despite apparent Fe(III) reduction, dissolved iron levels remained constant at
0.16 ± 0.06 mmol Fe/kg sludge. In the control group of the EBPR sludge iron and potassium
remained relatively constant over time, whereas phosphate, calcium and magnesium increased
within 24 h of anaerobic storage. This increase could be due to cell lyses in response to the
autoclaving.
In contrast to EBPR sludge, phosphate levels did not increase in CPR sludge, the dissolved
phosphate levels remained at 0.07 ± 0.02 mmol P/kg sludge throughout the experiment. The
dissolved iron concentration clearly increased from 0.3 mmol Fe/kg sludge at the beginning to
about 1.24 mmol Fe/kg sludge after 24 h of anaerobic incubation. The aqueous iron is supposed to
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be Fe(II) rather than Fe(III) because under anaerobic condition Fe(III) is reduced to Fe(II) and
maintained in this oxidation state at the low ORP (Table S1).

Figure 3: Element concentrations in suspension determined by ICP during batch experiments. A &
B: With EBPR sludge from STP Leeuwarden (activated & autoclaved respectively), C & D: With
CPR sludge from STP Cologne (activated & autoclaved respectively).

4 Discussion
4.1 Fe(III) reduction in activated sludge
The iron reduction rates measured in the activated sludge are in the range of earlier measurements
(Nielsen et al., 1997). By compiling all these data, the trend for increasing iron reduction rates in
sludge with higher iron content is obvious (Figure 4), which is consistent with the view that iron
reduction exhibits first order kinetics. However, some data significantly deviate from the general
16

trend (Figure 4). These differences can be caused by 1) differences in the type of iron phases that
are present in the sludge; 2) the presence of different types of iron reducing bacteria (IRB); 3)
different mechanisms of microbial Fe(III) reduction; 4) different reaction conditions and 5)
presence and availability of organics as electron donors. We could not find any indications for a
significant formation of crystalline iron oxide phases in activated / digested sewage sludge in
literature. Accordingly, in our study, Mössbauer spectroscopy and XRD indicate that poorly
crystalline Fe(III) phases were present in the sludge (the line width of the Mössbauer signal is
considerably higher compared to very crystalline structures with values of about 0.25 mm/s). Such
iron phases usually have a high surface area and the iron in these compounds is readily available to
Fe(III) reducers compared to more crystalline ferric iron forms (Lovley, 2013). The apparent
increase of iron reduction rates with the higher iron content in the sludge, presumably under similar
experimental conditions, follows first order kinetics. This suggests that the iron reduction rates are
rather physical (mass transport) or chemical (concentration/activity of dissolved Fe(III)) limited
than biological rate limited. In this context, it could be a limitation of mass transport that is usually
a function of the surface area of the iron phases in the sludge. In other words, by assuming that the
type of iron compounds in the sludges are the same, then a higher iron content will result in higher
availability of iron because of reduced transport limitations. Experimentally, this hypothesis can be
tested by adding different quantities of iron phases with identical crystallinities to sludge under the
same experimental conditions until the reduction rate is plateauing. The iron reduction rates should
linearly increase with the increasing iron content in the sludge. Such experiments can show that iron
reduction in the sludge is indeed physical driven, i.e. by the surface area of the iron phases. In the
other studies, iron phases in the sludge were not characterized. We can therefore not conclude that
the type of iron in the sludges could explain the observed deviations. However, we suggest that iron
phases in activated sludge are in general amorphous and that the difference in iron compounds
between sludges are not the main reason for observed deviation. The type of organic substrates that
are present in the sludges can explain deviations too. Adding lactate to sludge increased iron
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reduction rates by about 20-30% (Nielsen et al., 1997). In the context of environmental or sludge
samples this increase of the reduction rates, compared to the in-situ rates, is rather low. It can,
though, explain some of the deviations observed in figure 4.
The absolute Fe(III) reduction rates in CPR sludge were 3 times higher compared to EBPR sludge.
However, the potential of Fe(III) reduction rates for these two sludges are similar assuming first
order kinetics.

Figure 4: Iron reduction rates in activated sludge samples. Rates marked with dots and circles refer to rates that were determined
after adding lactate to the sludge. The other rates (triangles and crosses) were determined without organics addition. The rates are
plotted versus the iron content of activated sludge. Rates determined by Nielsen (1996) are average values.

