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Chapter 1 

Introduction and summary 

Do neutrophilic Fe(II) oxidizers matter? 

Multiple studies have shown that neutrophilic Fe(II) oxidizers can conserve energy 
from Fe(II) oxidation, however, it is still unclear how they can compete against the 
fast abiotic reaction at neutral pH, or to which extent these bacteria increase the 
overall Fe(II) oxidation rate (Neubauer et al., 2002; Weber et al., 2006). Similar to 
acidophilic Fe(II) oxidizers, neutrophilic oxidizers use Fe(II) as electron source 
(Emerson and Revsbech, 1994 a; Emerson and Moyer, 1997; Benz et al., 1998; 
Edwards et al., 2003 b; Edwards et al., 2004). In contrast to acidophilic Fe(II) 
oxidizers, however, they are challenged by the fast kinetics of the abiotic reaction, 
because Fe(II) oxidation is significantly faster at neutral pH compared to oxidation 
under acidic conditions. Iron(III) oxides are the product of oxidation at neutral pH. 
The formation of these precipitates poses an additional challenge for Fe(II) oxidizers, 
as iron(III) oxides catalyze the abiotic oxidation of Fe(II) (Tamura et al., 1976; Wehrli 
et al., 1989) and may encapsulate the cells (Hallbeck and Pedersen, 1990; Emerson 
and Moyer, 1997; Fortin, 2004; Fernández-Remolar and Knoll, 2008; Emerson et al., 
2010).  

The competition with abiotic Fe(II) oxidation may be attenuated by environmental 
factors other than pH. For example, temperature or oxygen concentration may 
potentially favor microbial Fe(II) oxidation, but the dependence of microbial Fe(II) 
oxidation rates on these factors has not yet been systematically investigated. This 
thesis aims at filling this gap by studying the effect of temperature and oxygen 
concentration on the kinetics and products of microbial Fe(II) oxidation. While the 
experimental work was conducted in the laboratory under controlled conditions, 
with a single strain of iron oxidizing bacteria, an attempt was also made to better 
characterize the relationship between physico-chemical conditions and the 
occurrence of Fe(II) oxidizers in sediments from a freshwater marsh. 
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1.1 Neutrophilic iron oxidizing bacteria 
The ability to oxidize iron is widespread within the domains of Archaea and Bacteria 
and is therefore believed to represent an old metabolism (Konhauser, 1998; Emerson 
et al., 2010). Thanks to the formation of iron oxide encrusted sheaths and stalks by 
some neutrophilic iron oxidizers, these bacteria are easily recognized in many 
different habitats. In fact, the properties of the stalks and sheaths can be used to 
identify specific organisms, for example Leptothrix ochracea (Ferris et al., 2000; 
Emerson and Moyer, 2002; Kennedy et al., 2003; Hanert, 2006; Hashimoto et al., 
2007; Isaacson et al., 2009), and to study their distribution (Emerson and Revsbech, 
1994 a; Emerson and Weiss, 2004; James and Ferris, 2004; Fleming et al., 2011). Fe(II) 
oxidizers have been observed in environments with visible iron oxide accumulation 
like Fe(II)-seeps or hot springs, in the deep sea (hydrothermal vents and seamounts), 
aquifers and also in engineered environments such as water wells and water 
distribution systems (Ralph and Stevenson, 1995; Søgaard et al., 2001; Emerson and 
Moyer, 2002; James and Ferris, 2004). Additionally, they are found in locations with 
dynamic redox-cycling of iron, for example wetland soils, rice paddies and the 
rhizosphere (St-Cyr and Campbell, 1996; Emerson et al., 1999; Zhang et al., 1999; 
Weiss et al., 2005). In these habitats, neutrophilic Fe(II) oxidizers are typically 
observed at the oxic-anoxic boundary where low oxygen concentrations prevail. This 
observation inspired the idea that neutrophilic Fe(II) oxidizers require low oxygen 
concentrations to flourish.  

Most of the currently known neutrophilic Fe(II) oxidizing bacteria are related to 
the genera Gallionella and Leptothrix of the beta-proteobacteria class. A newly 
discovered marine Fe(II) oxidizer, the Mariprofundus strain, represents the first 
member of the zeta-proteobacteria (Chan et al., 2010; Emerson et al., 2010). 
However, many iron oxidizers remain unknown as they cannot be isolated and 
enriched by available cultivation techniques. The recent discovery of several 
chemolithotrophic iron oxidizers was only made possible following the development 
of the opposing gradients cultivation method (Kucera and Wolfe, 1957; Sobolev and 
Roden, 2001; Emerson et al., 2010). With this method, new Gallionella-related strains 
have been isolated and their phylogenetic similarity has been investigated (Emerson 
and Moyer, 1997; Emerson and Moyer, 2002; Neubauer et al., 2002; Edwards et al., 
2003 b; Sobolev and Roden, 2004; Emerson et al., 2007; Weiss et al., 2007; Wang, 
2011). The isolates obtained with this technique have also allowed to design 
molecular probes to study, for the first time, the diversity of neutrophilic Fe(II) 
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oxidizers in natural environments (Heinzel et al., 2009; Wang et al., 2009). We used 
probes for Gallionella-like iron oxidizers to delineate the environmental conditions 
affecting the diversity and distribution of these bacteria in wetland sediments 
(chapter 2), thus combining molecular tools with geochemical measurements.  

1.2 Mechanisms and rates of microbial Fe(II) oxidation 
Many questions about the mechanisms of microbial Fe(II) oxidation are still open: 
How do the bacteria oxidize iron?, What enzymes are involved?, How are the 
electrons transported? and How is the energy conserved? For Leptothrix, it has been 
shown that Fe(II) oxidation is enzymatically mediated (De Vrind-de Jong et al., 1990; 
Corstjens et al., 1992). Leptothrix oxidizes Fe(II) and Mn(II) with different enzymes 
but these are excreted via the same pathway (De Vrind-de Jong et al., 1990; Corstjens 
et al., 1992). In analogy to acidophilic Fe(II) oxidation, the oxidation of Fe(II) probably 
takes place at the outer membrane of the cell or, for Gram-negative bacteria, in the 
periplasmic space (Emerson et al., 2010). Most likely a cytochrome oxidizes Fe(II) and 
different proteins shuttle the electron to the cytoplasmic membrane, where the 
electrons are transferred to oxygen and the generated energy is used to synthesize 
ATP. However, it is not clear if all iron oxidizing organisms transfer the electrons to 
the cytoplasmic membrane, as it was shown that Leptothrix can release the iron 
oxidizing factor into the solution surrounding the cell (De Vrind-de Jong et al., 1990; 
Corstjens et al., 1992). Additionally, Chan et al. (2004) propose that the extracellular 
iron oxide formation enhances energy generation, as the protons released by iron 
oxide precipitation further increase the pH gradient and with it the proton motive 
force.  

The kinetics of abiotic iron oxidation at neutral pH pose a challenge for Fe(II) 
oxidizers, as Fe(II) is rapidly oxidized under neutral pH conditions and high oxygen 
concentrations (Stumm and Lee, 1961; Stumm and Morgan, 1995). With increasing 
pH, the half life of Fe(II) decreases rapidly in the presence of O2. An increase in pH by 
one unit results in 100-times higher rates (for pH ≥ 5). This pH dependency can be 
explained by the formation of aqueous Fe(II)-hydroxide complexes with higher 
reactivity compared to the free metal ions. Additionally, the iron oxides produced by 
Fe(II) oxidation at neutral pH further increase the rates by catalyzing the reaction 
(Tamura et al., 1976; Wehrli et al., 1989). The catalytic effect is explained by Fe(II) 
adsorption onto the iron oxide surfaces leading to the formation of reactive Fe(II) 
surface species, which increase the rate in a similar manner as the aqueous Fe(II) 
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hydroxide complexes (Wehrli et al., 1989; Stumm, 1992). Despite the fast abiotic 
oxidation, a net rate increase in the presence of neutrophilic Fe(II) oxidizers has been 
observed in several studies (Kasama and Murakami, 2001; Neubauer et al., 2002; 
Edwards et al., 2004; James and Ferris, 2004; Neubauer et al., 2007; Druschel et al., 
2008). In these studies, it is assumed that abiotic and microbial oxidation rates are 
additive. The microbial contribution to net Fe(II) oxidation is then calculated by 
subtracting the rates measured in experiments with inactivated cells from those with 
active Fe(II) oxidizers. Microbial contributions obtained in this manner in mesocosms 
or pure cultures range from 20-75% (Emerson and Revsbech, 1994 b; Søgaard et al., 
2000; Sobolev and Roden, 2001; Neubauer et al., 2002; James and Ferris, 2004; 
Neubauer et al., 2007; Rentz et al., 2007; Druschel et al., 2008). 

Although the available information suggest that under certain conditions 
neutrophilic Fe(II) oxidizers are able to compete with the abiotic reaction, a detailed 
knowledge about the kinetics of microbial Fe(II) oxidation at neutral pH is still missing 
(Neubauer et al., 2007; Druschel et al., 2008). This knowledge would allow us to 
delineate conditions that favor microbial Fe(II) oxidation in nature. Several 
environmental studies have shown that Fe(II) oxidizers are typically present in 
habitats with low oxygen concentrations (Lütters-Czekalla, 1990; Emerson and 
Revsbech, 1994 a; Søgaard et al., 2000; Neubauer et al., 2002; James and Ferris, 
2004; Roden et al., 2004; Weiss et al., 2005; Druschel et al., 2008; Isaacson et al., 
2009). Therefore, low oxygen concentrations are now believed to be a prerequisite 
for iron oxidizing bacteria to thrive in neutral pH environments. Druschel et al. (2008) 
investigated Fe(II) oxidation at variable oxygen concentrations for the Gallionella-
related bacteria Sideroxydans lithotrophicus. These authors found the highest 
microbial contributions to the overall oxidation rate at oxygen concentrations below 
50 µmol O2/l. However, so far, no rate law has been reported explicitly describing the 
functional dependency of microbial Fe(II) oxidation on the O2 concentration at 
neutral pH. Furthermore, the role of other environmental factors, in particular 
temperature, has not been investigated, according to our knowledge. Therefore, in 
this project, a batch reactor system was developed to determine microbial Fe(II) 
oxidation rates under well-defined pH, oxygen and temperature conditions (Chapter 
5). The Fe(II) oxidation rates by the isolated Leptothrix cholodnii Appels strain was 
studied to establish rate laws describing the effect of oxygen and temperature on the 
oxidation kinetics (Chapter 3 & 4).  
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1.3 Microbial iron oxides  
One problem of Fe(II) oxidizers is that they may get entombed inside the oxides 
produced while oxidizing Fe(II). Gallionella and Leptothrix strains avoid oxide 
encrustation by forming stalks or sheaths on which the oxides precipitate (Hallbeck 
and Pedersen, 1990; Emerson and Moyer, 2002; Hallberg and Ferris, 2004; Kappler 
and Straub, 2005; Emerson et al., 2010). For both oxidizers, it was also shown that 
EPS substances at the cell surface are able to initiate the nucleation of iron oxides 
and influence their growth (Banfield et al., 2000; Kennedy et al., 2004; Chan et al., 
2009; Chan et al., 2010). In other words, the bacteria appear to have the ability to 
control the location, the growth and size of the iron oxides. However, it remains 
unknown how other iron oxidizers deal with entombment, although it has been 
suggested that the bacteria may release substances to prevent precipitation on the 
cell surface, or to chelate Fe(III) and cause precipitation at some distance from the 
cells (Sobolev and Roden, 2001; Miot et al., 2009). The various ways in which iron 
oxidizing bacteria control the precipitation of iron oxides may also impart 
characteristics to the mineral products that differ from precipitates formed in the 
absence of bacteria. These characteristics may include size, morphology, and 
structure of the iron oxides. Differences in microbially and abiotically formed iron 
oxides have implications for their capability to adsorb nutrients or contaminants, and 
for the availability of the oxides for microbial reduction. 

The bioavailability for reduction and the sorption behavior of iron oxides vary 
greatly. Generally, the availability for reduction is influenced by the crystallinity of 
the iron oxides (Munch and Ottow, 1980; Lovely and Phillips, 1986; Lovley, 2000; 
Weiss et al., 2004). Amorphous iron oxides are more prone to reduction than 
crystalline oxides. Additionally, the reduction rate is controlled by the solubility of the 
iron oxides (Bonneville et al., 2009). Experimental evidence shows that dissimilatory 
Fe(III) reducing bacteria grow more rapidly on microbially produced iron oxides than 
on synthetic ones (Emerson, 2009). The nature of the oxides also influences the 
characteristics of the reduction products (Koretsky et al., 2003; Emerson, 2009). 
Emerson (2009), for instance, showed that reduction of synthetic ferrihydrite yields 
magnetic products, while the reduction of microbial oxides does not. In comparison 
to abiotic oxides, microbial oxides have been reported to have a higher sorption 
affinity for rare earth elements and trace metals e.g. Cr and Mn (Ferris et al., 2000; 
Anderson and Pedersen, 2003). Hence, the microbial influence on iron oxide 



Chapter 1 
 

6 

formation may also affect the environmental behavior of the Fe(II) oxidation 
products.  

Generally, microbial oxides tend to be small (St-Cyr et al., 1993; Banfield et al., 
2000; Fortin and Langley, 2005; Chan et al., 2009; Chan et al., 2010) and contain 
more impurities, for example Si and Al, compared to abiotic oxides (Fortin et al., 
1993; St-Cyr et al., 1993; Konhauser, 1998; Châtellier et al., 2001; Frankel and 
Bazylinski, 2003; Fortin and Langley, 2005). Most microbial iron oxides have been 
described as amorphous iron phases, commonly identified as ferrihydrite (Jambor 
and Dutrizac, 1998; Kasama and Murakami, 2001; Kennedy et al., 2003; James and 
Ferris, 2004; Emerson et al., 2010). Nevertheless, lepidocrocite (St-Cyr et al., 1993; 
Châtellier et al., 2001; Isaacson et al., 2009) and occasionally goethite (Hallberg and 
Ferris, 2004; Isaacson et al., 2009) and akagenite (Chan et al., 2004; Chan et al., 2009) 
have been found associated with the cells of Fe(II) oxidizers. The precipitation is 
suggested to happen on the cell surface or within the EPS-layer (Fortin et al., 1997; 
Châtellier et al., 2001; Châtellier et al., 2004). The precipitation can be influenced by 
the pH-micro-environment the bacteria can create around the cells (Ehrlich, 1998; 
Ehrlich, 2002). In order to assess the influence of the bacteria on the oxide 
characteristics, the abiotic and microbial oxides produced in our batch experiments 
were compared using a combination of methods, including FTIR- and Mössbauer 
spectroscopy, XRD and SEM images (Chapter 4).  

1.4 Outline of the thesis 
Chapter 2: While neutrophilic Fe(II) oxidizers are known to take part in the iron cycle, 
the composition and ecology of neutrophilic Fe(II) oxidizer communities remain 
poorly understood. In this study, we investigate Gallionella-like communities and 
their link to physical-geochemical properties to define environmental factors 
influencing the diversity and distribution of Fe(II) oxidizers in freshwater wetland 
sediments from Belgium. The highest abundance and diversity of the Gallionella-like 
Fe(II) oxidizers was observed in the upper 5 - 12 cm sediment layers and during 
spring (April). Coincidently, at this time the highest concentrations of extractable 
Fe(III) were also detected. Diversity and abundance of the oxidizers decreased in 
deeper sediment layers, as well as in the samples collected in summer and fall. 
During summer and fall also iron oxides were less abundant in the sediments, 
implying that Fe(III) reduction exceeded Fe(II) oxidation. Changes in temporal and 
spatial occurrence of the Fe(II) oxidizers is possibly related to temperature changes 
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and to differences in oxygen supply. In the deeper layers of the sediments, oxygen is 
replenished by root leakage and macrofaunal activity. Nonetheless, no simple 
relationship between the geochemistry and occurrence of Fe(II) oxidizers could be 
deduced from the analysis of the data. 

Chapter 3: Previous studies have indicated that low oxygen concentrations favor 
Fe(II) oxidation by neutrophilic Fe(II) oxidizers. At low oxygen concentrations, abiotic 
Fe(II) oxidation rates are low, which provides a window of opportunity for Fe(II) 
oxidizers to compete with the abiotic reaction. In order to elucidate the rate 
dependency on oxygen, Fe(II) oxidation in the presence of Leptothrix cholodnii Appels 
was studied and compared to abiotic experiments. In experiments with (~108 
cells/ml) and without cells, Fe(II) oxidation proceeded in two distinct phases. During 
the initial phase, the oxygen dependency of abiotic and microbial Fe(II) oxidation was 
different. Microbial Fe(II) oxidation followed Michaelis-Menten kinetics, while abiotic 
oxidation depended linearly on the oxygen concentration. During the initial phase, 
Fe(II) oxidation by L. Appels was faster than in the abiotic experiments. However, 
during the second phase, the accumulated iron oxides catalyze Fe(II) oxidation so 
that abiotic oxidation became dominant, also when bacteria were present. During 
the second phase of some experiments with L. Appels, Fe(II) oxidation proceeded 
even slower than in abiotic experiments, possibly due to inhibition by extracellular 
polymeric substances. Overall, low oxygen concentrations favor oxidation by 
Leptothrix during the initial phase, but the autocatalytic Fe(II) oxidation limits the 
advantage of the bacteria unless iron oxide accumulation is avoided e.g. by a close 
coupling of Fe(II) oxidation with Fe(III) reduction.  