Besides direct microbial Fe(III) reduction also indirect microbial induced chemical reduction via
sulphide production or via organic electron shuttles could be responsible for the turnover of iron in
the samples. Out of 1 mol of sulphate 1 mol of sulphide can be formed that can reduce 2 mol of
Fe(III) to Fe(II). In CPR sludge, IC measurements showed that dissolved sulphate levels dropped
from 132 to 117 mg SO42-/kg sludge indicating that at most 0.31 mmol Fe(III)/kg sludge can be
reduced. In EBPR sludge sulphate dropped from 33.5 to 14.3 mg SO42-/kg sludge indicating that a
maximum of 0.4 mmol Fe(III)/ kg sludge could be reduced. The indirect Fe(III) reduction by
sulphide could therefore, at maximum, explain 14 and 2% of the observed iron reduction in EBPR
and CPR sludge respectively. During the experiments neither a sulphide smell nor black colouration
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of the samples was observed. To what degree other mechanisms contributed to the reduction of
Fe(III) in our samples is unknown.
Control incubations with autoclaved sludge were performed to identify the chemical/non-biological
Fe(III) reduction. In both control incubations, a slight but steady increase of Fe(II) over time was
measured but the computed Fe(III) reduction rates are only about 5% of the total rates. This is in
accordance to earlier studies with sediments (Lovley et al., 1991). Chemical iron reduction in our
study could be induced by reduced compounds in the sludge, such as reduced sulphur species that
can be produced in-situ or originate from the incoming raw sewage (Hvitved-Jacobsen et al., 2013;
van den Brand et al., 2015). Additionally, organic compounds are able to transfer electrons to
Fe(III). Organic molecules are e.g. used as electron shuttles by microorganisms (Kappler et al.,
2004), are probably released as external electron donors to access insoluble Fe(III) phases (Richter
et al., 2012) and organic ligands, like cysteine, are capable of reducing Fe(III) (Cornell et al., 1989).
Since interactions between Fe(III) and dissolved sulphide are usually relatively quick (Poulton et
al., 2004) we suggest that organic or reduced compounds such as FeSx are responsible for the
Fe(III) reduction in the control incubations. Autoclaving could increase the abiotic Fe(III) reduction
potential due to cell lyses that causes a release of organics with reducing properties. Autoclaving at
elevated temperatures can modify the iron pool of the sludge samples (Schwertmann and Cornel,
2007). More crystalline iron phases could form that are less easily reducible. Additionally,
autoclaving can increase the sludge surface which enhances adsorption and affects net iron release.
However, at least for EBPR sludge most of the iron was added after autoclaving. We suggest to
consider further non-destructive control incubations in future, such as cooling of the samples to
reduce the activity of microorganism, to be able to distinguish between chemical and biological
Fe(III) reduction.
In the STP Leeuwarden it would take 15 h and in STP Cologne 46 h to reduce the originally present
iron (i.e. iron from the sewage and iron that is dosed for CPR) in the sludge from Fe(III) to Fe(II).
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Note that significant amounts of Fe(III) would still be present after this time when the iron turnover
is calculated by using the first order rate constants. In Cologne 10 and in Leeuwarden 40% of all
iron would not be reduced after 46 and 15 h respectively. Yet, it was decided not to use the rate
constants because the reaction can change order when it progresses and then another step could
become rate limiting.
The SRTs in the plants are about 14 days, half of this time in oxygen free tanks. In STP Leeuwarden
besides anoxic also anaerobic tanks exist. Earlier Mössbauer measurements on surplus sludge (i.e.
sludge after settling but before dewatering that is brought into the digester) from the STP
Leeuwarden showed that indeed all iron in this sludge was Fe(II) (Wilfert et al., 2016). These
findings match with the first part of our hypothesis: Fe(III) reduction and subsequent formation of
vivianite is quick and once vivianite is formed its re-oxidation is slow. In the STP Cologne,
however, earlier Mössbauer data obtained at 4 K, indicate that not all but only about 57% of all iron
in the surplus sludge was Fe(II), this sludge was taken right before it was pumped into the anaerobic
digester (Wilfert et al., 2018). The activated sludge that we used in our experiments was taken from
an aerated tank and here Fe(III) was dominant (90%). Note, about 15% of all iron was added as
Fe(III) and that the extraction efficiency was about 90% at t=0. Still, there is obviously a difference
in the iron chemistry between surplus and activated sludge. Iron containing sludge can encounter
oxygen free conditions for some time in STPs, e.g. in settlers, inside flocs with limited oxygen
diffusion or in anaerobic/anoxic tanks that are required for successful nutrient elimination.
Apparently, in the STP Cologne, with a much higher iron content compared to sludge from the STP
Leeuwarden, the reduction is not quick enough to turn over all Fe(III). This could be due to the
presence of aerated tanks or because the conditions in our batch experiments are different to the
ones encountered in treatment lines. Else, Fe(III) reduction would theoretically be quick enough to
reduce all Fe(III) and re-oxidation of Fe(II) to Fe(III) should be slow assuming the presence of pure
vivianite (Roldan et al., 2002). Most but not all Fe(II) could be re-oxidized after intense aeration of
sludge that was stored under anaerobic conditions (Nielsen et al., 2005). Vivianite oxidation is
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supposedly a slow process (Miot et al., 2009; Roldan et al., 2002). The incomplete oxidation of iron
in the study could be explained by the presence of vivianite. Activated sludge from the STP
Cologne, contained little vivianite and little Fe(II), showing that our hypothesis is not entirely true.
On the other hand, surplus sludge sampled in STP Cologne contained about 60% of all iron as
Fe(II) (Wilfert et al., 2018). We have no coherent explanation for these differences in iron speciation
between activated and surplus sludge.

4.2 Microbial analyses in activated sludge
The metagenomic analyses were performed for both sludges before and after anaerobic incubation
for 24 h under endogenic conditions. Since marginal growth and decay will occur the communities
would be expected to be highly similar or identical. For the EBPR samples this is the case, but for
the CPR samples there seem to be differences. This might be related to the change in iron valency.
DNA extraction methods are sensitive to many factors and the presence of different forms of metals
might influence the DNA extraction (Matheson et al., 2009). Since the transformation of Fe(III) to
Fe(II) in the sludge sampled in STP Cologne was quicker and to a larger extent it seems logically
that the detrimental effects on the genetic analyses was larger for the Cologne samples. The
discussion section will therefore focus on the microbial community in both of the sludges at the
start of the anaerobic incubation (t=0 h).
Similar to earlier studies Proteobacteria were the dominant phylum in the activated sludges (Ferrera
and Sánchez, 2016). Table S4 shows the top 20 genera in EBPR and CPR sludge with their
abundances. Half of the top 20 genera in both sludges are common genera that are encountered in
STPs (Lu et al., 2007; Thomsen et al., 2007). Their traits are given in Table S5. The top genera in
EBPR sludge and CPR sludge were similar, however they occurred with different abundances
(Table S4).
IRB can directly reduce Fe(III) to Fe(II) and can carry out other metabolic conversions as well
(Lovley, 2013). Among the genera found in the activated sludge samples, direct iron reduction has
been related to members of genera Rhodoferax, Dechloromonas, Ferribacterium and Aeromonas
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(Cummings et al., 1999; Finneran et al., 2003; Liu et al., 2014; Ventura et al., 2015). Genera
Dechloromonas, Aquabacterium, Leptothrix and Simplicispira are related to Fe(II) oxidation / Fe(III)
reduction (Chang, 2015; Ilbert and Bonnefoy, 2013).

NGS suggests that, compared with EBPR sludge, CPR sludge contained more bacteria from genera
that are related to Fe(II) oxidation / Fe(III) reduction (33.1 vs 17.7%). The higher abundance of iron
metabolising bacteria in CPR sludge could be caused by its higher iron content.

Enumerating genera that were related to iron reduction before (using NGS or qPCR) and assigning
them with average single cell iron reduction rates to estimate the absolute iron reduction rate in the
sludge that is solely carried out by iron reducing microorganisms is too simplistic. Iron reducers are
commonly able to carry out multiple metabolic pathways. Furthermore, this approach does not
account for inactive microorganisms. Other molecular methods (qPCR or FISH), that target on
functional genes are currently not available for iron reducers. Iron reducing organisms are
phylogenetic diverse and iron reduction follows several different pathways (Weber et al., 2006). A
general molecular proxy for iron reduction has not been identified yet (Akob et al., 2012). A
possible approach could be to look at a few specific groups or iron reducers for which molecular
proxies were identified (e.g. Geobacteraceae) and compare their activity with the overall measured
iron reduction rate. Members of the genera Geobacter are often dominating the iron reducing
community but were not found in our samples.
Overall, the iron metabolising community in environmental samples requires more in depth
analyses. Future investigations on different sludges from other STPs should be carried out (on the
metagenomics and if available on functional genes for iron reduction). In which way the iron
reducing microorganisms between the sludge in Leeuwarden and Cologne differ, if the iron
reducing community changes with changing iron content in the sludge and in which way iron
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reducing organisms affect the absolute and specific iron reduction rates in the sludge remains
currently unknown.