Chapter 4: Temperature influences the rates of Fe(II) oxidation and the 
characteristics of the mineral reaction products. Temperature therefore may be an 
important factor controlling the competition between abiotic and microbial oxidation 
at neutral pH. Here, we investigated rates and mineral products of Fe(II) oxidation by 
Leptothrix cholodnii Appels and compare them to abiotic oxidation, in the 
temperature range 11 - 37°C and at 12 - 13 µmol O2/l. Similar to the previous study 
described in Chapter 3, we observed two distinct phases in the oxidation reaction. 
The temperature dependency of the abiotic oxidation was described by the Arrhenius 
equation, while the microbial Fe(II) oxidation exhibited a temperature optimum at 
30 - 37°C during the initial phase. During the second phase, however, the 
temperature dependency of the microbial oxidation rates was similar to that of the 
abiotic reaction. The optimum temperature curve indicates that microbial Fe(II) 
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oxidation is enzymatically-mediated during the initial phase of the experiments. 
Upon accumulation of oxides, autocatalysis becomes dominant also in the presence 
of the bacteria, so that the temperature dependency of Fe(II) oxidation is similar in 
the second phase of abiotic and microbial experiments. The precipitates in both, 
abiotic and microbial experiments were lepidocrocite and ferrihydrite. The microbial 
oxides, however, display characteristic signatures of their origin. The differences 
between microbial and abiotic oxides were smaller at elevated temperatures, where 
more ferrihydrite precipitated. Abiotic precipitates contained small, amorphous 
oxides and larger particles. Compared to the heterogeneous abiotic products, 
microbial oxides were smaller and better ordered. Hence, the presence of the 
bacteria changes the characteristics of the oxides, in addition to physical-chemical 
conditions such as temperature. And, due to different dependencies, temperature 
can influence the microbial contribution to the overall Fe(II) oxidation. 

Chapter 5: In order to study the kinetics of microbial Fe(II) oxidation under 
systematically manipulated conditions, a batch reactor system was developed. 
Controlling the pH and O2 concentration during the oxidation of Fe(II) can be 
challenging because the reaction produces protons and consumes O2. This chapter 
describes the optimization of the batch system. To optimize the system the effects of 
unstable pH and oxygen concentrations on the determined Fe(II) oxidation rates 
were evaluated. When Fe(II) oxidation rates were low, fairly stable pH and O2 
concentrations were maintained. At high oxidation rates, in particular when the 
temperature was high, the fluctuations of pH and O2 concentration increased. At 
37°C, the Fe(II) oxidation rate varied up 10 % and 30 % due to unstable pH and O2 
concentration, respectively. Hence, extra measures were required to improve the 
stability of pH and O2 concentration. The stability of the pH was improved by using an 
acid-free Fe(II) stock solution and by adjusting the NaOH concentration and base 
addition rates of the automatic titration device. For O2, a new gas inlet was 
developed and the gas flux was manually adjusted at the beginning of the reaction. 
Our results demonstrate that monitoring the pH and O2 concentrations during the 
reaction is essential to evaluate the quality of the determined rates. 
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ABSTRACT 

Microbial iron oxidation is an integral part of the iron redox cycle in wetlands, 
Nonetheless, relatively little is known about the composition and ecology of iron 
oxidizing communities in soils and sediments of wetlands. In this study, sediment 
cores were collected across a freshwater tidal marsh to characterize the iron-
oxidizing bacteria (FeOB) and link their distributions to geochemical properties of the 
sediments. We applied recently designed 16S rRNA primers targeting Gallionella-
related FeOB using a nested PCR-DGGE approach, combined with a novel 
quantitative PCR (qPCR) assay. The presence of Gallionella-related FeOB was 
detected in most of the samples. The diversity and abundance of the putative FeOB 
were generally higher in the upper 5-12 cm of sediment compared to deeper 
sediment, and higher in samples collected in April compared to July and October. 
Oxygen supply macrofauna appears to be a major forcing controlling the spatial and 
temporal variations in FeOB communities. The higher abundance of Gallionella-
related FeOB in April coincided with elevated concentrations of extractable Fe(III) in 
the sediments. Despite this coincidence, the distributions of FeOB did not exhibit a 
simple relationship to the redox-zonation inferred from the geochemical depth 
profiles.  



Chapter 2 
 

16 

2.1 INTRODUCTION 

A characteristic of wetland soils and sediments is the close juxtaposition of oxic and 
anoxic conditions that enable intense cycling of carbon, nutrients and metals (Roden 
and Wetzel, 1996). The elemental redox cycles are driven by O2 entering the anoxic 
zone, not only at the sediment surface, but also at greater depths due to O2 input via 
aerenchymatous roots of wetland plants and macrofaunal burrows (Armstrong, 
1964; Doyle and Otte, 1997; Koretsky et al., 2005). Redox conditions in wetland soils 
and sediments are highly dynamic, because of variations in primary productivity, tidal 
forcing, temperature, sediment deposition and groundwater inputs, among others. 

As the most abundant transition metal at the Earth’s surface, iron (Fe) plays a 
particularly important role in environmental biogeochemistry (Weber et al., 2006; 
Borch et al., 2010). Microorganisms can both oxidize and reduce iron. Microbial iron 
reduction has received abundant attention from both microbiologists and 
biogeochemists (Lovely et al., 1991; Bonneville et al., 2009). Most work on microbial 
iron oxidation has focused on acid environments where competing abiotic oxidation 
of Fe(II) tends to be negligible (Baker and Banfield, 2003; Tan et al., 2009). Mounting 
evidence, however, indicates that specialized bacteria are able to oxidize iron under 
circum-neutral pH conditions at oxic to anoxic boundaries, where low O2 
concentrations slow down the chemical oxidation of Fe(II) (Emerson and Moyer, 
1997; Sobolev and Roden, 2001). Gallionella ferruginea was among the first iron-
oxidizing bacteria isolated from this type of environment (Vatter and Wolfe, 1956; 
Hallbeck and Pedersen, 1990; Wang et al., 2009). More recently, Fe-oxidizing bacteria 
(FeOB) have been detected in various wetland environments (Emerson and Moyer, 
1997; Sobolev and Roden, 2004; Weiss et al., 2004; Weiss et al., 2007). A number of 
isolates have been obtained directly from the rhizosphere of wetland plants (Sobolev 
and Roden, 2004; Weiss et al., 2007).  

It is becoming increasingly evident that FeOB are ubiquitous in wetland soils and 
sediments where they play a major role in the oxidative part of the iron cycle. 
Nonetheless, our knowledge concerning the distribution and environmental role of 
neutrophilic iron oxidizers remains rather poor, in part due to the lack of efficient 
molecular tools to detect FeOB. In a previous study we designed and applied specific 
primers targeting the 16S rRNA gene of Gallionella-like iron-oxidizing bacteria and 
revealed a much higher diversity in wetlands soils than previously known (Wang et 
al., 2009). The aim of the present study was to delineate the environmental factors, 
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including the presence of plants as well as pore water and solid phase geochemistry 
that influence the distribution and diversity of FeOB in a tidal freshwater marsh.  

2.2 MATERIALS AND METHODS 

2.2.1 Site description and sampling 
Sediments were sampled in a tidal freshwater marsh located in the vicinity of the 
village of Appels, Belgium (5° 55′ E, 48° 46′ N), 127 km upstream of the mouth of the 
Scheldt estuary. The upper marsh is flooded only during exceptionally high tides and 
is vegetated by willow trees (Salix alba), while the lower mudflat is vegetated by 
bulrush (Scirpus lacustris) and common reed (Phragmites australis), and is flooded 
twice a day. In between upper and lower marsh vegetation consists mainly of cattail 
(Typha latifolia). Sediment cores were collected in April (A), July (J) and October (O) 
2007 from 3-5 locations within the marsh. The sampling locations were characterized 
by the absence of vegetation (No), or by the presence of S. lacustris (Sc), P. australis 
(Ph), T. latifolia (Ty) or S. alba (Sa), respectively. Previous work has shown intense 
redox cycling of iron in sediments collected in the marsh (Hyacinthe et al., 2006; Lin 
et al., 2007). 

In April all five locations were sampled using Perspex (acrylic glass) tubes with a 
diameter of 7.6 cm and length of 35 cm. The tubes were closed at the top with a 
rubber stoppers and at the bottom with discs tightly fitting into the tubes. Before 
slicing the cores the rubber stopper was removed. Then the sediment was 
incrementally pushed upwards by moving the disc and cut at the top of the tube. 
Cores for iron extractions were sectioned in the field, those for pore water 
measurement were processed in the laboratory under argon atmosphere. During 
transport cores and samples were kept at 4°C in the dark until processing to minimize 
chemical changes after sampling (Thomson et al., 1980; Rapin et al., 1986; Förstner, 
2004). In July and October, three locations were sampled, including a non-vegetated 
(No), as well as the Scirpus (Sc), and Phragmites (Ph) sites. The cores were processed 
in a glove box within two days after sampling. Each core was cut in intervals of 1 cm 
from 0 to 10 cm and in steps of 2 cm until the bottom of the core. Samples for iron 
extraction were stored under an argon atmosphere and samples for molecular 
analysis were freeze-dried.  

2.2.2 Pore water and sediment analysis 
Pore water was obtained by centrifugation. The supernatant was filtered (0.2 µm 
nylon filter) and the pH was measured. An aliquot of pore water was used to 
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measure alkalinity spectrophotometrically with bromophenol blue (Sarazin et al., 
1999). The remaining pore water was acidified with concentrated HCl (10 µl/ml) for 
subsequent chemical analyses by inductively coupled plasma optical emission 
spectroscopy (ICP-OES) and ion chromatography.  

A modified method of Lovley and Phillips (1987) was used to determine Fe(II) and 
Fe(III) in amorphous or poorly crystalline iron phases. These phases include 
amorphous Fe(III) (hydr)oxide, ferrihydrite, schwertmannite, siderite, vivianite and 
amorphous FeS, which are completely extracted (Lovley and Phillips, 1987; Wallmann 
et al., 1993). Aliquots of 0.1-0.2 g wet sediment were added in a glove box to 0.5 
mol/l HCl to extract Fe(II) and to 0.5 mol/l HCl plus 0.25 mol/l hydroxyl ammonium 
chloride to extract Fe(II) and Fe(III). Suspensions were shaken for an hour and the 
extract was subsequently separated from the sediment by centrifugation. Iron 
concentrations were determined spectrophotometrically with Ferrozine at 562 nm 
using standards of Fe(NH4)2(SO4)2 × 6 H2O in 0.5 mol/l HCl. Extractable Fe(III) was 
calculated as the difference of the HCl (i.e. Fe(II)) and HCl plus hydroxyl ammonium 
(i.e. Fe(II) plus Fe(III)) extracts. Extractions were done in triplicate or duplicate. 

Water content (weight loss at 105°C) and organic matter content (weight loss 
between 105°C and 550°C) were determined by thermogravimetric analysis (TGA). 
Elemental concentrations of the solid fraction were measured by X-ray fluorescence 
(XRF). Extractable Fe(II) and Fe(III) were expressed as percentages of the total XRF 
iron concentrations. 

2.2.3 DNA extraction and PCR-DGGE 
DNA was extracted with a modification of Zhou’s DNA isolation procedure (Zhou et 
al., 1996). Purification of DNA was done using the DNA Clean & Concentrator™ kit 
(Zymo Research). The quantity and quality of the extracted DNA was analyzed by 
spectrophotometry using a NanoDrop ND-1000 TM (Nano-Drop Technologies, 
Wilmington, DE, USA) and by agarose gel electrophoresis. The genomic DNA was 
stored at -20°C for future use.  

In the nested PCR-DGGE approach 16S rRNA genes were first amplified using the 
newly designed specific Gallionella-specific primer set 122F/998R (Wang et al., 2009) 
followed by a nested PCR using the primer set 357F+GC907R specific for bacteria in 
general. One µL of a 50 ng/µl soil DNA template was used for a 50 µl PCR reaction 
volume for each sample. The final PCR products were separated by DGGE and the 
representative bands were excised and sequenced (Muyzer et al., 1993).  
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2.2.4 Quantitative PCR 
qPCR primers targeting the 16s rRNA gene of iron-oxidizing bacteria were designed 
based on known specific primers and probes developed for Gallionella-related 
bacteria. The primer set includes a degenerate forward primer 628F 
(GBMAGGCTAGAGTGTAGC) and a reverse primer 998R, which has previously been 
used in conventional PCR (Wang et al., 2009). Primers were then compared via a 
BLAST search, and against the RDP II and ARB databases using the Probe Match 
function (Ludwig et al., 2004; Cole et al., 2005) to ascertain primer specificity. The 
primer pairs were also analyzed for dimer formation using Primer Premier 
(http://www.premierbiosoft.com).  

A conventional gradient PCR (55-67°C) was performed to test the specificity and 
to optimize the annealing temperature. The PCR conditions were: 1 cycle at 95°C for 
4 min and 40 cycles of 94°C for 45 s, 55-67°C for 20 s, 72°C for 45 s, and 1 cycle at 
72°C for 5 min. The PCR products were checked on a 1 % agarose gel in 0.5×TBE 
buffer. Based on the position and intensity of the bands, a temperature of 56°C was 
chosen as annealing temperature.  

The real-time detection was performed in a 25 µl reaction volume containing 2.5 
µl DNA and 22.5 µl SYBR® Green PCR Master Mix (Invitrogen); 5 pmol/l primers and 
10 ng/l purified environmental DNA were used. PCR was run in 45 cycles, with 1 cycle 
consisting of denaturation at 95°C for 20 s, annealing at 56°C for 20 s and extension 
at 72°C for 45 s. Data acquisition was done at 82 °C for 10 s, to avoid signals from 
primer dimer formation. Samples were only regarded as being above the detection 
limit when a PCR product of the correct size was obtained on agarose gel after 
completing a qPCR run. Each sample was run in duplicate.  

Clone MWE_N34, which was used to design the primers, served as a positive 
control to generate standard curves. The dilution series were made to construct a 
standard regression line by plotting the cycle threshold (Ct) values versus the 
logarithm of the starting DNA concentration. Negative controls consisted of clones 
selected from a clone library described previously (Wang et al., 2009) (MWE_N10, 
MWE_C10, MWE_C7, MWE_C36, MWE_N19, MWE_C15, MWE_N10) that are 
distantly related to the target sequences. Plasmid DNA of the clones was amplified 
using M13 primers (Huey and Hall, 1989), purified and diluted to serial 
concentrations in duplicates. The DNA copy number of iron-oxidizing bacteria in each 
sample was estimated by comparing the Ct value of each sample to the Ct values of 
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the standard regression line. qPCR amplification products were analyzed by 
electrophoresis in an agarose gel in 0.5×TBE buffer to check for the specificity of the 
amplification. Sequences were aligned and phylogenetic trees were reconstructed 
with ARB (Ludwig et al., 2004; Pruesse et al., 2007), using the neighbor joining 
algorithm (http://www.arb-home.de/). 

2.2.5 Data analysis 
DGGE gels were analyzed using the Phoretix gel analysis software (Phoretix 
International, City, UK). The number of bands of each lane was defined and a matrix 
of band intensity was created. Lanes were created manually, with a fixed width of 
5 % of the standard lane width. Each lane represents one sample. Background noise 
was subtracted by using the Rolling Ball algorithm with a radius of 50 pixels. Bands 
were detected automatically with a minimum slope of 100 and a noise reduction of 
4. The bands were then assessed and corrected visually, matched to the reference 
lane (Markers), and quantified. The relative abundance of each band was defined as 
the intensity ratio of each band to the total intensity of individual lanes of each 
sample. 

A similarity matrix (Bray-Curtis coefficient) was created to assess the similarity in 
patterns among sites and sampling times. The data were ordinated by a Non-metric 
Multidimensional Scaling (NMDS, 10 restarts) and Cluster analyses with the PRIMER 
software (version 5.2.6, PRIMER-E Ltd, Plymouth, UK). With the one-way ANOSIM 
method (analysis of similarities, 999 permutations) the differences among the 
samples were evaluated. Note that the stability index R describes the extent of 
similarity between each pair in the ANOSIM, with values close to unity indicating that 
the two groups are entirely separate and a zero value indicating that there is no 
difference between the groups.  

To correlate environmental variables to community composition of iron-oxidizing 
bacteria, the BVSTEP (Clarke and Warwick, 1998) procedure was used (Bray-Curtis 
similarity coefficient, Spearman rank correlation method, Rho > 0.95, delta 
Rho < 0.001). A similarity matrix was first generated for both biological and 
environmental data, upon which a pair wise rank correlation was executed. 
Moreover, a correlation matrix of the biological and environmental dataset was 
created (Statistica 9, StatSoft, Inc., Tulsa, USA) to check for possible correlations 
between different variables.  
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2.3 RESULTS 

2.3.1 Sediment and pore water characteristics 
The sediments of the tidal marsh were organic-rich, with organic matter 
concentrations up to 10 % (w/w). Sediment porosity generally decreased with depth 
(Fig. 1). The porosity gradients, however, were irregular with local minima and 
maxima, reflecting variations in sediment texture. The local porosity minima 
correlated with higher solid-phase silicon concentrations (Fig. 1), indicating the 
presence of coarser, sandy sediment layers. Pore water pH was around 7.5 and did 
not vary systematically with depth, location or sampling time. In April, when new 
roots were not well developed yet and the belowground biomass was mainly 
composed of decaying old roots, orange-brown coatings were visually observed 
around burrow tubes down to a depth of 12 cm below the sediment surface.  

Pore water profiles indicated ongoing Fe(III) and SO4
2- reduction in all the 

sediments (Fig. 1). Build-up of dissolved Fe(II) was typically already detected in the 
topmost sediment layers. Pore water sulfate gradients implied sulfate reduction in 
the upper 5 to 20 cm of the sediments. High pore water alkalinities (5.7 - 15.7 meq/l) 
were consistent with a dominance of anaerobic respiration processes. The presence 
and type of vegetation had a marked influence on the pore water profiles. The 
steepest pore water gradients were observed at the non-vegetated location. At the 
location with Scirpus vegetation, the NH4

+ concentrations were 15 - 20-times lower 
than at the non-vegetated location. The July and October sulfate profiles exhibited a 
subsurface maximum at the two vegetated locations. Such a subsurface maximum 
was not detected at the non-vegetated location.  

Extracted iron from amorphous and poorly crystalline phases was mainly present 
as Fe(II) (Fig. 2). Extractable Fe(III) was only detected in April. Note that measurable 
Fe(III) concentrations were observed down to the bottom of the cores collected in 
April. The highest extractable Fe(III) concentrations were found at the non-vegetated 
location. Comparison of the concentrations of extracted iron and total iron as 
measured by XRF implied different iron reactivities at the three locations. At the 
Phragmites location, 80 - 100 % of total iron was extractable below 11 cm depth. At 
the non-vegetated and Scirpus locations only around 30% total iron was extractable 
(data not shown). 
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Fig. 1 Examples of vertical profiles of pore water dissolved iron, sulfate and ammonium, porosity and 
solid-phase silicon collected in April, July and October. The upper, middle and lower panels 
correspond to the non-vegetated, Scirpus lacustris and Phragmites australis sites, respectively. 
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Fig. 2 Depth distributions of total, ferric and ferrous extractable iron at the different locations 
sampled in April and July (ANo: April, non-vegetated; JNo: July, non-vegetated; ASc: April; Scirpus 
lacustris; JPh: July; Phragmites australis). Fetot is the total concentration of extractable iron: 
Fetot=Fe(II)+Fe(III). Error bars correspond to the standard deviations of measured Fetot and Fe(II) 
concentrations in replicate extractions. For the sake of clarity, error bars for the calculated Fe(III) 
concentrations are not shown. 

2.3.2 FeOB abundance 
In none of the soils samples collected in July and October and only in about half the 
samples from April DNA from Gallionella-related iron-oxidizing bacteria was detected 
by qPCR (Fig. 3). The total number of 16S rRNA gene copies of iron-oxidizing bacteria 
from other sampling times i.e. July and October, were below the detection limit, and 
thus not shown. The copy numbers ranged from 3.2 × 101 to 7.87 × 105, with a 
detection limit of 10 copy numbers. The highest copy number was found in the 
surface layer (0-1 cm) of sediment from the Phragmites site in April, though it was 
only one of the two samples that gave products for this site. Most gene copies were 
detected in samples from the non-vegetated and the Scirpus locations in April with a 
general tendency toward decreasing copy numbers with increasing depth. 

2.3.3 FeOB species community composition 
DGGE analyses implied differences in FeOB community composition between the 
different sites, as well as with depth (Fig. 4). This was especially pronounced in the 
sediment samples collected in April (Fig. 4 a, b, supplementary data). Generally 
speaking, band patterns for the Phragmites and Typha sites were similar in the April 
samples and exhibited the highest numbers and relative abundances of bands. The 
non-vegetated and Scirpus sites showed also similar patterns. At each site the FeOB 
communities varied with depth. For example, at the non-vegetated, Scirpus and 
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Phragmites sites, band 1 disappeared in the two deepest sediment samples, while a 
different band (band 2B) became present. This latter band was dominant at the 
Phragmites and Typha sites (Fig. 4 a, b). Only a couple of bands were retrieved from 
the core collected at the Salix location, which is seldom exposed to flooding (data not 
shown). 

 
Fig. 3 Abundance of 16S rRNA gene copy numbers from Gallionella-related FeOB in samples from 
different locations of the tidal freshwater marsh collected in April as assessed using a qPCR assay. 
Duplicates are shown in black and grey. Samples taken in July and October tested by qPCR were below 
detection limit, thus not shown. ANo: non-vegetated; Sc: Scirpus lacustris; Ph: Phragmites australis; 
Ty: Typha latifolia. 

Fewer bands were detected in July as compared to April (Fig. 4 a-c). The relative 
intensity of the bands also varied between sampling times. For example, band 3 was 
the most dominant band in July at the non-vegetated and the Scirpus sites, while in 
April band 1 was dominant at these sites. In October (Fig. 4 d), even fewer bands 
were detected compared with the other two sampling times. Three weak bands were 
detected at different depths in the non-vegetated zone, while there was only one 
band expressed in the top layers of sediment at the Scirpus and Phragmites sites.  

In total, four out of the six bands were successfully sequenced. Among these, 
bands 2B and 3 were closely related to Gallionella ferruginea (Fig. 5), while bands 1 
and 4 were related to sequences of uncultured bacteria, possibly representing 
unknown iron oxidizers.  
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Fig. 4 DGGE patterns showing 16S rRNA genes of Gallionella-like iron oxidizers from different sampling 
locations within the tidal marsh. The genes were amplified using a nested PCR approach. Panels a and 
b correspond to samples collected in April, panels c and d to samples collected in July and October, 
respectively. Sample identifiers include three parts: Time, Site, and Depth. For example, ANo0-1 
means that the sample was taken in April at the non-vegetated site from 0-1 cm depth. Marked bands 
in panel a relate to reamplified and sequenced bands. Bands and the numbers refer to numbers in the 
tree of Fig. 5, except for 2A and 5, which gave no PCR product by re-amplification. No bands in the gels 
of panels b-d were reamplified, but similarities were inferred from the bands in the marker lanes and 
from the sequenced bands in panel a. The markers are clones with known sequences. 
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Fig. 5 Phylogenetic tree of Gallionella-like partial 16S rRNA gene sequences of DGGE bands (bold) as 
well as of cloned sequences (MWE codes) obtained from enrichments in gradient tubes (Wang et al., 
2009). The bar indicates 10 % sequence difference.  

Similarities between community compositions of FeOB in time are presented in 
the NMDS plot (Fig. 6). ANOSIM analyses revealed no significant differences among 
sites and depths, when combining the results from all sampling times and depths, or 
from all sites, respectively. However, significant differences were observed between 
the sampling times. Iron-oxidizing bacterial communities were significantly dissimilar 



Chapter 2 
 

28 

between April and July (R = 0.604, p = 0.001), and between July and October 
(R = 0.577, p = 0.001). Differences were not significant when comparing data from 
April and October. 

 

Fig. 6 Ordination by non-metric multidimensional scaling of log(x+1) transformed relative species 
abundance of the samples taken from non-vegetated, Scirpus lacustris and Phragmites australis sites 
in April (triangles), July (squares) and October (circles). 

2.3.4 Correlation of 16S rRNA data with environmental variables 
The BVSTEP analysis showed that, among the different extractable chemical 
elements, Fe(III) was the most influential factor (ρ = 0.314). Additionally, the non-
pair-wised correlation results showed that the relative abundance of band 1 was 
significantly correlated to solid-phase extractable Fe(III) (r2 = 0.5054). Interestingly, 
the total copy number of 16S rRNA genes was also positively correlated to the 
relative abundance of band 1 (r2 = 0.41).  
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2.4 DISCUSSION 

Our results are consistent with previous studies, suggesting that neutrophilic FeOB 
are widely distributed in wetland soils and sediment (Emerson and Revsbech, 1994 b; 
Hanert, 2002; Weiss et al., 2003; James and Ferris, 2004). The DGGE analyses 
demonstrate the presence of several Gallionella-like species in the freshwater marsh 
sediments. The ANOSIM analysis further implies significant variations in abundance 
and composition of the Gallionella-related community from one sampling time to 
another. This is not entirely unexpected as the freshwater estuarine environment 
from where the sediment cores were collected exhibits large seasonal changes in 
freshwater discharge, tidal forcing, temperature, biological productivity and supply of 
allochthonous organic matter (Wollast, 1988; Baeyens et al., 1997).  

The highest diversity and abundance of putative FeOB as determined by PCR-
DGGE and qPCR, respectively, were observed in the cores collected in April. Among 
the Gallionella-related sequences, band 1 is most pronounced in the DGGE pattern. 
The relative intensity of this band roughly correlates with the extractable Fe(III) 
concentrations (y = 8.58 + 48.10x; r2 = 0.51), and with the visual presence of Fe(III)-
enriched coatings along burrows. Although the number of sampling times in the 
present study is limited, it would appear that iron-oxidizing bacteria flourish during 
spring, leading to localized accumulations of Fe(III) mineral phases in the sediments. 
The highest number of 16S rRNA gene copies measured is around 8 x 105 cells per 
gram of soil, that is, an FeOB density comparable to direct cell counts of 105-106 per 
gram soil reported for wetland soils and bacterial mats (Emerson and Moyer, 1997).  

Enhanced iron-oxidizing activity in anoxic sediments during spring has been 
reported by Sundby et al. (2003), who ascribed it to enhanced oxygen supply by 
growing roots. Oxygen availability in the rhizosphere is known to vary both 
temporally (e.g., diurnal and seasonal fluctuations) and spatially along root systems 
(Weiss et al., 2003). However, no aboveground parts or novel roots of Scirpus plants 
were observed yet during the sampling tour in April. Hence, an oxidized rhizosphere 
could not have been the reason for the observed higher abundance of Gallionella-like 
species at this vegetated site. In addition, similar trends in the depth distribution of 
16s rRNA gene copy numbers in the non-vegetated and in the Scirpus site also point 
to the absence of oxygen-releasing activities in the rhizosphere of this latter plant 
species in April. The high abundance of FeOB in both sediments could be stimulated 
by the growth of macro-benthos during spring months, which enhances macrofaunal 
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introduction of oxygen into the otherwise anoxic zones of the sediment (Beukema, 
1974). The non-vegetated mudflat sediments as well as the Scirpus location at the 
Appels site are characterized by abundant macrofauna, mainly oligochaete worms 
(Seys et al., 1999). Active flushing of macrofaunal burrows introduces oxygenated 
water well below the depth to which molecular diffusion can resupply oxygen from 
the overlying water (Koretsky et al., 2005). The presence of active ammonia-oxidizing 
bacteria down to depths of about 10 cm in non-vegetated intertidal sediments from 
the same Appels site has been linked to pore water vertical-mixing by worms (Coci et 
al., 2005). 

An additional factor that may help explain the high abundance of putative FeOB in 
April is temperature. Heinzel et al. (2009) reported high microbial iron oxidation rates 
at relatively low temperatures. Thus, enhanced oxygen supply through the 
aerenchyma systems of plants or via vertical-mixing by macrofaunal burrows 
combined with lower temperatures may create more favorable conditions for FeOB 
during spring compared to the summer situation.  

The highest numbers of Gallionella-related bacteria are found in the upper 5-12 
cm of the sediments, that is, the zone where root and macrofaunal activities most 
strongly impact local redox conditions. At the non-vegetated and the Scirpus 
locations, a noticeable change in the composition of the community of Gallionella-
related bacteria is also observed between the upper and lower sections of the 
sediment cores. Although the results point to more diverse and abundant FeOB 
populations in the upper portions of the sediments, they nevertheless imply that 
FeOB are present at depths where the geochemical profiles indicate globally anoxic 
conditions (Fig. 1). Koretsky et al. (2005) similarly reported the persistence of viable 
aerobic bacteria at depths well within the sulfidic zone of salt marsh sediments. 

Overall, the distributions of FeOB within the Appels marsh sediments exhibit high 
spatial and temporal heterogeneity. Yu and colleagues (2010)also found large 
changes in the phylogenetic diversity of iron-oxidizing bacteria across short vertical 
distances in a contaminated aquifer site. When integrated over all sampling times 
and depths, however, no statistically significant relationship emerges between 
vegetation type and the distribution of the Gallionella-related communities, with the 
exception of the near-absence of detectable FeOB in sediments from the Salix-
vegetated marsh. Similarly, the community composition of chemolithotrophic 
ammonia-oxidizing beta-proteobacteria in the same tidal freshwater marsh does not 
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appear to be related to the presence or type of plants, but rather by the elevation 
within the marsh (Laanbroek and Speksnijder, 2008). We speculate that differences 
in the flooding regime between the upper and lower portions of the marsh could be a 
primary forcing of iron redox cycling in the sediments and, consequently, the 
presence and structure of FeOB communities. Closer correlations between 
geochemistry and microbial communities possibly may be found at small spatial 
scales in the order of millimeters or below. This would require the application of 
microbial and analytical techniques with high spatial resolution (Dechesne et al., 
2003; Druschel et al., 2008). Additionally, including primer sets for other iron-
oxidizing organisms in the survey might help to better constrain the connection 
between physical and chemical conditions and the iron-oxidizing activity in wetlands. 

2.5 CONCLUSION 

In conclusion, Gallionella-related FeOB inhabit vegetated and non-vegetated 
sediments of the tidal marsh at Appels in the upper freshwater part of the Scheldt 
estuary. Cell densities range from below detection to up to 106 per gram sediment. 
Together with previous studies our results thus support a widespread distribution of 
neutrophilic, putative FeOB in wetland soils and sediments. Although several FeOB 
species are present in the sediments of the Appels marsh, one dominant species 
appears to be closely associated with the abundance of reactive Fe(III) phases. The 
highest diversity and abundance of the FeOB are found in the upper 5-12 cm of the 
sediments retrieved in April, probably due to enhanced root and macrofaunal activity 
during the spring season. However, the composition and abundance of the 
Gallionella-related FeOB do not exhibit otherwise straightforward relationships with 
the geochemical conditions in the sediments. The lack of simple correlations 
between geochemistry and microbial communities is probably common in marsh 
sediments (Koretsky et al., 2005). 
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Chaos is the system, we do not understand. 
Konstantin Wecker 
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ABSTRACT 
Neutrophilic Fe(II) oxidizing microorganisms are found in many natural environments. 
It has been hypothesized that, at low oxygen concentrations, microbial iron oxidation 
is favored over abiotic oxidation. Here, we compare the kinetics of abiotic Fe(II) 
oxidation to oxidation in the presence of the bacterium Leptothrix cholodnii Appels 
isolated from a wetland sediment. Rates of Fe(II) oxidation were determined in batch 
experiments at 20°C, pH 7 and oxygen concentrations between 3 and 120 µmol/l. The 
reaction progress in experiments with and without cells exhibited two distinct 
phases. During the initial phase, the oxygen dependency of microbial Fe(II) oxidation 
followed a Michaelis-Menten rate expression (KM = 24.5 ± 10 µmol O2/l, vmax = 
1.8 ± 0.2 µmol Fe(II)/(l min) for 108 cells/ml). In contrast, abiotic rates increased 
linearly with increasing oxygen concentrations. At similar oxygen concentrations, 
initial Fe(II) oxidation rates were faster in the experiments with bacteria. During the 
second phase, the accumulated iron oxides catalyzed further oxidative iron 
precipitation in both abiotic and microbial reaction systems. That is, abiotic oxidation 
also dominated the reaction progress in the presence of bacteria. In fact, in some 
experiments with bacteria, iron oxidation during the second phase proceeded slower 
than in the absence of bacteria, possibly due to an inhibitory effect of extracellular 
polymeric substances on the growth of Fe(III) oxides. Thus, our results suggest that 
the competitive advantage of microbial iron oxidation in low oxygen environments 
may be limited by the autocatalytic nature of abiotic Fe(III) oxide precipitation, unless 
the accumulation of Fe(III) oxides is prevented, for example, through a close coupling 
of Fe(II) oxidation and Fe(III) reduction. 
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3.1 INTRODUCTION 

Microorganisms actively participate in iron oxidation in natural environments. Even 
under near-neutral pH conditions, when Fe(II) readily reacts abiotically with oxygen, 
neutrophilic iron oxidizers are apparently able to thrive (Emerson and Moyer, 1997; 
Konhauser, 1998; Sobolev and Roden, 2001; Neubauer et al., 2002; Emerson and 
Weiss, 2004; Weber et al., 2006; Druschel et al., 2008). However, the quantitative 
significance of microbial Fe(II) oxidation in circumneutral pH environments is still 
unclear (Emerson and Weiss, 2004; Weber et al., 2006; Rentz et al., 2007). Whether 
iron oxidizers account for most Fe(II) oxidation in these environments or only for a 
minor part remains poorly known (Davison and Seed, 1983; Sobolev and Roden, 
2001; Neubauer et al., 2002; James and Ferris, 2004; Rentz et al., 2007; Druschel et 
al., 2008). Therefore, quantitative information about the kinetics of microbial iron 
oxidation and their dependency on environmental conditions should help assess the 
relevance of neutrophilic iron oxidizers for the turnover of iron in the environment. 