4.3 Vivianite is formed in both treatment plants as Fe(III) reduction commences
Phosphate removal is efficient in STP Cologne with effluent levels of 0.33 mg P / L (average in
June 2017) although significant amounts of iron are present as Fe(II) in the surplus/digested sludge
of this plant (Wilfert et al., 2018). It is commonly assumed that Fe(III) is more efficient in retaining
phosphate. This would only be correct if iron phosphate species with a molar Fe:P lower than the
one of vivianite (Fe:P=1.5) form. We could not find indications for strengite formation on a time
scale of STPs (Wilfert et al., 2015). Also iron phosphate adsorption complexes show usually higher
molar Fe:P ratios than vivianite (Gerke, 2010). Accordingly, we observed no substantial phosphate
release despite more than 50% of all Fe(III) was reduced. Phosphate could be retained by Fe(III)
that was still present but at a significant part was retained as vivianite. XRD and Mössbauer
spectroscopy confirmed the presence of vivianite at the end of the incubation in activated sludge
from STP Cologne. Taking the molar Fe:P ratio of this sludge (1.24, Table S3), the molar P:Fe ratio
of vivianite (0.66) and the percentage of iron bound in vivianite (34%, Table 2) into account then
about 30% of all phosphate is bound in vivianite (7% at the start of the experiment). In STP
Leeuwarden, about 8% of all phosphate is bound in vivianite at the beginning of the experiment.
Our data shows that substantial amounts of vivianite can form as a response to Fe(III) reduction and
that this Fe(III) reduction does not necessarily result in net phosphate release. Vivianite has been
identified in wastewater treatment systems with oxygen free stages as an important phosphate
phase. Our data shows that its formation can take already place before the anaerobic digestion
process when oxygen free conditions occur in treatment lines. This explains why considerable
amounts of vivianite have been found in surplus sludge before digestion. Mössbauer measurements
showed that sludge sampled in the aerated tanks of the STPs contained small amounts of vivianite,
indicating that its formation already takes place in the activated sludge systems. This vivianite
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fraction was not detectable by XRD, either because it is highly dispersed vivianite with small
particle size or because its amount was below the detection limit of XRD. How fast oxidation of the
vivianite-like structures in the sludge is has yet to be determined.
Our experiments furthermore show what will happen when sewage sludge is brought to an
anaerobic digester. Here sludge is usually retained for 2-4 weeks under methanogenic conditions
and all Fe(III) should be transformed to Fe(II). Since dissolved phosphate is present vivianite can
form. Thermodynamic calculations indicate that, under conditions that occur in digesters, vivianite
is more stable than most other phosphate minerals (Nriagu, 1972). If enough iron is present in the
sludge, as in the case of the STP Cologne, formation of vivianite during anaerobic digestion is not
hampered by the formation of insoluble iron sulphide compounds FeS x (Wilfert et al., 2015). This
line of reasoning underlines the important role vivianite plays for STPs using iron for CPR. When
vivianite forms, the net phosphate release is non-existent during the anaerobic digestion as long as
sufficient quantities of iron are present to buffer sulfide. In the STP Cologne phosphate
concentrations in digested sludge liquor were only 0.8 mg P/L.
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Figure 5: Conceptual model of vivianite formation in sewage sludge after Fe(III) addition and
subsequent Fe(III) reduction in sludge from a EBPR plant (with low initial Fe(III) content) and from
a CPR plant where Fe(III) is already present.
In both sludges vivianite was formed although different treatment designs are applied. We suggest
that vivianite formation in these STPs differs (Figure 5). In the STP Cologne, most iron bound
phosphate is initially adsorbed to amorphous ferric iron oxides. During the reduction of ferric iron
(phosphate) phases, phosphate is released and re-precipitates with dissolved Fe(II) as vivianite. Not
only dissolved but also adsorbed phosphate contributes to vivianite formation. Because of the very
low solubility of vivianite, adsorbed phosphate binds with Fe(II) to form vivianite. Kinetics and
importance of these two processes have to be established. In EBPR sludge, initially most phosphate
is bound inside PAOs with only little amounts of phosphate adsorbed to ferric iron oxides. While
storing samples under oxygen free conditions, PAOs release phosphate. At the same time Fe(II) is
brought in solution via iron reduction, and vivianite is formed. Besides phosphate, PAOs release
potassium and magnesium. Ammonium levels were increasing in solution from 0.65 to 3.69
mmol/L in the first 20 h and then sharp decreasing to 0.16 mmol/L at 24 h, theoretically struvite
could form in the samples, but XRD could not detect it. Either it was below the detection limit of
XRD or present with small particle size or vivianite formed on expenses of struvite due to a lower
solubility of vivianite (Nriagu, 1972). Since vivianite has a lower solubility than struvite, phosphate
recovery routes that rely on vivianite are more efficient than recovery routes that rely on struvite.
Vivianite based phosphate recovery routes vivianite are under development (Wilfert et al., 2018).

5 Conclusion
Microbial driven iron reduction commences directly after exposing sludge to oxygen free
conditions. The product of iron reduction is vivianite. Vivianite is an important mineral in STPs as it
can contain most of the insoluble phosphate. The formation of vivianite has to be understood to be
able to improve phosphate removal (i.e. using Fe(III) dosing) and to allow phosphate recovery via
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vivianite (e.g. to understand growth mechanisms of vivianite and the influence of bacteria on
vivianite crystallization to grow bigger vivianite particles that can easily be separated from the
sludge). This study shows that biological driven iron reduction plays certainly an important role. In
subsequent studies the role of microorganisms on mechanisms of vivianite formation in STPs and
the re-oxidation kinetics of vivianite in sludge need to be investigated. Phosphate removal can be
improved by understanding the differences in Fe(II)/Fe(III) dosing for phosphate binding. Our study
further indicates that iron dosing changes the microbial population in sewage sludge by
proliferating genera with iron metabolism (iron oxidation /reduction bacteria). Iron plays a crucial
role for modern sewage treatment and is, contrary to common impressions, subject of manifold
chemical changes during the treatment process.