Iron oxidizing bacteria have been found in wetland sediments, rice paddies, deep-
sea hydrothermal vent systems, aquifers, springs, and in water wells and pipelines 
(Ralph and Stevenson, 1995; Emerson et al., 1999; Zhang et al., 1999; Søgaard et al., 
2001; Emerson and Moyer, 2002; James and Ferris, 2004). Iron encrusted helical 
stalks and sheaths are frequently associated with the iron oxide precipitates, 
indicating that iron oxidizing bacteria of the genera Gallionella and Leptothrix are 
involved in the formation of iron oxides (Ghiorse, 1984; Hanert, 2006; Emerson et al., 
2010). These bacteria often inhabit environments with low oxygen concentration. 
Therefore, it has been suggested that low oxygen concentrations favor microbial iron 
oxidation over purely abiotic reaction at circumneutral pH (Emerson and Moyer, 
1997; Sobolev and Roden, 2001; Roden et al., 2004; Druschel et al., 2008). 

The role of oxygen could be related to different dependencies of the rates of 
abiotic and microbial Fe(II) oxidation on the oxygen concentration. The kinetics of 
abiotic Fe(II) oxidation have been investigated in detail (Stumm and Lee, 1961; Singer 
and Stumm, 1970; Millero et al., 1987; Liang et al., 2002). The following rate law has 
been shown to describe the reaction of aqueous Fe(II) and O2 in initially 
homogeneous solution:  

−𝑑𝐹𝑒(𝐼𝐼)
𝑑𝑡

= 𝑘[𝐹𝑒(𝐼𝐼)][𝑂𝐻−]2𝑝𝑂2  (1). 
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with a value for the abiotic rate constant k at room temperature of 7.9 (± 2.47)·108 
l²/(mol² min Pa) (Stumm and Lee, 1961). 

In contrast, little is known about the oxygen dependency of microbial Fe(II) 
oxidation kinetics. Although rates of neutrophilic microbial Fe(II) oxidation have been 
determined in several studies (Kasama and Murakami, 2001; Neubauer et al., 2002; 
James and Ferris, 2004; Rentz et al., 2007), the oxygen concentration has rarely been 
monitored or systematically varied. An exception is the study of Druschel et al. (2008) 
who investigated Fe(II) oxidation by the chemolithotrophic, Gallionella-related 
bacterium Sideroxydans lithotrophicus at different oxygen concentrations. They 
found that, at oxygen concentrations below 50 µmol O2/l, Fe(II) oxidation was faster 
in suspensions of active cells compared to experiments with NaN3-inactivated cells. 
This finding supports the idea that the oxygen concentration may play a significant 
role in delineating the geochemical niches in which lithotrophic Fe(II) oxidizers are 
active. 

A challenge in kinetic studies with chemolithotrophic obligate iron oxidizers is that 
cultivated cells are already covered by iron oxides as they need Fe(II) for growth 
(Emerson and Moyer, 1997; Neubauer et al., 2002; Emerson and Weiss, 2004). The 
presence of iron oxides makes it difficult to assess the kinetics of microbial iron 
oxidation because of the autocatalytic effect of the iron oxides on the abiotic 
oxidation of Fe(II) (Sung and Morgan, 1980; St-Cyr et al., 1993; Anderson and 
Pedersen, 2003; Emerson and Weiss, 2004; Rentz et al., 2007; Druschel et al., 2008). 
In this study, we therefore use bacteria from the genus Leptothrix. Leptothrix 
bacteria are capable of oxidizing Fe(II) but, in contrast to obligate iron oxidizers, their 
energy metabolism does not depend on Fe(II) oxidation. Hence, iron oxide-free cell 
suspensions can be prepared and used to determine microbial Fe(II) oxidation rates.  

We measured Fe(II) oxidation rates in batch experiments at 20°C, pH 7 and 
variable oxygen concentration. The rates of the abiotic reaction were compared to 
those measured in experiments with a Leptothrix cholodnii strain isolated from a 
freshwater wetland sediment. The aim was to develop an empirical rate law for Fe(II) 
oxidation by the isolated strain, which describes the oxygen dependence of the 
reaction kinetics. Furthermore, the autocatalytic effect of Fe(III) oxides on Fe(II) 
oxidation in the presence of the Leptothrix bacteria was evaluated. Based on the 
results we discuss the hypothesis that low oxygen concentrations kinetically favor 
microbial Fe(II) oxidation over the abiotic reaction and by this constrain the 
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environmental conditions under which microbial Fe(II) oxidation may be 
quantitatively significant.  

3.2 METHODS 

3.2.1 Leptothrix cholodnii Appels (L. Appels) 
An iron oxidizing bacterium was isolated from a sediment core retrieved in April 2007 
from a freshwater marsh along the Scheldt river, near the village of Appels in 
Belgium. The sampling site was located in an area vegetated with club rush (Scirpus 
lacustris). In the field, the presence of iron(III) oxides was visually detected within the 
upper 10 cm of sediment along burrows and cracks. Chemical analyses revealed 
between 4 and 77 µmol Fe(III) per kg dry weight sediment, and porewater iron 
concentrations in the range 4 - 190 µmol/l (data not shown). Intense iron redox 
cycling in sediments from the Appels location has been documented previously 
(Hyacinthe and Van Cappellen, 2004; Wang et al., 2011). 

Iron oxide formation and biofilm growth were observed in a sample from the 5-
6 cm depth interval during storage at 4°C in the dark. Biofilm and iron oxides were 
transferred from this sediment sample to agar plates containing Leptothrix medium 
(see below) amended with Mn(II). The plates were spiked with Fe(II) and were 
incubated in the dark at room temperature (20°C) and at 4°C. Colonies indicating 
formation of iron and manganese oxides were transferred 2 to 3 times to new plates, 
until only one type of colony remained. Phase contrast and epifluorescence 
microscopy was used to observe cell morphology, which was similar to that of 
Leptothrix cholodnii Mulder 5 (LMG 9467) and L. cholodnii Sp-6(s) (LMG 8142) 
obtained from the Belgian Co-ordinated Collection of Microorganisms (BCCM) in 
Gent (Spring et al., 1996; Spring, 2006). 16 S rRNA of the bacteria isolated from the 
Appels sediment showed 99-100 % similarity to the BCCM L. cholodnii strains 
(Juanjuan Wang, personal communication). 

Liquid Leptothrix medium was prepared as follows: 1 g yeast extract (Fluka), 1.5 g 
peptone (Merck), 0.2 g MgSO4 x 7 H2O (Merck), 66 mg CaCl2 x 2 H2O (Merck), 0.5 g 
ferric ammonium citrate (Fluka), and 10 mg FeCl3 x 6 H2O (Merck) were added to one 
liter of 0.2 µm filtered tap water. Ferric ammonium citrate, FeCl3 and MgSO4 were 
dissolved separately in 200 ml filtered tap water and were added prior to adjusting 
pH to 7.1. For solid medium plates, 20 g agar was added to the liquid medium. The 
medium was autoclaved for 20 min at 120°C. Mn(II) and Fe(II) were excluded from 
the medium to avoid manganese or iron oxide crusts on the cells. Only for the 
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isolation of the L. Appels strain, plates also contained 50 mg/l MnSO4 x H2O and 
about 0.5 ml sterile filtered 0.1 mol/l Fe(II) solution. Colonies with iron and 
manganese oxides were finally transferred to liquid stock cultures. Stock cultures of 
the isolates and the BCCM-strains were prepared in 5 ml Leptothrix medium. After 
three days at room temperature, the stock cultures were stored at 4°C. The stock 
cultures were renewed once a month by transferring 1 ml of liquid culture into 5 ml 
new medium. Additionally, stock cultures of the bacterial strains were mixed 1:1 with 
glycerol and were frozen at -80°C. The frozen bacteria were used to replace cultures 
that showed changes in cell morphology or a decrease in growth rate during 2-3 days 
of cultivation. 

To enrich cells for a batch experiment, 1 ml of stock suspension was pipetted to 
Fe(II) and Mn(II) free liquid medium in a 250 ml Erlenmeyer flask. The inoculated 
medium was shaken at 70 rpm for 2-3 days at room temperature. During cultivation, 
the flasks were not completely closed to maintain air contact. Prior to a kinetic 
experiment, 40 ml of the culture were centrifuged (15 min at 3600 g and 15°C) and 
washed three times to harvest cells and to remove the medium. To wash the cells, 
the cell pellet was re-suspended in 5 mmol/l KCl (pH 7) after each centrifugation step. 
After the washing procedure, Fe(III) concentration in electrolyte solution containing 
the cells was negligible and was generally below 10 μmol/l. Bacterial cells were 
counted by epifluorescence microscopy after staining with the nucleic acid stain 
SYTO 13 in an ‘improved Neubauer’ counting chamber. Cells were counted in the 
culture suspension before harvesting and in a sample retrieved at the beginning of 
the batch experiments. Cell densities in the experimental suspensions varied 
between 2.4 x 107 and 3.2 x 108 cells/ml (≈ 0.02 - 0.30 g/l assuming a mass of 9.5 x 10-

13 g per bacterium). No carbon source or nutrients were added to the solutions used 
in the batch experiments. Nevertheless, a small change in cell density during the 
experiments could not be completely excluded because Leptothrix is able to grow 
using storage compounds such as poly-(3-hydroxly butyrate) (Ghiorse, 1984). 

3.2.2 Batch experiments 
All experiments were carried out in a 360 ml Teflon reactor vessel with a floating 
magnetic stirrer. A water bath kept the temperature in the reactor vessel constant at 
20 ± 0.2°C. Oxygen concentration was adjusted through a mass flow control unit 
(Bronkhorst Hi-Tech) by changing flow rates of argon and pressurized air. A 5 % 
oxygen-95 % argon-mix was used instead of air for experiments below 5 % oxygen. 
For all experiments, the total gas flow was kept constant at 1 l/min. In order to 
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remove CO2, the gas mixture was conveyed through two gas-washing bottles 
containing solid soda lime pellets and 0.05 mol/l NaOH solution, respectively. Finally, 
the gas was humidified with deionized water in a third gas-washing bottle, before 
entering the reactor. A Clark-type oxygen electrode (DO2 low drift, AppliSense) was 
used to monitor dissolved oxygen concentrations in the reactor. Variations in the 
oxygen concentrations during the experiments were small, as illustrated in Fig. 1 and 
indicated in Table 1.  

For the abiotic (i.e., cell-free) experiments, the reactor was filled with 209 ml of 
5 mmol/l KCl solution (pH 7, sterile). In microbial experiments (experiments with 
cells), 40 ml washed bacteria suspension were diluted in 169 ml of 5 mmol/l KCl (pH 
7, sterile). The KCl solutions and bacterial suspensions were allowed to equilibrate 
with the given oxygen concentration and temperature for 30 to 60 minutes prior to 
Fe(II) addition. We refer to rates determined in microbial experiments as microbial 
rates although the nature of the reaction might not be purely enzymatic. A solution 
of 0.1 mol/l Fe(NH4)2(SO4)2 x 6 H2O in 0.032 mol/l HCl was used as Fe(II) stock. The 
stock solution was prepared and kept constantly under N2/H2 atmosphere in a 
glovebox to prevent iron oxidation. The absence of Fe(III) in the stock solution was 
tested before each experiment. An aliquot of the stock solution was filtered (0.2 µm 
pore size) shortly before an experiment and was transferred to the experimental 
setup in a crimp flask.  

Before Fe(II) addition, a 9 ml aliquot was taken to determine the blank Fe 
concentration and the cell density. Subsequently, the experiment was started by 
injecting 300 µl filtered Fe(II) solution (150 µmol/l final Fe(II) concentration in the 
remaining 200 ml batch solution). In some experiments with L. Appels, Fe(II) was 
added a second time after the oxidation of Fe(II) from the first addition had been 
completed. We refer to these experiments as ‘L. Appels re-addition’. In these 
experiments, samples were only taken after the second addition. An overview of the 
experiments is given in Table 1. The pH was kept constant during the experiments 
using an automated pH stat device which delivered a 0.01 mol/l NaOH solution to the 
reaction vessel (pH: 7.07 ± 0.03; Metrohm unitrode electrode coupled to titrino 719 S 
or titrino 716 DMS controlled by TiNET 2.4 software). An example of the pH stability 
during a typical experiment is shown in Fig. 1. (Note: prior to Fe(II) addition, the pH of 
the bacterial suspensions remained constant and close to 7). The NaOH solution in 
the titration unit was purged with the same gas mixture as used in the experiment. 
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Additional experiments were performed in order to evaluate if bacterial exudates 
and sorption of Fe(II) to cells affected the Fe(II) oxidation rates. The presence of 
proteins was analyzed in filtered and unfiltered suspensions using the Bradford 
reagent (Bradford, 1976). Sorption of Fe(II) to the bacteria was assessed by 
comparing Fe(II) concentrations in filtered and unfiltered samples. Finally, the 
solution of a batch experiment with L. Appels was collected at the end of the 
experiment by centrifugation followed by sterile filtration (0.2 µm poresize). This 
solution was then used to replace the KCl solution in an abiotic experiment in order 
to determine if the solution contained ligands which could affect the Fe(II) oxidation 
rate.  

3.2.3 Monitoring Fe(II) oxidation progress 
The reaction progress was followed by continuously monitoring the supply of NaOH 
by the pH stat device. In addition, the concentrations of Fe(II) and Fe(III) were 
measured on discrete samples using a procedure adapted from Lovley and Phillips 
(1987). Each sample was retrieved with a syringe during the experiment and was 
immediately divided in 4 subsamples. First, 2 ml suspension were added unfiltered to 
1 ml of 0.5 mol/l HCl (final concentration in 3 ml) and to 1 ml 0.5 mol/l HCl containing 
0.25 mol/l hydroxyl ammonium chloride (final concentration in 3 ml). Second, 2 ml 
were added after filtration (0.2 µm poresize nylon filter) to the HCl solution and to 
the HCl /hydroxyl ammonium solution. The filtered solutions only contained 
dissolved iron and iron particles smaller than 0.2 µm. The unfiltered solutions 
contained the total amounts of Fe(II) and Fe(III), including iron mineral precipitates 
and cell-bound iron. Fe(III) was reduced to Fe(II) in the HCl /hydroxyl ammonium 
extracts and the resulting solutions represent total Fe concentrations. The Fe(II) 
concentrations of all extractions were measured spectrophotometrically with 
Ferrozine at 562 nm against standard curves obtained with Fe(NH4)2(SO4)2 x 6 H2O in 
0.5 mol/l HCl. 50 µl sample was added to the mixture of 0.95 ml of a 50 mmol /l 
HEPES solution and 1 ml of a 1 g /l Ferrozine solution (Sigma; solution in 50 mmol /l 
HEPES pH 7). The concentrations of Fe(III) were calculated from the differences 
between the iron concentrations in the HCl and HCl /hydroxyl ammonium extracts. 
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3.3 RESULTS 

3.3.1 Reaction stoichiometry 
According to the ideal stoichiometry of Fe(II) oxidation by oxygen, 2 moles of protons 
are released (or two moles of hydroxyls are consumed) per mole Fe(OH)3 formed: 

𝐹𝑒2+ + 0.25𝑂2 + 2.5𝐻2𝑂 → 𝐹𝑒(𝑂𝐻)3 + 2𝐻+ (2) 

In order to account for possible deviations from the ideal stoichiometry, we 
determined actual H+/Fe(III) stoichiometric ratios for the experiments. For each 
experiment, the stoichiometric ratio was optimized by incrementally varying its value 
and selecting the value that minimized the differences between the iron 
concentrations measured directly on the discrete samples and those calculated from 
the amount of base added. The optimized stoichiometric ratio was then used to 
compute reaction progress curves from the continuously monitored base addition. 
Figure 1 shows an example of reaction progress curves obtained for an experiment 
with an optimized stoichiometric ratio of 1.5. Average stoichiometric values and the 
corresponding standard deviations were 1.7 ± 0.6 for the abiotic experiments, 
2.0 ± 0.6 for L. Appels and 2.0 ± 0.1 for ‘L. Appels re-addition’ experiments. The 
variations in reaction stoichiometry, especially the relatively low ratios observed in 
the abiotic experiments, could be due to the incorporation of water molecules or 
anions other than hydroxide in freshly formed iron oxides (Fox, 1988; Bonneville et 
al., 2004).  
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Fig. 1 Example of the time evolution of the Fe(II), Fe(III) and oxygen concentrations and of the pH 
during a batch experiment with Leptothrix cholodnii Appels. The symbols in the top panel are the 
Fe(II) and Fe(III) concentrations measured directly on discrete samples. The lines in this panel 
correspond to the concentrations computed from the continuously monitored NaOH addition and the 
optimized stoichiometric ratio for the experiment (see text for more details) (Note: the experiment 
lasted beyond the 20,000s shown here; for the optimization of the stoichiometric ratio data from the 
entire duration of the experiment were used). The bottom panel shows the stability of pH and oxygen 
concentration throughout the experiment. 