6 Acknowledgement
This work was performed in the TTIW-cooperation framework of Wetsus, European Centre Of
Excellence
the ro ince o
rysl n,

the

City

of

Leeuwarden

and

the

EZ/Kompas

program

of

the

“SamenwerkingsverbandNoord-Nederland”. We thank the participants of the research theme
“Phosphate Recovery” for their financial support and helpful discussions.

Supporting Information. Brief descriptions in nonsentence format listing the contents of the files
supplied as Supporting Information.

7 References
Akob, D.M., Lee, S.H., Sheth, M., Küsel, K., Watson, D.B., Palumbo, A.V., Kostka, J.E., Chin, K.J., 2012. Gene Expression Correlates with Process Rates Quantified for Sulfate- and Fe(III)-

26

Reducing Bacteria in U(VI)-Contaminated Sediments. Frontiers in microbiology 3, 280.
10.3389/fmicb.2012.00280.
Amthauer, G., Rossman, G.R., 1984. Mixed valence of iron in minerals with cation clusters. Physics
and Chemistry of Minerals 11, 37–51. 10.1007/BF00309374.
APHA, AWWA, WEF, 1998. Standard methods for the examination of water and wastewater, 20th
ed. American Public Health Association, Washington, DC, 1 v. (various.
Azam, H.M., Finneran, K.T., 2014. Fe(III) reduction-mediated phosphate removal as vivianite
(Fe3(PO4)2⋅8H2O) in septic system wastewater. Chemosphere 97, 1–9.
10.1016/j.chemosphere.2013.09.032.
Bonneville, S., Behrends, T., van Cappellen, P., 2009. Solubility and dissimilatory reduction kinetics
of iron(III) oxyhydroxides: A linear free energy relationship. Geochimica et Cosmochimica Acta
73, 5273–5282. 10.1016/j.gca.2009.06.006.
Chang, C., 2015. The effects of Fe and S oxidizing microorganisms on post-biostimulation
permeability reduction and oxidatitve processes at the Rifle IFRC site. DOE Subsurface
Biogeochemical Research.
Cheng, X., Chen, B., Cui, Y., Sun, D., Wang, X., 2015. Iron(III) reduction-induced phosphate
precipitation during anaerobic digestion of waste activated sludge. Separation and Purification
Technology 143, 6–11. 10.1016/j.seppur.2015.01.002.
Cheng, X., Wang, J., Chen, B., Wang, Y., Liu, J., Liu, L., 2017. Effectiveness of phosphate removal
during anaerobic digestion of waste activated sludge by dosing iron(III). Journal of
Environmental Management 193, 32–39. 10.1016/j.jenvman.2017.02.009.
Cornell, R.M., Schneider, W., Giovanoli, R., 1989. Phase transformations in the ferrihydrite/cysteine
system. Polyhedron 8, 2829–2836. 10.1016/S0277-5387(00)80544-6.
Cummings, D.E., Caccavo Jr., F., Spring, S., Rosenzweig, R.F., 1999. Ferribacterium limneticum ,
gen. nov., sp. nov., an Fe(III)-reducing microorganism isolated from mining-impacted freshwater
lake sediments. Archives of Microbiology 171, 183–188. 10.1007/s002030050697.

27

Edgar, R.C., Haas, B.J., Clemente, J.C., Quince, C., Knight, R., 2011. UCHIME improves
sensitivity and speed of chimera detection. Bioinformatics 27, 2194–2200.
10.1093/bioinformatics/btr381.
Ferrera, I., Sánchez, O., 2016. Insights into microbial diversity in wastewater treatment systems:
How far have we come? Biotechnology advances 34, 790–802.
10.1016/j.biotechadv.2016.04.003.
Finneran, K.T., Johnsen, C.V., Lovley, D.R., 2003. Rhodoferax ferrireducens sp. nov., a
psychrotolerant, facultatively anaerobic bacterium that oxidizes acetate with the reduction of
Fe(III). International journal of systematic and evolutionary microbiology 53, 669–673.
10.1099/ijs.0.02298-0.
Frossard, E., Bauer, J.P., Lothe, F., 1997. Evidence of vivianite in FeSO4-flocculated sludges. Water
research 31, 2449–2454. 10.1016/S0043-1354(97)00101-2.
Gächter, R., Müller, B., 2003. Why the phosphorus retention of lakes does not necessarily depend
on the oxygen supply to their sediment surface. Limnol. Oceanogr. 48, 929–933.
Gerke, J., 2010. Humic (organic matter)-Al(Fe)-phosphate complexes: An underestimated
phosphate form in soils and source of plant-available phosphate. Soil Science 175, 417–425.
10.1097/SS.0b013e3181f1b4dd.
Ghassemi, M., Recht, H.L., 1971. Phosphate precipitation with ferrous iron. Water Pollution
Control Research Series, 64 pp.
Gil, P.P., Pesquera, A., Velasco, F., 1992. X-ray diffraction, infrared and Mössbauer studies of Ferich carbonates. ejm 4, 521–526. 10.1127/ejm/4/3/0521.
Golterman, H.L., 1995. The role of the ironhydroxide-phosphate-sulphide system in the phosphate
exchange between sediments and overlying water. Hydrobiologia 297, 43–54.
10.1007/BF00033500.
Golterman, H.L., 2001. Phosphate release from anoxic sediments or ‘What did Mortimer really
write?’. Hydrobiologia 450, 99–106. 10.1023/A:1017559903404.