3.3.2 Reaction progress 
The progress of Fe(II) oxidation in experiments with and without L. Appels showed 
common features. Rates of Fe(II) oxidation were initially slow, then increased during 
the reaction, and finally slowed down when approaching completion (Fig. 2). This 
behavior is typical for autocatalytic reactions: the acceleration of Fe(II) oxidation can 
be attributed to the catalytic effect of iron oxides forming during the reaction. As 
illustrated in Fig. 2, the initial rates of Fe(II) oxidation were faster in experiments with 
L. Appels bacteria than in the abiotic experiments run at the same O2 concentration. 
Subsequently, however, Fe(II) oxidation rates in the presence of cells slowed down 
faster than in the experiments without cells, resulting in the intersection of curves 
seen in Fig. 2. 
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Fig. 2 Progress of Fe(II) oxidation, shown as the fraction of oxidized iron as a function of time, in an 
abiotic control (filled triangles) and an experiment with Leptothrix cholodnii Appels (open triangles) at 
12 µmol O2/l. Sigmoid curves are obtained for both experiments with and without bacterial cells. The 
rectangular frame marks the part of the reaction progress curve used to calculate initial rates (see also 
Fig. 3). 

The existence of distinct phases in the reaction progress is most apparent when 
using log-linear plots (Fig. 3). The linear trends on these plots imply first-order 
kinetics with respect to the Fe(II) concentration during the second phase of the 
reaction. The linear decrease of the logarithmized Fe(II) concentrations was used to 

determine the rate constant kox according to the integrated rate law (ln [𝐹𝑒(𝐼𝐼)]
[𝐹𝑒(𝐼𝐼)]0

=

−𝑘𝑜𝑥𝑡  at constant pH and O2). Estimates of the durations of the initial phase (tinitial), 
were obtained by regressing the linear trends back until they intersect the time axis 
(Fig. 3). At much higher O2 concentrations (> 100 µmol/l) the duration of the initial 
phase decreased and was often barely noticeable (Table 1). In what follows, we 
compare in more detail the kinetics of Fe(II) oxidation during the initial and second 
phases in the experiments with and without bacterial cells. 
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Fig. 3 Progress of Fe(II) oxidation at 12 µmol O2/l in the same experiments as shown in Fig. 2 but 
plotted on a semi logarithmic scale. The rate constants are calculated from the linear parts of the 
curve by linear least square regression. Intersection of the regression curve with the time axis defines 
the duration of the initial phase (1st phase in figure). Data from the initial phase are used to calculate 
the initial Fe(II) oxidation rate (see Fig. 4). 

3.3.3 Fe(II) oxidation: initial phase 
In both the experiments with and without bacteria, the Fe(II) and Fe(III) 
concentrations decreased and increased linearly with time, respectively (Fig. 4). The 
duration of the initial phase generally increased with decreasing oxygen 
concentrations, and it tended to be shorter in the presence of L. Appels bacteria 
compared to the abiotic experiments (Table 1). The rates of reaction during the initial 
phase were obtained from linear least square fitting of the change of the Fe(III) 
concentration with time (an example is shown in Fig. 4). In order to compare the 
results from experiments with different bacterial densities, the microbial rates 
reported in Table 1 and Fig. 5 were normalized to a cell density of 108 cells/ml, 
assuming the rates are proportional to the cell densities. 
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Fig. 4 Initial phase of Fe(II) oxidation in experiments with and without bacterial cells. The results 
shown are examples for of experiments run at 12 and 3 µmol O2 /l (the number of replicates are listed 
in Table 1). Initial rates were derived by linear regression of the Fe(III) concentrations versus time. 

 
Fig. 5 Oxygen dependency of the initial Fe(II) oxidation rates in experiments with and without 
bacterial cells. The error bars represent the observed ranges of the rates. The numbers of replicates 
are given in Table 1. The lines represent the fitted rate laws: first order for the abiotic reaction 
(continuous line) and Michaelis-Menten kinetics for Leptothrix Appels (dashed line). The inset 
additionally shows the initial rates of the ‘Leptothrix Appels re-addition’ experiments. (See text for 
complete discussion.) 
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Table 1 Overview of experiments (20°C, pH 7) and average values of kinetic parameters (ranges in brackets). L. Appels is the Leptothrix cholodnii  
strain isolated from a Scheldt river wetland sediment near the village of Appels in Belgium. 

experiment type oxygen 
concentration 

number of 
replicates 

tinitial vinitial kox 

 [µmol/l]  [min] [µmol/(l min)] [1/min] 

Abiotic 3.4 ± 0.2 2 314 (87-540) 0.11 (0.05-0.17) 0.003 (0.002-0.004) 

 11.9 ± 0.3 2 171 (147-196) 0.2 (0.1-0.29) 0.011 (0.003-0.019) 

 56.6 ± 4.5 2 38 (34-41) 0.39 (0.01-0.76) 0.028 (0.025-0.032) 

  100.6 ± 0.3 1 13 1.19 0.06 

 136.4 ± 1.5 3 0 nd 0.08 (0.08-0.10) 

 199.1 ± 0.4 2 0 nd 0.12 (0.117-0.121) 

L. Appels 2.7 ± 0.1 4 436 (99-1038) 0.11 (0.04-0.19) 0.004 (0.002-0.008) 

 11.9 ± 0.7 3 25 (0-38) 0.55 (0.15-0.77) 0.009 (0.008-0.011) 

 58.6 ± 7.0 2 22 (5-40) 1.21 (0.63-1.8) 0.031 (0.021-0.042) 

 114.7 ± 2.6 4 55 (0-98) 1.44 (0.75-1.75) 0.031 (0.012-0.047) 

L. Appels re-addition 2.5 ± 0.4 2 169 (95-244) 0.16 (0.14-0.17) 0.005 (0.002-0.007) 

 10.6 ± 0.3 2 26 (0-52) 0.86 (0.45-1.28) 0.005 (0.005-0.006) 

 52.2 ± 0.2 2 1 (0-2) 5.9 (3.51-8.29) 0.063 (0.027-0.098) 

 120.2 ± 1.2 2 8 (5-11) 5.17 (1.97-8.36) 0.047 (0.043-0.052) 
nd: not possible to determine 
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The dependencies on the oxygen concentration of the initial rates of Fe(II) 
oxidation were different in experiments with and without bacteria (Fig. 5). The rates 
in the abiotic, cell-free experiments increased linearly with the oxygen concentration 
(r² = 0.988). Hence, the initial phase of abiotic iron oxidation followed first order 
kinetics with respect to oxygen. In contrast, the initial rates in the experiments with 
L. Appels exhibited a parabolic dependence with respect to the oxygen 
concentration, with little further increase in the rate at O2 concentrations above 
60 µmol/l. The latter dependence can be described by the Michaelis-Menten rate 
law: 

−
𝑑𝐹𝑒(𝐼𝐼)
𝑑𝑡

=  𝑣𝑚𝑎𝑥 ×
[𝐹𝑒(𝐼𝐼)]

(𝐾𝑀 + [𝐹𝑒(𝐼𝐼)])  (3) 

with a half-saturation oxygen concentration of KM = 24.5 ± 10 µmol O2/l and a 
maximum Fe(II) oxidation rate of vmax = 1.8 ± 0.2 µmol Fe(II) /(l  min) for 108 cells /ml 
(r² = 0.975). 

On average, the initial rates with L. Appels bacteria exceeded those of the abiotic 
experiments. Even higher initial rates were obtained in the ‘L. Appels re-addition’ 
experiments, particularly above 50 µmol O2/l (inset Fig. 5). It should be noted that 
the rates measured in replicate experiments with bacterial cells were quite variable, 
particularly in the re-addition experiments, and therefore the microbial rates have 
rather large uncertainties associated with them (see error bars on Fig. 5).  

3.3.4 Fe(II) oxidation: second phase 
Apparent first-order rate constants, kox, were derived by least square fitting of the 
linear portions of the reaction progress curves on the log-linear plots (Fig. 3). The 
average values and ranges of kox are shown in Fig. 6. The rate constants obtained in 
the abiotic experiments increased linearly with increasing oxygen concentration and 
closely agreed with the rate law reported by Stumm and Lee (1961) (see insert in Fig. 
6). The rate constants for the experiments with bacterial cells were similar to the 
corresponding abiotic rate constants, except for the lower values at the highest 
oxygen concentration used in the microbial experiments (≈ 100 µmol O2/l). In other 
words, in the second phase, the presence of bacterial cells did not yield faster Fe(II) 
oxidation rates, and the cells may even have slowed down the reaction. 
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Fig. 6 Iron oxidation rate constants (kox) for the second phase of the experiments (pH 7) with and 
without bacterial cells, as a function of the oxygen concentration. The inset shows the rate constants 
obtained in the cell-free experiments compared to the rate constants predicted by the rate law (eq.1) 
of Stumm and Lee (1961). The error bars show the ranges of experimental values. When no error bars 
are shown only one experiment was performed. 

3.3.5 Effect of bacteria on Fe(II) speciation 
The Bradford protein assay indicated that filtered as well as unfiltered L. Appels 
suspensions contained proteins. However, significant lower protein content were 
observed in the filtered solutions, implying that most of the proteins were associated 
with the cell biomass. Additionally, we found no indications that the dissolved 
protein content changed during the batch experiments. Sorption of Fe(II) to bacterial 
biomass was negligible, although some loss (< 20 %) of Fe(II) concentrations was 
observed in filtered samples from experiments with and without cells. Rates of Fe(II) 
oxidation measured in the solution obtained by filtering an L. Appels suspension 
were identical to those in the KCl background solution (data not shown). Hence, we 
found no evidence that L. Appels bacteria released enzymes or other Fe(II) binding 
ligands into suspension that could have affected the Fe(II) oxidation rates. 
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3.4 DISCUSSION 

3.4.1 Abiotic Fe(II) oxidation kinetics 
The rates of Fe(II) oxidation in the abiotic experiments depend linearly on the oxygen 
concentration (Fig.  5 and Fig. 6), in agreement with reported rate laws (Stumm and 
Lee, 1961; Singer and Stumm, 1970; Tamura et al., 1976; Sung and Morgan, 1980). 
The rate law originally proposed by Stumm and Lee (1961) correctly predicts the 
rates of iron oxidation measured during the second phase in the abiotic experiments 
(Fig. 6), but it does not account for the initial reaction kinetics. The increase of the 
reaction rate after the initial phase is likely due to surface catalysis by the 
accumulating iron oxides. Surface catalysis is well documented for Fe(II) oxidation 
(Sung and Morgan, 1980; Wehrli et al., 1989). Rate enhancement due to 
autocatalysis has been observed by Tamura et al. (1976) at relatively high Fe(II) 
concentrations. Liang et al. (1993) also observed a slower initial phase, but explained 
this phenomenon by the pH drop accompanying the addition of the acidic Fe(II) 
solution at the start of the experiments. In our experiments, however, the time for 
the pH to re-stabilize after the Fe(II) addition is substantially shorter than the 
duration of the initial phase. Therefore, a pH drop cannot explain the slower reaction 
rates during the initial phase. 

The duration of the initial phase depends on the oxygen concentration (Table 1). 
Experiments with O2 concentrations exceeding 100 µmol O2/l indicated that, the 
initial phase is hardly noticeable. Most previous studies on Fe(II) oxidation were done 
at higher oxygen concentrations (lowest used oxygen concentration: 139 µmol O2 /l 
Stumm and Lee (1961); 104 – 117 µmol O2 /l Davison and Seed (1983); 160 µmol O2 /l 
King et al. (1995)). The apparent lack of distinct reaction phases in the previous 
studies is therefore probably due to the fast transition to the second reaction phase. 
Nonetheless, it may well be during the initial phase of Fe(II) oxidation that the 
Leptothrix bacteria exert their competitive advantage over the abiotic reaction 
(discussed in the next section). 

3.4.2 Fe(II) oxidation kinetics by L. Appels 
In contrast to the cell-free experiments, the Michaelis-Menten rate law describes the 
oxygen dependency of the initial phase of Fe(II) oxidation in the presence of L. Appels 
(Fig. 5), as is often observed for microbially-mediated processes. The KM value 
obtained (24.5 µmol/l), implies that the reaction kinetics only become significantly 
oxygen limited at relatively low O2 concentrations. To our knowledge, no oxygen half-



Oxygen dependency of neutrophilic Fe(II) oxidation by Leptothrix differs from abiotic reaction 
 

53 

saturation constants have been reported so far for Fe(II) oxidation by neutrophilic 
iron oxidizers. Sun and Chasteen (1992) determined a five times higher KM value of 
140 ± 30 µmol O2/l for pure eukaryotic apoferritin ferrooxidase. The much lower KM 
value for Fe(II) oxidation by L. Appels therefore indicates a high affinity for oxygen 
and suggests that the organism is particularly well adaptated to low oxygen 
pressures. 

During the second phase, rates of Fe(II) oxidation in experiments with bacteria are 
generally of the same order of magnitude or even slower than in the absence of cells 
(Fig. 6). A possible explanation is that in both, abiotic and microbial experiments, the 
autocatalytic oxidation of Fe(II) dominated the second phase of the reaction 
(Konhauser, 1998;Sogaard et al., 2001; Hallbeck & Ferris, 2004). However, microbial 
Fe(II) oxidation may still contribute to the overall rate. The higher initial rates 
measured in the L. Appels re-addition experiments (inset Fig. 5) are also consistent 
with catalysis by iron oxides produced by the oxidation of the previously added Fe(II), 
although it could also indicate adaptation of the bacteria to the presence of Fe(II). As 
surface catalysis depends on the characteristics of the iron oxides, further work will 
be needed to assess to what degree the properties of the iron oxides produced in the 
microbial experiments differ from those in the abiotic experiments. 

A number of earlier studies have reported higher Fe(II) oxidation rate constants in 
the presence of bacteria (James and Ferris, 2004; Neubauer et al., 2007; Rentz et al., 
2007; Druschel et al., 2008). However, in these studies, iron oxide encrusted cells 
were used. The resulting Fe(II) oxidation kinetics also followed a first-order rate law 
with respect to Fe(II), as observed for the second reaction phase in our experiments. 
In addition, the first-order rate constants derived from the results of Rentz et al. 
(2007) are similar to ours at comparable oxygen concentrations, although higher 
values were obtained by Druschel et al. (2008) and James and Ferris (2004) (Table 2). 
While further work is needed, it would appear that L. Appels, and possibly other 
neutrophilic iron oxidizers, most directly control the rate of Fe(II) oxidation when the 
autocatalyzed abiotic precipitation of iron oxides is physically, chemically or 
biologically suppressed. This could be the case in settings in which Fe(II) oxidation has 
just started and significant amounts of Fe(III) oxides have not yet accumulated, or in 
environments where the oxidation of Fe(II) is closely coupled to the rapid 
consumption of the Fe(III) oxides by chemical or microbial reduction.  
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3.4.3 Inhibitory effect 
At the highest oxygen concentrations used (~100 µmol/l), the presence of bacteria 
appears to slow down Fe(II) oxidation during the second phase, compared to the 
abiotic experiments (Fig. 6). Our results imply that the inhibitory effect of the 
bacteria is not caused by complexation of Fe(II) in solution or Fe(II) sorption (section 
4.5). One possible mechanism is sorption of Fe(III) to cell surfaces, as suggested by 
Fakih et al. (2008). Sorption of Fe(III) inhibits Fe(III) precipitation and therefore delays 
and reduces autocatalysis. Another possibility is an inhibitory effect of extracellular 
polymeric substances (EPS). EPS produced by Gallionella and Leptothrix have been 
reported to control iron oxide growth by structuring the iron oxide crystals and 
inhibiting fast, uncontrolled abiotic oxide growth (Banfield et al., 2000; Hashimoto et 
al., 2007; Chan et al., 2009). Additionally, the studies by Emerson and Ghiorse (1993) 
and Makita et al. (2006) showed that Leptothrix cells are surrounded by mannuronic, 
glucuronic and galacturonic acids. These acids can also structure and orient iron 
oxides in a similar way as bacterial EPS (Chan et al., 2009). The strong association of 
iron oxides with compounds of the EPS-layer may reduce the autocatalytic effect, 
analogous to the retardation of the formation of iron oxides in presence of organic 
matter (Theis and Singer, 1974; Cornell and Schwertmann, 1979; Liang et al., 1993; 
Châtellier et al., 2004) and the decrease in metal sorption due to organic matter 
attachment onto iron oxides (Ali and Dzombak, 1996a; Ali and Dzombak, 1996b; 
Grafe et al., 2002; Kraemer et al., 2002). 