28

Gonser, U., Grant, R.W., 1976. Determination of spin directions and electric fields gradient axes in
vivianite by polarized recoil free y-Rays. Phys. Stat. Sol. 21.
Hacherl, E.L., Kosson, D.S., Cowan, R.M., 2003. A kinetic model for bacterial Fe(III) oxide
reduction in batch cultures. Water Resour. Res. 39, 2811. 10.1029/2002WR001312.
Hvitved-Jacobsen, T., Vollertsen, J., Nielsen, A.H., 2013. Sewer processes: Microbial and chemical
process engineering of sewer networks, 2nd ed. CRC Press, Boca Raton, 1 online resource (xx,
371.
Ilbert, M., Bonnefoy, V., 2013. Insight into the evolution of the iron oxidation pathways. Biochimica
et biophysica acta 1827, 161–175. 10.1016/j.bbabio.2012.10.001.
Ivanov, V.N., Stabinov, V.P., Zhuang, W.Q., Tay, S.T.L., Tay, K.H., 2003. Effect of iron hydroxide on
phosphate removal during anaerobic digestion of activated sludge. Applied Biochemistry and
Microbiology 40, 376–380.
Jardin, N., Pöpel, H.J., 1994. Phosphate release of sludges from enhanced biological P-removal
during digestion. Water Science & Technology 30, 281–292.
Kappler, A., Benz, M., Schink, B., Brune, A., 2004. Electron shuttling via humic acids in microbial
iron(III) reduction in a freshwater sediment. FEMS Microbiology Ecology 47, 85–92.
10.1016/S0168-6496(03)00245-9.
Klencsár, Z., 1997. Mössbauer spectrum analysis by Evolution Algorithm. Nuclear Instruments and
Methods in Physics Research Section B: Beam Interactions with Materials and Atoms 129, 527–
533. 10.1016/S0168-583X(97)00314-5.
Li, W., Godzik, A., 2006. Cd-hit: a fast program for clustering and comparing large sets of protein
or nucleotide sequences. Bioinformatics 22, 1658–1659. 10.1093/bioinformatics/btl158.
Lin, L., Li, R.-h., Li, Y., Xu, J., Li, X.-y., 2017. Recovery of organic carbon and phosphorus from
wastewater by Fe-enhanced primary sedimentation and sludge fermentation. Process
Biochemistry 54, 135–139. 10.1016/j.procbio.2016.12.016.

29

Liu, J., Cheng, X., Qi, X., Li, N., Tian, J., Qiu, B., Xu, K., Qu, D., 2018. Recovery of phosphate
from aqueous solutions via vivianite crystallization: Thermodynamics and influence of pH.
Chemical Engineering Journal 349, 37–46. 10.1016/j.cej.2018.05.064.
Liu, T., Zhang, W., Li, X., Li, F., Shen, W., 2014. Kinetics of Competitive Reduction of Nitrate and
Iron Oxides by HS01. Soil Science Society of America Journal 78, 1903.
10.2136/sssaj2014.04.0164.
Lovley, D.R., 2013. Dissimilatory Fe(III)- and Mn(IV)-reducing prokaryotes, in: Rosenberg, E.,
DeLong, E.F., Lory, S., Stackebrandt, E., Thompson, F. (Eds.), The Prokaryotes. Springer Berlin
Heidelberg, Berlin, Heidelberg, pp. 287–308.
Lovley, D.R., Phillips, E.J.P., Lonergan, D.J., 1991. Enzymic versus nonenzymic mechanisms for
iron(III) reduction in aquatic sediments. Environ. Sci. Technol. 25, 1062–1067.
10.1021/es00018a007.
Lu, J., Yang, J., Xu, K., Hao, J., Li, Y.Y., 2016. Phosphorus release from coprecipitants formed
during orthophosphate removal with Fe(III) salt coagulation: Effects of pH, Eh, temperature and
aging time. Journal of Environmental Chemical Engineering 4, 3322–3329.
10.1016/j.jece.2016.07.005.
Lu, S., Ryu, S.H., Chung, B.S., Chung, Y.R., Park, W., Jeon, C.O., 2007. Simplicispira limi sp. nov.,
isolated from activated sludge. International journal of systematic and evolutionary
microbiology 57, 31–34. 10.1099/ijs.0.64566-0.
Magoč, T., Salzberg, S.L., 2011. FLASH: fast length adjustment of short reads to improve genome
assemblies. Bioinformatics 27, 2957–2963. 10.1093/bioinformatics/btr507.
Mao, Y., Yang, S., Yue, Q., Wang, W., 2016. Theoretical and experimental study of the mechanisms
of phosphate removal in the system containing Fe(III)-ions. Environmental science and pollution
research international 23, 24265–24276. 10.1007/s11356-016-7672-3.
Matheson, C.D., Marion, T.E., Hayter, S., Esau, N., Fratpietro, R., Vernon, K.K., 2009. Technical
note: removal of metal ion inhibition encountered during DNA extraction and amplification of

30

copper-preserved archaeological bone using size exclusion chromatography. American journal
of physical anthropology 140, 384–391. 10.1002/ajpa.21106.
Miot, J., Benzerara, K., Morin, G., Bernard, S., Beyssac, O., Larquet, E., Kappler, A., Guyot, F.,
2009. Transformation of vivianite by anaerobic nitrate-reducing iron-oxidizing bacteria.
Geobiology 7, 373–384. 10.1111/j.1472-4669.2009.00203.x.
Mori, H., Ito, T., 1950. The structure of vivianite and symplesite. Acta Cryst 3, 1–6.
10.1107/S0365110X5000001X.
Nielsen, A.H., Lens, P., Vollertsen, J., Hvitved-Jacobsen, T., 2005. Sulfide–iron interactions in
domestic wastewater from a gravity sewer. Water research 39, 2747–2755.
10.1016/j.watres.2005.04.048.
Nielsen, P.H., 1996. The significance of microbial Fe(III) reduction in the activated sludge process.
Water Science & Technology 34, 129–136. 10.1016/0273-1223(96)00638-5.
Nielsen, P.H., Frolund, B., Spring, S., Caccavo, F., 1997. Microbial Fe(III) Reduction in Activated
Sludge. Systematic and Applied Microbiology 20, 645–651. 10.1016/S0723-2020(97)80037-9.
Nriagu, J.O., 1972. Stability of vivianite and ion-pair formation in the system Fe3(PO4)2H3PO4H3PO4-H2O. Geochimica et Cosmochimica Acta 36, 459–470. 10.1016/00167037(72)90035-X.
Poulton, S.W., Krom, M.D., Raiswell, R., 2004. A revised scheme for the reactivity of iron
(oxyhydr)oxide minerals towards dissolved sulfide. Geochimica et Cosmochimica Acta 68,
3703–3715. 10.1016/j.gca.2004.03.012.
Pyzik, A.J., Sommer, S.E., 1981. Sedimentary iron monosulfides: Kinetics and mechanism of
formation. Geochimica et Cosmochimica Acta 45, 687–698. 10.1016/0016-7037(81)90042-9.
Rasmussen, H., Nielsen, P.H., 1996. Iron reduction in activated sludge measured with different
extraction techniques. Water research 30, 551–558. 10.1016/0043-1354(95)00203-0.
Richter, K., Schicklberger, M., Gescher, J., 2012. Dissimilatory reduction of extracellular electron
acceptors in anaerobic respiration. Applied and Environmental Microbiology 78, 913–921.
10.1128/AEM.06803-11.
31

Roden, E.E., Edmonds, J.W., 1997. Phosphate mobilization in iron-rich anaerobic sediments:
Microbial Fe(III) oxide reduction versus iron-sulfide formation. Archiv für Hydrobiologie 139,
347–378.
Roldan, R., Barron, V., Torrent, J., 2002. Experimental alteration of vivianite to lepidocrocite in a
calcareous medium. clay miner 37, 709–718. 10.1180/0009855023740072.
Rothe, M., Kleeberg, A., Hupfer, M., 2016. The occurrence, identification and environmental
relevance of vivianite in waterlogged soils and aquatic sediments. Earth-Science Reviews 158,
51–64. 10.1016/j.earscirev.2016.04.008.
Rouzies, D., Millet, J.M.M., 1993. Mössbauer study of synthetic oxidized vivianite at room
temperature. Hyperfine Interact. 77, 19–28. 10.1007/BF02320295.
Saunders, A.M., Albertsen, M., Vollertsen, J., Nielsen, P.H., 2016. The activated sludge ecosystem
contains a core community of abundant organisms. The ISME journal 10, 11–20.
10.1038/ismej.2015.117.
Senn, A.C., Kaegi, R., Hug, S.J., Hering, J.G., Mangold, S., Voegelin, A., 2017. Effect of aging on
the structure and phosphate retention of Fe(III)-precipitates formed by Fe(II) oxidation in water.
Geochimica et Cosmochimica Acta 202, 341–360. 10.1016/j.gca.2016.12.033.
Singer, P.C., 1972. Anaerobic control of phosphate by ferrous iron: Anaerobic control of phosphate
by ferrous iron. Journal Water Pollution Control Federation 44, 663.
Smith, S., Takacs, I., Murthy, S., Daigger, G.T., Szabo, A., 2008. Phosphate complexation model
and its implications for chemical phosphorus removal. Water Environ Res 80, 428–438.
Stabinov, V.P., Zhuang, W.Q., Tay, S.T.L., 2005. Phosphate removal from the returned liquor of
municipal wastewater treatment plant using iron-reducing bacteria. Journal of applied
microbiology 98. 10.1111/j.1365-2672.2005.02567.x.
Szabo, A., Takacs, I., Murthy, S., Daigger, G.T., Licskó, I., Smith, S., 2008. Significance of design
and operational variables in chemical phosphorus removal. Water Environ Res 80, 407–416.
10.2175/106143008X268498.