 

 

Table 2 Overview of kinetic studies of microbial Fe(II) oxidation at near neutral pH and variable oxygen concentrations. 

Reference sample pH oxygen concentration 
[μmol/l] 

kox  
[1/min] 

experiment type 

James & Ferris, 2004 Ogilvie  nd nd 0.02 0.22 μm filtered water = abiotic oxidation 

 
Creek nd 

 
0.06 azid inhibited  

  
nd 

 
0.147 microcrocosm, Leptothrix ochracea & Gallionella ferruginea 

  
neutral Open to atmosphere 0.947 field measurment 

Rentz et al., 2007 DR – Oct 6.5 126.1 ± 84.5 0.06 Experiments with azide inhibited cells 

 
DR – Dec 6.2 44.2 ± 18.2 0.06 

 
 

PWP – Oct 6.5 126.1 ± 84.5 0.02 
 

 
PWP – Dec 6.2 44.2 ± 18.2 0.03 

 
 

DR – Oct 6.5 126.1 ± 84.5 0.249 microcrocosm, Leptothrix ochracea dominated 

 
DR – Dec 6.2 44.2 ± 18.2 0.081 

 
 

PWP – Oct 6.5 126.1 ± 84.5 0.029 
 

 
PWP – Dec 6.2 44.2 ± 18.2 0.072 microcosm, Gallionella ferruginea dominated 

Druschel et al., 2008 azide 6.2 9 0.047 Experiments with azide inhibited cells 

  
6.2 10 0.026 

 
  

6.2 15 0.004 
 

  
6.2 16 0.084 

 
  

6.2 25 0.025 
 

  
6.2 25 0.143 

 
  

6.2 45 0.047 
 

  
6.2 50 0.034 

 
  

6.2 275 0.188 
 

 
cells 6.2 9 0.065 batch experiment with isolated Sideroxydans lithotrophicus  

  
6.2 10 0.046 

 
  

6.2 15 0.030 
 

  
6.2 16 0.105 

 
  

6.2 25 0.040 
 

  
6.2 25 0.233 

 
  

6.2 45 0.055 
 

  
6.2 50 0.045 

 
  

6.2 275 0.197 
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3.5 IMPLICATIONS FOR NATURAL ENVIRONMENTS 

In summary, our results provide evidence that the different dependencies of abiotic 
and microbial Fe(II) oxidation on oxygen favors the initial Fe(II) oxidation by 
Leptothrix cholodnii Appels at low oxygen conditions (< 100 µmol O2 /l). Such 
conditions are encountered, for example, in the rhizosphere of wetlands where 
oxygen supply is restricted to root leakage. Studies by Weiss et al. (2003) and 
Emerson and Weiss (2004) have shown that these environments are suitable habitats 
for neutrophilic iron oxidizers. However, the autocatalytic nature of abiotic Fe(II) 
oxidation presents a hurdle for sustained microbial Fe(II) oxidation, unless Fe(III) 
precipitates are prevented from accumulating, for example, through continuous 
reduction back to Fe(II). Sobolev and Roden (2001) and Roden et al. (2004) have 
demonstrated that freshly formed iron oxides in wetland sediments may be directly 
re-used by Fe(III)-reducing bacteria living in close proximity to the Fe(II) oxidizers. The 
presence of a variety of iron reducing bacteria has been detected at the same 
location from which we isolated L. Appels (Lin et al., 2007). Thus, in order to be 
quantitatively significant, neutrophilic iron oxidation may well require a close 
coupling to microbial iron reduction. 
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ABSTRACT 
Different temperature dependencies may be one of the factors controlling the 
competition between microbial and abiotic Fe(II) oxidation at circumneutral pH. 
Here, rates and mineral products of Fe(II) oxidation by the Fe(II) oxidizing bacterial 
strain Leptothrix cholodnii Appels were compared to those of abiotic oxidation in the 
temperature range 11 - 37°C. Experiments were carried out in a batch reactor at 12 -
 13 µmol O2/l, pH 7 and, for the microbial experiments, a cell density of around 
108 cells/ml. The iron oxides formed at the different temperatures were 
characterized by SEM, XRD, FTIR and Mössbauer spectroscopy. Microbial Fe(II) 
oxidation by L. Appels was most pronounced during the initial phase, before catalysis 
by the accumulated iron oxides became relevant. During the initial phase, rates of 
microbial oxidation exhibited a temperature optimum curve, with 10-times higher 
rates at 30°C compared to abiotic oxidation. The temperature dependency of abiotic 
Fe(II) oxidation rate followed the Arrhenius equation. Although lepidocrocite and 
ferrihydrite were identified as reaction products in both, the abiotic and microbial 
oxidation, the characteristics of the precipitates differed. Abiotic oxidation produced 
larger lepidocrocite crystals mixed with smaller, less ordered oxides. Large crystals 
were absent in the microbial products, possibly due to growth inhibition. 
Nevertheless, Mössbauer spectra revealed a better internal ordering of the smaller, 
microbially produced iron oxide crystals compared to the abiotically formed oxides. 
The differences between microbial and abiotic iron oxides were less pronounced at 
37°C, when high oxidation rates favored formation of amorphous iron oxides in both 
microbial and abiotic experiments. Overall, our results imply that (1) the microbial 
contribution to the overall Fe(II) oxidation rate in the environment is likely 
temperature dependent, and (2) the presence of bacteria changes the characteristics 
of the precipitates.  
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4.1 INTRODUCTION 

Temperature influences the kinetics of microbial and abiotic Fe(II) oxidation (Ahonen 
and Tuovinen, 1989; Breed et al., 1999; Franzmann et al., 2005). Therefore, 
temperature may be an important environmental factor controlling the activity of the 
Fe(II) oxidizer communities, particularly under near neutral pH conditions, where 
microbial Fe(II) oxidation competes against rapid abiotic Fe(II) oxidation (Weber et 
al., 2006; Emerson et al., 2010). Temperature can also affect the structure and 
characteristics of the iron oxides formed (Schwertmann et al., 1985; Cornell and 
Schwertmann, 1996) and hence, affect their bioavailability and sorption behavior for 
metals and nutrients (Ferris et al., 2000; Anderson and Pedersen, 2003; Ferris, 2005; 
Emerson et al., 2010). However, the temperature dependency of the rates of 
neutrophilic, microbial Fe(II) oxidation and that of the properties of the microbially 
formed oxides have not been investigated yet. 

Different temperature dependencies of abiotic and microbial oxidation imply that 
changes in temperature could favor one pathway over the other. For the abiotic Fe(II) 
oxidation by O2, Sung and Morgan (Sung and Morgan, 1980) reported a 10-fold 
increase of the rate upon raising the temperature by 15°C. The effect of temperature 
can be included into the abiotic rate law proposed by Stumm and Lee (1961) by 
replacing the rate constant with the Arrhenius equation (Kirby et al., 1999; Kupka and 
Škvarla, 2001) (equation 1). In this equation, A is the pre-exponential constant from 
the Arrhenius equation with units of the rate constant and Ea is the activation energy:  

𝑑𝐹𝑒(𝐼𝐼)
𝑑𝑡

= 𝐴 [𝐹𝑒(𝐼𝐼)][𝑂𝐻−]2𝑝𝑂2  𝑒
−𝐸𝑎
𝑅𝑇  (1) 

While abiotic reaction rates generally increase with temperature, microbially-
mediated processes typically exhibit an optimum temperature. The temperature 
influence on growth and enzyme activity of microorganisms is species-dependent 
(Madigan et al., 2009). Often, the optimal growth temperature and the optimum 
temperature of enzymatic pathways are similar for a given microorganism. Optimal 
growth temperatures have been reported for a number of neutrophilic Fe(II) 
oxidizers, including Leptothrix cholodnii (35°C) (Spring et al., 1996; Spring, 2006), 
Leptothrix discophora (25°C) (Mulder and van Veen, 1963; Ghiorse and Chapnick, 
1983; Emerson and Ghiorse, 1992; Yurt et al., 2002; El Gheriany et al., 2009) and 
Gallionella ferruginea (20 - 25°C) (Kucera and Wolfe, 1957; Hallbeck and Pedersen, 
1990; Hallbeck et al., 1993). Temperature optima of microbial Mn(II) oxidation by 
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Leptothrix and Fe(II) oxidation by acidophilic bacteria are also known. Leptothrix 
discophora oxidizes Mn(II) fastest at 28 - 30°C (Adams and Ghiorse, 1987; Zhang et 
al., 2002) and shows lower or no oxidizing ability below 8°C and above 50°C (Boogerd 
and De Vrind, 1987). Under oxygen-saturated conditions and for pH 1 - 2.5, 
acidophilic bacteria, such as Acidithiobacillus ferroxidans and Leptospirillum, exhibit 
their highest Fe(II) oxidation rates at temperatures around 30°C (Feroni et al., 1986; 
Ahonen and Tuovinen, 1989; Okereke and Stevens, 1991; Nemati and Webb, 1997; 
Breed et al., 1999; Franzmann et al., 2005; Kupka et al., 2007).  

Changes in temperature can modify the characteristics of the mineral precipitates, 
such as the size and crystal properties of iron oxides (Schwertmann et al., 1985), 
primarily through the temperature dependency of the oxidation rates. Increasing 
oxidation rates lead to higher intermediate concentrations of dissolved Fe(III), which 
promotes nucleation of more soluble and less stable iron oxides according to the 
Oswald step rule (Steefel and Van Cappellen, 1990). Hence, low oxidation rates 
should favor the growth of crystalline oxides, while amorphous and low crystalline 
precipitates, such as ferrihydrite, are expected at higher oxidation rates. Besides 
temperature, the type and properties of iron oxides depend on the conditions during 
formation, including pH, the concentrations of iron, oxygen, and the presence of 
other compounds, such as organic matter or anions (Misawa et al., 1974; Sung and 
Morgan, 1980; Schwertmann and Cornell, 1991; Cornell and Schwertmann, 1996). In 
particular, adsorption of solutes that alter mineral growth can have a major impact 
on the characteristics of the oxides (Cornell and Schwertmann, 1996; Jambor and 
Dutrizac, 1998). Additionally, low crystalline iron oxides can transform to more 
crystalline and less hydrolyzed oxides phases over time (Lewis and Schwertmann, 
1979; Schwertmann et al., 1985; Jang et al., 2003; Park and Dempsey, 2005).  

Mineral products of neutrophilic Fe(II) oxidizers have often been visually 
recognized as amorphous iron oxides (Emerson and Weiss, 2004). Ferris et al. (1989) 
reported the microbial formation of ferrihydrite between 8 and 15°C, under acidic 
and neutral pH conditions. In several studies, the oxides on the stalks of Gallionella 
and Leptothrix sheaths have been identified as ferrihydrite (Jambor and Dutrizac, 
1998; Kasama and Murakami, 2001; Kennedy et al., 2003; James and Ferris, 2004). 
However, lepidocrocite (Fortin et al., 1993; Châtellier et al., 2004) and, occasionally, 
goethite have also been found in close association with Gallionella and Leptothrix 
cells (Hallberg and Ferris, 2004; Isaacson et al., 2009). Acidophilic Fe(II) oxidizers 
precipitate different oxide phases depending on temperature: below 30°C 
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schwertmannite forms, while above 30°C jarosite is the dominant product (Kupka et 
al., 2007). 

In this study, Fe(II) oxidation by the isolated bacteria strain Leptothrix cholodnii 
Appels was investigated in batch reactors at neutral pH, a relatively low oxygen 
concentration (12 - 13 µmol O2/l) and over the temperature range from 11 to 37°C. 
The experimental conditions were selected based on our previous study where we 
observed significant microbial oxidation at O2 concentrations below 100 µmol/l 
(Vollrath et al., 2012). The goals of the study were to determine how temperature 
effects a) the rate of Fe(II) oxidation in the presence and absence of bacteria cells, 
and b) the characteristics of the microbially and abiotically formed iron oxides.  

4.2 METHODS 

4.2.1 Bacterial strain, cultivation and cell count 
Leptothrix cholodnii Appels (L. Appels) was used in the microbial experiments. The 
strain was isolated from a freshwater wetland sediment (Wang et al., 2011; Vollrath 
et al., 2012) and is closely related to L. cholodnii Mulder 5 and L. cholodnii Sp-6 
described by Spring et al.(1996) and Spring (2006). Cells were cultivated in a liquid 
Leptothrix medium containing per liter of 0.2 µm filtered tap water, 1 g yeast extract 
(Fluka), 1.5 g peptone (Merck), 0.2 g MgSO4 x 7 H2O (Merck), 66 mg CaCl2 x 2 H2O 
(Merck), 0.5 g ferric ammonium citrate (Fluka), 10 mg FeCl3 x 6 H2O (Merck). To avoid 
the formation of precipitates, ferric ammonium citrate, FeCl3 and MgSO4 were 
dissolved separately in an aliquot of the filtered water and the solution was 
combined with the rest of the medium prior pH adjustment to pH 7.1. The medium 
was autoclaved for 20 min at 120°C. 

A stock culture was made from 5 ml medium and 0.5 ml cell suspension from 
previous stock or frozen cell suspension. After three days of growth at room 
temperature, the stock culture was stored at 4°C. The stock solution was renewed 
monthly and aqueous Mn(II) was regularly added to the stock culture to maintain and 
test for the presence of metal oxidizing ability. If the morphology of the cells or the 
growth time of the stock culture changed, a new stock culture was prepared from 
frozen cells. Frozen cells were kept at -80°C in a 1:1 mixture with glycerol. 

To enrich cells for batch experiments, 1 ml of the stock culture was added to 
40 ml Mn-free medium. This batch culture was shaken at 70 rpm at room 
temperature for two days. Cells were harvested from the batch culture by 
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centrifugation at 3600 g for 15 min (at 15°C). The cells were washed and centrifuged 
twice in 5 mmol/l sterile KCl, pH 7, in order to remove the medium. Cell densities 
were determined on the culture before harvesting and on the blank samples from 
the batch experiment. The cells were stained with nucleic acid stain, SYTO 13, and 
were counted on an ‘improved Neubauer-plate’ using epifluorescence microscopy. 
The cell densities varied between 6.1 x 107  and  3.2 x 108 cells/ml. The Fe(III) 
concentrations of the blank samples were negligible and generally below 10 µmol/l. 

4.2.2 Batch experiments  
Batch experiments were carried out in a 360 ml Teflon reactor vessel with a floating 
magnetic stirrer bar. The vessel was placed in a water bath, which was used to set 
the temperatures to 11, 20, 30 and 37°C. The background electrolyte for all 
experiments was 5 mmol/l sterile KCl with a pH of 7. The reactor was filled with 
209 ml of the KCl solution for an abiotic (i.e. cell-free) experiment or with 40 ml 
washed bacteria suspension plus 169 ml KCl solution for a microbial experiment 
(experiment with cells). The KCl solution or bacterial suspension was allowed to 
equilibrate to the set temperature and oxygen concentration for at least half an hour 
before the experiment was started. 

Before starting an experiment, a 9 ml sample was taken to determine the cell 
density and the blank Fe concentrations. The experiment was started with the 
addition of 200 µl Fe(II) stock solution yielding an initial concentration of 150 µmol 
Fe(II)/l in the remaining 200 ml. The Fe(II) stock solution was a 0.15 mol/l 
Fe(NH4)2(SO4)2 x 6 H2O solution without acid, which was prepared and kept in a 
glovebox under N2/H2 atmosphere. A filtered (0.2 µm pore size) aliquot of this stock 
solution was transferred to the experimental setup in a crimp flask and was tested 
for the presence of Fe(III) for each experiment. After the addition of Fe(II), the 
suspension in the batch reactor was sampled periodically to determine Fe(II) and 
Fe(III) concentrations. 

The pHs of the medium, washing solution and KCl electrolyte suspension were all 
identical (pH 7). No changes in pH were observed during the equilibration period. 
During the experiment, the pH of the batch solution was kept constant at pH 7 
through the addition of 0.01 or 0.05 mol/l NaOH delivered by a pH stat device 
(Metrohm unitrode electrode coupled to titrino 719S or titrino 716 DMS controlled 
by TiNET 2.4 software). An example of the pH stability during the experiment is 
shown in Fig. 1 A. 
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The oxygen concentration in the reactor was maintained at 12 - 13 µmol/l by 
continuously flushing the suspensions with a gas mixture of argon and air. A mass 
flow control unit (Bronkhorst Hi-Tech) was used to adjust the flow rates of argon and 
pressurized air. For the 30 and 37°C experiments, the rapid consumption of oxygen 
was balanced by a short O2-pulse at a higher flow rate. Before the gas entered the 
reactor, it was conveyed through soda lime pellets and a NaOH (0.1 - 0.05 mol/l) 
solution to capture CO2, and through deionized water to humidify the gas. The 
oxygen concentration in the reactor was continuously monitored (Fig. 1 A) by a Clark-
type oxygen electrode (DO2 low drift, AppliSense): O2 concentrations were very 
stable in the microbial experiments at 11 and 20°C, while relatively small fluctuations 
were observed for experiments at 30 and 37°C (Table 1). In the abiotic experiments, 
fluctuations in O2 concentration were more pronounced than in the microbial 
experiments carried out at the same temperature. 

The Fe(II) and Fe(III) concentrations were determined according to the procedure 
described by Lovley and Phillips (1987). A 4 ml sample was split and the two 2 ml 
subsamples were added to HCl (final concentration 0.5 mol/l) either with or without 
filtration (0.2 µm pore size). The filtrated suspension was used to measure dissolved 
Fe(II), while the unfiltered suspension contained dissolved and solid bound Fe(II). To 
determine the Fe(III) concentrations the same procedure was used except that the 
HCl solution contained 0.25 mol/l hydroxyl ammonium chloride to reduce Fe(III) to 
Fe(II). The Fe(II) concentrations were measured after 24 h with a Ferrozine-based 
assay. The difference between Fe(II) concentrations with and without hydroxyl 
ammonium chloride was used to calculate Fe(III) concentrations. 
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Fig. 1 Progress of Fe(II) oxidation with Leptothrix cholodnii Appels cells at 11°C, displayed as the 
increase of Fe(III)/Fetotal (A) and, in semi-logarithmic plot, the decrease of Fe(II)/Fetotal (B) with time. 
The sigmoidal curves (A) observed in the abiotic and microbial experiments translate into two distinct 
phases in the log-linear plots (B). The initial rate is obtained from the linear increase of the Fe(III) 
concentration during the initial phase; the first-order rate constant is calculated from the linear part 
of the log-linear plot during the second phase. 

4.2.3 Calculation of the kinetic parameters 
The procedure used to calculate rates and rate constants is identical to that of 
Vollrath et al. (2012), where a more detailed description can be found. Briefly, the 
base addition recorded continuously over the course of an experiment was used to 
calculate the rate of Fe(II) oxidation as a function of time. This procedure is based on 
the stoichiometry of the reaction (eq. 2) 

𝐹𝑒2+ + 0.25𝑂2 + (𝑥 − 0.5)𝐻2𝑂 → 𝐹𝑒(𝑂𝐻)𝑥 + (𝑥 − 1)𝐻+ (2) 

In this equation, x is the number of OH- bound per Fe(III) in the product. The actual 
OH-/Fe(III) stoichiometric ratio of the product was determined for each individual 
experiment. This was done by incrementally adjusting the value for x in order to 
minimize the differences between iron concentrations measured periodically in 
samples and those calculated from the amounts of base added to the reactor. The 
optimized stoichiometric ratio was then used to calculate the reaction progress 
curves from the continuously monitored base addition.  

In the previous experiments described by Vollrath et al. (2012), we showed that 
the Fe(II) oxidation reaction in microbial as well as abiotic systems proceeds in two 
phases, which are visible in the semi-logarithmic plot of the time evolution of the 
Fe(II) concentration (Fig. 1). Reaction progress curves with a slow start and 
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subsequently accelerating rates are typical for autocatalytic reactions (Konhauser, 
1998). Before the autocatalytic effect became important, the Fe(III) concentrations 
increased linearly with time, hence allowing us to obtain initial rates from the slope 
of the iron concentration versus time. During the second phase, the reaction 
followed first order kinetics with respect to the Fe(II) concentration. The integrated 

pseudo-first order rate law (ln [𝐹𝑒(𝐼𝐼)]
[𝐹𝑒(𝐼𝐼)]0

= 𝑘𝑜𝑥𝑡 (3)) was used to calculate the rate 

constant (kox) for the second phase by least linear square fitting of the linear portion 
of the log-linear plots (Fig. 1). 

As shown in Fig. 1, the intersection point of the extrapolated first-order kinetic 
function (eq. 3) with the time axis defined the time interval over which the initial rate 
was computed. The initial rates for microbial experiments were normalized to a 
common cell density of 108 cells/ml, to account for variations in cell density from one 
experiment to another. To determine the temperature influence, the Arrhenius 
parameter A and the activation energy Ea were calculated from the rate constants 
and initial rates through least linear square fitting of the logarithmized form of the 

Arrhenius equation (ln(𝑘𝑜𝑥) = −𝐸𝑎
𝑅

× 1
𝑇

+ ln(𝐴)). 

4.2.4 Characterization of the mineral products 
In order to retrieve the iron oxides formed during the experiments, the suspensions 
were centrifuged (15 min at 3600 g at 15°C) and the supernatant was decanted. Then 
the oxides were re-suspended in ethanol. Centrifugation and ethanol washing was 
repeated three times. Oxides from replicate experiments at a given temperature 
were united in order to obtain sufficient material for the characterization. The iron 
oxides were first kept in ethanol for SEM analysis and were then dried at room 
temperature after filtration or directly at 30°C. In the following, we will refer to 
oxides formed in abiotic experiments as abiotic oxides and to oxides formed in 
microbial experiments as microbial oxides. When referring to oxides formed at 
specific temperatures, we use the abbreviations 11°C oxides, 11°C abiotic oxides and 
so on. 

For scanning electron microscopy (SEM) a drop of the ethanol-oxide suspension 
was placed on Al-stubs with carbon tape. Uncoated samples were analyzed with a 
HITACHI TM-1000 tabletop SEM. For collecting high magnification images with a 
QUANTA 200 FEG MKII SEM, a drop of ethanol suspension was placed on a Si-
monocrystal plate on carbon tape. To increase conductivity, the Si plate was 
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grounded with Ag-paint. The SEM images were collected in environmental-SEM and 
in high vacuum mode. 

For X-ray diffraction (XRD) dried oxide samples were placed on a diffraction free 
Si sample holder. The spectra were recorded between 6-90° 2θ Co Kα with a Siemens 
D5000. Around 0.3 mg sample were embedded in 300 mg KBr for Fourier transform 
infrared spectroscopy (FTIR). Pressed pellets were measured after preparation with 
a Perkin Elmer System 2000 FTIR (10 cycles) and after drying at 105°C with a Nicolet 
6700 FTIR (Thermo Scientific; 32 cycles). For both instruments, spectra were 
measured with 1 cm-1 resolution between 400-4000 1/cm and spectra were 
corrected for KBr and atmosphere influences. Spectra from the samples were 
compared to those of Bayferrox 943 and lepidocrocite synthesized according to 
Schwertmann and Cornell (1991). These materials were washed following the same 
procedure as used for the oxides from the batch experiment.  

57Fe Mössbauer spectra were obtained using a conventional constant acceleration 
spectrometer and 57Co in Rh as source. The spectrometer was calibrated using a 
12 µm foil of natural iron and isomer shifts are given relative to the center of this 
absorber. All samples were measured at room temperature with amplitudes of 
± 4 mm/s and selected samples were also measured at 18K with amplitudes of 
± 12 mm/s using a closed cycle helium cryostat for temperature control. The spectra 
were fitted using a combination of Lorentzian shaped doublets or sextets. The 
lineshape of the spectra typically deviated from the ideal lineshape and some 
simplifications were used: the spectra measured at room temperature were typically 
fitted better using more than one doublet component, but as only one component 
could be resolved in the spectra one-doublet fits are reported. Sextet lines in 18K 
spectra were too broad to resolve, therefore the spectra were simplified into one 
approximate magnetic hyperfine field.  

4.3 RESULTS 

4.3.1 Kinetics of Fe(II) oxidation 
In the previous experiments performed at 20°C by Vollrath et al. (2012), Fe(II) 
oxidation exhibited the two phases also observed here for the microbial and abiotic 
experiments conducted at variable temperatures. With increasing temperature, 
however, the phases were more difficult to distinguish due to the increase in reaction 
rate and the concomitant decrease in duration of the initial phase (tinial, Table 1). 
Both abiotic and microbial Fe(II) oxidation proceeded faster in the experiments at 30 
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and 37°C compared to lower temperatures. However, the temperature dependencies 
of the microbial and abiotic reaction were markedly different.  

At the highest temperatures, 30 and 37°C, microbial Fe(II) oxidation proceeded 
faster than the abiotic oxidation, in particular during the initial phase (Fig. 2 and 3). 
The largest difference between the rates was observed at 30°C, when the initial 
microbial rates were about 10-times higher than the corresponding abiotic rates 
(Table 1, Fig. 4). As the initial rates increased with temperature, the initial time 
decreased (Table 1). Initial times were shorter for microbial experiments than for 
abiotic experiments. The largest relative difference in initial times between microbial 
and abiotic experiments was observed at 30°C.  

 

Table 1 Average rate constants, initial rates and initial times of abiotic and microbial Fe(II) oxidation 
experiments at pH 7, given temperatures and oxygen concentrations. Reported errors are the 
standard deviations of the average values. 

Exp n temp 
°C 

O2 
[µmol/l] 

kox 
[1/min] 

vinitial 
[µmol/(l min)] 

tinitial 
[min] 

  abiotic 4 11.4 ± 0.5 12.5 ± 0 0.002 ± 0.002 0.09 ± 0.05 191 ± 84 

 
4 19.9 ± 0.4 12.2 ± 0.5 0.012 ± 0.007 0.47 ± 0.50 113 ± 76 

 
3 29.2 ± 0.9 12.7 ± 0.2 0.037 ± 0.008 1.24 ± 0.21 17.7 ± 2.1 

 
3 36.5 ± 1.2 12.7 ± 0.2 0.150 ± 0.055 8.16 ± 2.11 1.75 ± 1.59 

L.Appels 4 11.0 ± 0.3 11.7 ± 1.1 0.004 ± 0.002 0.32 ± 0.05 80.1 ± 24.2 

 
3 19.8 ± 0.3 11.9 ± 1.1 0.009 ± 0.002 0.55 ± 0.35 24.6 ± 21.3 

 
4 30.1 ± 0.5 12.7 ± 0.6 0.101 ± 0.067 13.4 ± 6.7 1.50 ± 1.97 

 
3 37.9 ± 0.4 12.6 ± 0.2 0.249 ± 0.265 15.1 ± 6.6 2.04 ± 3.53 
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Fig. 2 Fe(II) oxidation during the initial phase of abiotic and microbial experiments at 11, 20, 30 and 
37°C. Initial rates determined in microbial experiments at 11 and 20°C are within the same range of, or 
close to, the corresponding abiotic rates. The largest difference between microbial rates and the rates 
in the absence of L. Appels occur at 30°C, where microbial rates are significantly higher. 
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Fig. 3 Semi-logarithmic plot of Fe(II) consumption during the second phase of the reaction. In order to 
facilitate the comparison of curves from different experiments only the parts of the progress curves 
showing first order behavior are plotted. The time of the first point of the plotted curves is defined as 
t = 0. The Fe(II) concentration at this time is used to calculate Fe(II)/Fe(II)t=0. Only at 30°C are the 
slopes of the curves for microbial experiments systematically higher than those for abiotic 
experiments. At other temperatures no systematic differences can be determined when taking into 
account the observed variability of the rates. 

In contrast to the initial phase, during the second phase the rate constants of the 
abiotic and microbial reactions were rather similar (Table 1). The rate constants 
measured at 11 and 20°C were not significantly different, while at 30°C and 37°C the 
rate constants of microbial oxidation were slightly higher (Fig. 4). The similarity of the 
abiotic and microbial rate constants at the different temperatures was also reflected 
in the Arrhenius plots of the rate constants (Fig. 4), in which linear trends were 
observed for both microbial and abiotic experiments. The calculated activation 
energies were also very similar (Table 2). 



Effects of temperature on rates and mineral products of microbial Fe(II) oxidation by Leptothrix 
 

73 

 

Fig. 4 Initial rates (upper two panels) and rate constants (lower two panels) from abiotic (triangle) and 
microbial experiments (star) plotted as a function of temperature. The symbols are the average values 
and the error bars represent the standard deviations (when no error bar is visible, the deviation is 
smaller than the size of the symbol). The slopes of the regression lines in the Arrhenius plots (right 
panels) are used to calculate activation energies. No activation energy is derived for the initial rates of 
microbial experiments; the line in the temperature plot of the initial microbial rates is merely an 
indication of a possible optimum curve. 

While the Arrhenius plot exhibited a linear trend for the initial abiotic rates, this 
was not the case for the initial microbial Fe(II) oxidation rates (Fig. 4). The initial rates 
of the microbial reaction increased dramatically when changing the temperature 
from 20 to 30°C, but the rates remained approximately the same at 30 and 37°C 
(Fig. 4). This temperature dependency clearly did not fit the Arrhenius equation and 
did not allow calculation of an activation energy. For the abiotic reaction, the 
calculated activation energy for the initial phase, 129 kJ/mol, was not significantly 
different from that obtained for the second phase (134 kJ/mol, Table 2). 
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Table 2 Reported activation energies (Ea) of microbial and abiotic Fe(II) oxidation 

reference type temp. 
range 

pH kox Ea vinitial Ea 

  
°C 

 
[kJ/mol] [kJ/mol] 

this paper abiotic 10-40 7 134 130 

 
Leptothrix cholodnii Appels 10-40 7 114 

 
Silber et al., 2008 perlite + bacteria 1 

 
7.3 42 

 
Ahonen & Tuovinen, 
1989 

Acidithiobacillus ferrooxidans 2 4-28 ~1.5 a 83 
 

Feroni et al., 1986 Acidithiobacillus ferrooxidans 2  2-25 ~2.6-2.8 a 86 
 

Kupka et al., 2007 Acidithiobacillus ferrooxidans SS-3 5-30 ~2 a 38 
 

Nemati & Web, 1997 Acidithiobacillus ferrooxidans 1 10-30 ~2 a 68 
 

Okereke & Stevens, 1991 Acidithiobacillus ferrooxidans 1 30-40 2.4 41-55 
 

Breed et al., 1999 Leptospirillum ferrooxidans mix 1 30-40 1.75 36 
 

Franzmann et al., 2005 Leptospirillum ferrooxidans 1 8-36 ~1.6 a 80 
 

Franzmann et al., 2005 Leptospirillum ferriphilum 1 7.5-48 ~1.6 a 89 
 

Kupka & Škvarla, 2001 abiotic 1 15-50 ~2 a 72 
 

Millero et al., 1987 abiotic 1 5-45 6-9 125 
 

Sung & Morgan, 1980 abiotic 1 5-30 ~6.8 a 105 b 
 1 assumed oxygen saturated, but oxygen not monitored; 2 oxygen was not measured 

a pH not controlled; b recalculated by Millero et al., 1987  

 

4.3.2 Characteristics of the iron oxide products 
Peaks corresponding to lepidocrocite were visible in the X-ray diffractograms from all 
precipitates (Fig. 5). The strongest diffraction peaks of lepidocrocite were detected 
for abiotic precipitates, while, although present, the lepidocrocite peaks were more 
difficult to distinguish in the diffractograms of the microbial precipitates (Fig. 5). XRD- 
diffraction peaks were broad and small, in particular for microbial oxides, indicating 
that the lepidocrocite particles were very small. For the abiotic oxides, lepidocrocite 
peaks tended to be more distinctive in the diffractograms of the 11°C and 20°C 
samples than in 37°C samples. In addition, the broad peak centered around 42 - 44 
2θ further suggested the presence of ferrihydrite in all samples.  
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Fig. 5 X-ray diffraction patterns of the abiotic (A) and microbially (B) formed iron oxides. The 
diffractograms are offset from one another for better visibility: the offset, is indicated as the value 
next to the experiment-temperature in the legend. The peaks of lepidocrocite are clearly seen in the 
abiotic oxide samples, they are less distinct in the diffractograms of microbial oxides. Diffractograms 
also show the presence of sodium sulfate (NaOH from base and sulfate from Fe(II) stock) and Teflon 
(from reactor surface). 
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Fig. 6 SEM images of L. Appels cells encrusted with iron oxides (A) and abiotic iron oxides (B). L. Appels 
cells are encrusted with shapeless iron oxides (I) and also surrounded by organic substances (O) 
connecting the cells (visible on smooth cells). White cubic particles are KCl or Na2SO4 crystals (C). 
Abiotic precipitates show diverse sizes and shapes ranging from featureless aggregates to rod shaped 
particles. 