32

Thomas, A.E., 1965. Phosphat-Elimination in der Belebtschlammanlage von Männedorf und
Phosphat-Fixation in See- und Klärschlamm. Vierteljahrschr. Naturforsch. Ges. Zürich 110,
419–434.
Thomsen, T.R., Kong, Y., Nielsen, P.H., 2007. Ecophysiology of abundant denitrifying bacteria in
activated sludge. FEMS Microbiology Ecology 60, 370–382. 10.1111/j.15746941.2007.00309.x.
van den Brand, T.P.H., Roest, K., K., Chen, G. H., Brdjanovic, D., D., van Loosdrecht, M.C.M.,
2015. Occurrence and activity of sulphate reducing bacteria in aerobic activated sludge systems.
World J Microbiol Biotechnol 31, 507–516. 10.1007/s11274-015-1807-4.
Ventura, B.A., González, F., Ballester, A., Blázquez, M.L., Muñoz, J.A., 2015. Bioreduction of iron
compounds by Aeromonas hydrophila. International Biodeterioration & Biodegradation 103,
69–76. 10.1016/j.ibiod.2015.03.034.
Viollier, E., Inglett, P.W., Hunter, K., Roychoudhury, A.N., van Cappellen, P., 2000. The ferrozine
method revisited: Fe(II)/Fe(III) determination in natural waters. Applied Geochemistry 15, 785–
790. 10.1016/S0883-2927(99)00097-9.
Wang, S., An, J., Wan, Y., Du, Q., Wang, X., Cheng, X., Li, N., 2018. Phosphorus Competition in
Bioinduced Vivianite Recovery from Wastewater. Environ. Sci. Technol.
10.1021/acs.est.8b03022.
Weber, K.A., Achenbach, L.A., Coates, J.D., 2006. Microorganisms pumping iron: anaerobic
microbial iron oxidation and reduction. Nature reviews. Microbiology 4, 752–764.
10.1038/nrmicro1490.
WEF, 2011. Nutrient removal. McGraw-Hill; WEF Press, New York, Alexandria, Va.
Wendt von, H., 1973. Die Kinetik typischer Hydrolysereaktionen von mehrwertigen Kationen.
Chimia, 575–588.
Wilfert, P., Korving, L., Dugulan, I., Goubitz, K., Witkamp, G.J., van Loosdrecht, M.C.M., 2018.
Vivianite as the main phosphate mineral in digested sewage sludge and its role for phosphate
recovery. Water Res. 144, 312–321.
33

Wilfert, P., Kumar, P.S., Korving, L., Witkamp, G.J., van Loosdrecht, M.C.M., 2015. The relevance
of phosphorus and iron chemistry to the recovery of phosphorus from wastewater: a review.
Environ. Sci. Technol. 49, 9400–9414. 10.1021/acs.est.5b00150.
Wilfert, P., Mandalidis, A., Dugulan, I., Goubitz, K., Korving, L., Temmink, H., Witkamp, G.J., van
Loosdrecht, M.C.M., 2016. Vivianite as an important iron phosphate precipitate in sewage
treatment plants. Water research 104, 449–460. 10.1016/j.watres.2016.08.032.
Yakubovich, O.V., Massa, W., Liferovich, R.P., McCammon, C.A., 2001. The crystal structure of
barićite,(Mg1.70Fe1.30)(PO4)2x8H2O, the magnesium-dominant member of the vivianite group. The
Canadian Mineralogist 39, 1317–1324.
Zhang, T., Shao, M.F., Ye, L., 2012. 454 pyrosequencing reveals bacterial diversity of activated
sludge from 14 sewage treatment plants. The ISME journal 6, 1137–1147.
10.1038/ismej.2011.188.
Zhang, X., 2012. Factors influencing iron reduction–induced phosphorus precipitation.
Environmental Engineering Science 29, 511–519. 10.1089/ees.2011.0114.

34

Highlights
1. Microbial iron reduction commences as soon as activated sludge becomes anaerobic.
2. The product of iron reduction is the ferrous iron phosphate mineral vivianite.
3. More genera with a metabolism related to iron were found in sludge with higher iron
content.
4. Understanding vivianite formation will improve phosphate removal and recovery.
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