No individual particles were observed with the SEM in microbial precipitates. 
Rather, the bacterial cells were covered by shapeless crusts (Fig. 6 A). SEM images of 
abiotic precipitates showed very diverse sizes and shapes ranging from featureless 
aggregates to rod-shaped particles of various dimensions (Fig. 6 B). Thus, from a 
morphological viewpoint, the abiotic oxides appeared to be more heterogeneous 
than the microbial precipitates. 

The FTIR spectra confirmed the presence of lepidocrocite in the abiotic and 
microbial precipitates (Fig. 7), although the absorption line for the out-of-(100)-plane 
OH bending vibration could not be detected. Similar to the XRD spectra, the FTIR 
spectra of the abiotic precipitates showed more distinct lepidocrocite lines compared 
to microbial precipitates. Additionally, in the microbial spectra a line was observed at 
1720 1/cm, which was previously observed by Parikh and Chorover (2006) for iron 
oxides associated with Gram-negative bacteria. These authors assigned the line to a 
vibration of carboxylic groups of the cell wall binding to iron oxides. 

 
 

O 

I 

C 
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Fig. 7 FTIR spectra of abiotic (A) and microbial (B) precipitates compared to synthesized lepidocrocite 
(syn. Lepidocrocite). For better visualization, spectra are presented with an offset in transmission. 
Presence of SO4-groups in the FTIR spectra can be explained by the sulfate of the Fe(II) stock solution. 
Additional lines are observed in the spectra of microbially formed oxides, which are characteristic for 
functional groups of organic substances. These include carboxylic acids (around 1388 1/cm) and 
proteins (amid I at 1650 1/cm and amid II at 1525 1/cm (Melin et al., 2001; Chubar et al., 2008)) and 
carboxylate-iron oxide vibrations (Parikh and Chorover, 2006) 

Mössbauer spectroscopy showed that temperature and the presence of bacteria 
influenced the lattice structure of the iron oxides. At room temperature all samples 
exhibited doublet spectra (Fig. 8). The isomer shifts for all samples were similar to 
that of lepidocrocite. The values of the quadrupole splitting, however, were larger 
compared to reported values for lepidocrocite, but lower than those for ferrihydrite 
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(Table 3). This suggests that the oxides were a mixture of lepidocrocite and 
ferrihydrite. In particular the quadrupole splitting values of the 37°C samples were 
closer to that of ferrihydrite (Table 3) (Cornell and Schwertmann, 1996), confirming 
that at the highest temperature ferrihydrite was formed predominantly. Thus, 
temperature influenced the relative abundance of ferrihydrite and lepidocrocite in 
the mineral products.  

Table 3 Isomer shift (IS), quadrupole split (QS) and magnetic hyperfine field (Bhf) of  
the iron oxides (unconstrained fitting) 

sample temp measurement T IS QS Bhf 

 
°C K mm/s mm/s T 

L. Appels  11 295 0.36 0.65 - 

 
20 295 0.36 0.65 - 

 
37 295 0.36 0.70 - 

abiotic 11 295 0.37 0.63 - 

 
20 295 0.37 0.62 - 

 
37 298 0.36 0.70 - 

L. Appels  11 18 0.91 0.05 42.9 

 
20 18 0.83 0.003 43.0 

 
37 18 0.50 0.86 - 

   
0.54 a 0.11 a 37.4 a 

abiotic 20 18 0.49 0.65 - 

lepidocrociteb 
 

295 0.37 0.53 - 

  
4,2 0.47 0.02 45.8 

ferrihydriteb 
 

295 0.35 0.71 - 

  
4,2 0.49 -0.02- -0.1 46.5-50.0 

a sextet component used to describe background rise 
b Cornell and Schwertmann, 1996 

 
The samples differed regarding the magnetic order induced by lowering the 

measuring temperature to 18K. Spectra of the 11 and 20°C microbial oxides showed a 
clear splitting of the doublet to a sextet, while the 37°C oxides exhibited only 
incipient splitting (Fig. 9). In contrast, the 18K spectrum of 20°C abiotic oxides was 
completely dominated by a doublet component (Fig. 9). The Mössbauer results thus 
indicated that the microbial oxides were better ordered than the abiotic oxides, 
despite the fact that lepidocrocite peaks and lines were less distinct in the X-ray 
diffractograms and FTIR spectra.  
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Fig. 8 Room temperature Mössbauer spectra of precipitates obtained from experiments conducted at 
different temperatures. The areas are fitted spectra, in which IS and QS are constrained to the values 
for lepidocrocite. 
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Fig. 9 Mössbauer spectra collected at 18K compared to the room temperature spectra. Splitting of the 
doublet into sextet is observed for the microbial oxides in particular at 11 and 20°C. The abiotic oxides 
do not show a splitting of the doublet into a sextet. 
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4.4 DISCUSSION  

4.4.1 Temperature dependence of Fe(II) oxidation kinetics by L. 
Appels 
Differences in temperature dependency between microbial and abiotic Fe(II) 
oxidation are most pronounced during the initial phase of the reaction. The 
differences are particularly visible in the Arrhenius plot in which the abiotic initial 
rates exhibit a linear trend, while the microbial initial rates do not. The observed 
temperature dependencies therefore suggest that Fe(II) oxidation in the presence of 
the bacteria is enzymatically mediated during the initial phase. However, in the 
second phase, both microbial and abiotic rate constants fit the Arrhenius equation 
(Fig. 4), indicating that with the accumulation of precipitates, further oxidation may 
be controlled by abiotic oxidation on existing iron oxides.  

Enzyme activity typically exhibits an optimum temperature and non-linear 
Arrhenius plots are commonly observed for the optimal growth and biochemical 
activity of prokaryotes and fungi (Silvius et al., 1978; Mohr and Krawiec, 1980; Silvius 
and McElhaney, 1981; Ratkowsky et al., 1982; Ratkowsky et al., 1983; Franzmann et 
al., 2005). The temperature dependency of enzyme activity may reflect changes in, 
for example, the enzyme-substrate complex, enzyme-membrane-complex or changes 
in lipid structure of enzyme-membrane complexes (Silvius et al., 1978; Mohr and 
Krawiec, 1980; Silvius and McElhaney, 1981; Truhlar and Kohen, 2001). Additionally, 
the amount and type of enzyme may vary with temperature and lead to different 
activity levels (Silvius et al., 1978; Silvius and McElhaney, 1981).  

The optimal Fe(II) oxidation temperature of L. Appels appears to be between 30 -
 37°C, which is consistent with the reported growth temperature of Leptothrix 
cholodnii (35°C) (Spring et al., 1996). However, the optimal temperature for 
enzymatically-mediated metal oxidation may be affected by the growth conditions 
(Ahonen and Tuovinen, 1989; Kupka et al., 2007). Ahonen and Touvinen (1989) 
showed that the temperature dependency of acidophilic Fe(II) oxidation depends on 
the cultivation temperature due to the adaptation of the microorganisms to the 
growth condition. As L. Appels was cultivated at room temperature, the variability of 
the optimum temperature of Fe(II) oxidation by L. Appels could not be determined. 
Nevertheless, we observed no indications for a shift of the optimal oxidation 
temperature towards room temperature. 



Chapter 4 
 

82 

The similar rate constants and temperature dependencies suggest that in both the 
microbial and abiotic systems the second phase of Fe(II) oxidation is mainly due to 
autocatalytic oxidation. The activation energies of Fe(II) oxidation obtained during 
the second phase tend to be higher compared to activation energies for abiotic and 
microbial oxidation under acidic conditions (Table 2). However, the values are 
comparable to the activation energy reported by Millero at al. (1987) for the abiotic 
reaction at higher pH, which supports the conclusion that even in the presence of L. 
Appels the second phase of the reaction is dominated by abiotic oxidation. The 
observed change in mechanism during microbial Fe(II) oxidation is in line with the 
results of our previous study (Vollrath et al., 2012) and with observations by Hallberg 
and Ferris (2004). The latter authors reported that microbial Fe(II) oxidation by 
Gallionella ferruginea initially produces goethite. At a later stage, however, abiotic 
Fe(II) oxidation causes ferrihydrite encrustation of the earlier formed goethite. 

4.4.2 Mineral products of Fe(II) oxidation by L. Appels  
The XRD, FTIR and Mössbauer results indicate that lepidocrocite and ferrihydrite are 
the main mineral products of abiotic Fe(II) oxidation and Fe(II) oxidation by L. Appels. 
In natural samples, Gallionella stalks and Leptothrix cells are often encrusted with 
amorphous iron oxides (Jambor and Dutrizac, 1998; Kasama and Murakami, 2001; 
Kennedy et al., 2003) (Table 4). However, lepidocrocite formation has also been 
attributed to microbial Fe(II) oxidation (Ghiorse, 1984; St-Cyr et al., 1993; Fortin and 
Langley, 2005). As amorphous products are typically formed by fast precipitation, the 
presence of lepidocrocite in our experiments may reflect the relatively slow 
precipitation kinetics at the low oxygen concentrations used (12-13 µmol/l). For 
abiotic Fe(II) oxidation at neutral pH, it is known that lepidocrocite is formed at low 
oxygen concentrations (Schwertmann and Cornell, 1991; Cornell and Schwertmann, 
1996). Thus the experimental conditions selected in this study may explain the 
formation of lepidocrocite in the microbial and abiotic reaction systems.  



 

 

Table 4 Overview of iron oxides formed by neutrophilic iron oxidizing bacteria in natural habitats and laboratory experiments 

references samples methods* iron oxide phase 

this study batch culture (Leptothrix 
Appels) 

XRD, FTIR, SEM, Mössbauer nanoparticulate lepidocrocite 

Banfield et al., 2000 natural samples TEM, HR-TEM, SAED nano-size 2-line ferrihydrite, some intergrown with goethite 

Chan et al., 2004 biomat (marine) HR-TEM with EDX, SEM, XPS biomat: ferrihydrite and goethite; fibrils in water above: akaganeite core 
encrusted with 2 line ferrihydrite 

Chan et al., 2009 biomat (marine) and synthesis 
with EPS-analog 

XRD, TEM with EDX, µ-XRF, STXM 
(NEXAFS) 

biomat (filaments): core of akaganeite or other crystalline oxide encrusted with 
ferrihydrite; synthesized: XRD amorphous  

Druschel et al, 2008 natural and gradient tube visually loose aggregates of hydrous ferric oxides 

Emerson & Moyer, 1997 gradient system (Gallionella-
like) 

TEM insoluble amorphous ferric hydroxide 

Ferris et al., 2000 natural samples XRD, E-SEM with EDX XRD-amorphous: poorly crystalline iron hydroxides 

Ferris et al., 1989 natural samples  EM with EDX  2-line ferrihydrite with Al, Si and Cl  

Fortin et al., 1993 natural samples TEM and EDX, XRD ferrihydrite and lepidocrocite  

Hallbeck & Ferris, 2004 natural samples  E-SEM with EDX inside Gallionella stalk hematite or hydrated hematite 
outside mixture of ferrihydrite and goethite 

Hashimoto et al., 2007 natural samples, L. ochracea 
sheaths 

SEM with EDX, XRD, magnetic 
susceptibility at zero-field cooling 

2-line ferrihydrite with magnetic spin glass behavior 

Isaacson et al., 2009 biomat SEM with EDX, XRD, TEM1 with SAED 2-line ferrihydrite, goethite, nano-particulate lepidocrocite 

James & Ferris, 2004 biomat color, SEM with EDX, XRD XRD-amorphous iron oxide 

Kennedy et al., 2003 biomat (marine) XRD, SEM with EDX, TEM with SEAD 2-line ferrihydrite and in one case goethite 

Kennedy et al., 2004 biomat (marine) XRD, SEM, TEM 2-line ferrihydrite, no phase transition at 80°C 

Mikutta et al., 2008 abiotic synthesis with EPS-
analog 

XRD, TEM with SEAD, BET, NEXAFS, 
EXAFS 

2-line ferrihydrite with lower BET surface and porosity compared to abiotic 
oxides 

Rentz et al., 2007 biomat light microscopy, oxalate extraction poorly ordered/amorphous ferric hydroxides 

St-Cry et al., 1993 iron root plaques TEM with EDX, XRD, morphology XRD-amorphous, needles/nodules of goethite & lepidocrocite 

*(HR-)TEM (high resolution -) transmission electron microscopy; EDX: energy dispersive X-ray spectroscopy; SAED: Selected area electron diffraction; STXM (NEXAFS): scanning transmission X-ray 
spectromicroscopy –NEXAFS: near edge X-ray absorption fine structure; EXAFS: extended X-ray absorption fine structure; XPS:X-ray photoelectron emission spectroscopy 
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In abiotic synthesis, changes in temperature determine the reaction rate as well 
as crystal structure and properties of iron oxides (Schwertmann et al., 1985; Steefel 
and Van Cappellen, 1990; Cornell and Schwertmann, 1996). As shown by the results 
presented here, this is also the case for the microbially precipitated Fe(III) oxides. 
While lepidocrocite is present in the microbial experiments at 11 and 20°C, at 37°C 
predominantly amorphous iron oxides are precipitated. This difference can be 
ascribed to the higher oxidation rates near the optimum temperature, which is in line 
with our argument that low oxygen concentrations favor lepidocrocite formation 
above amorphous products by slowing down the reaction rates. 

While the mineralogy of the oxides produced by abiotic and microbial Fe(II) 
oxidation are the same, the characteristics of the minerals are different, likely as a 
result of different precipitation mechanisms. In both abiotic and microbial 
precipitation, nucleation is the first step during mineral formation. In the abiotic 
experiments, the initially formed particles grow progressively during the reaction 
(Misawa et al., 1974; Blesa and Matijevic, 1989; Casula et al., 2006). Growth of the 
particles can proceed via oxidation of Fe(II) adsorbed on the surfaces of oxide crystals 
as well as via dissolution and re-crystallization (Oswald ripening). The combination of 
nucleation and growth leads to a broad particle size distribution, which may explain 
the apparent discrepancy between XRD and Mössbauer results. That is, a few large 
lepidocrocite crystals are detected by XRD, while the majority of the abiotic 
precipitates have a less ordered structure and lower symmetry, hence causing a less 
pronounced splitting in the Mössbauer spectra compared to the microbial oxides. 

In contrast, while large lepidocrocite particles are absent in the microbial 
products, the small particles are better ordered than those of the abiotic oxides. This 
implies that particle growth is restricted in the presence of the bacteria. 
Nanoparticulate iron oxides are frequently found in association with iron oxidizers 
(St-Cyr et al., 1993; Banfield et al., 2000; Fortin and Langley, 2005; Chan et al., 2009), 
indicating that bacterial cells influence the size and characteristics of the iron oxides 
formed. Iron oxidizing bacteria are capable of directing the location of mineral 
nucleation (Chan et al., 2009), and they affect mineral growth by orientating iron 
oxide particles bound to the cells (Banfield et al., 2000; Kennedy et al., 2004). Growth 
and re-crystallization of iron oxides are inhibited by organic polymers resembling 
extracellular polymeric substances (EPS) (Chan et al., 2009). Gallionella and 
Leptothrix cells are known to produce EPS (Emerson and Ghiorse, 1993). Inhibition of 
oxide growth by EPS may thus promote nucleation and formation of smaller particles 
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in the microbial oxidation experiments. We therefore propose that the small size and 
better internal order of the lepidocrocite crystals are signatures of their microbial 
origin.  

4.5 CONCLUSION 

Our study demonstrates that temperature may play a significant role in controlling 
the competition between abiotic and microbial Fe(II) oxidation due to the different 
temperature dependencies of the two processes. The temperature dependency of 
the abiotic reaction is described by the Arrhenius equation. During the initial phase, 
microbial Fe(II) oxidation is characterized by a temperature optimum, which points to 
an enzymatically-controlled reaction. Around the optimum temperature, L. Appels 
should most effectively compete with the abiotic oxidation. Different temperature 
dependencies further imply that changes in temperature can vary the relative 
contributions of microbial and abiotic Fe(II) oxidation to iron redox cycling in natural 
environments. During the second phase, autocatalytic Fe(II) oxidation becomes 
dominant so that abiotic and microbial reaction rates exhibit similar temperature 
dependencies. 

The microbial precipitates retain characteristic signatures of their microbial origin 
at the different temperatures, but the differences between abiotic and microbial 
oxides are less pronounced at elevated temperatures. Lepidocrocite and ferrihydrite 
are the main products of abiotic and microbial Fe(II) oxidation: with increasing 
temperature the fraction of ferrihydrite increases. Microbial iron oxides are smaller 
and better ordered compared to the abiotic oxides, which appear to be more 
heterogeneous containing larger particles mixed with smaller, less ordered oxides. 
Therefore, the morphology, size and crystallinity of iron oxides in soils and sediments 
should depend not only on the physical-chemical conditions, such as temperature, 
humidity and oxygen pressure, but also on the relative contribution of microbial 
oxidation to iron oxide precipitation. 
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Occam’s razor: 
The simplest solution is usually the best. 

 However, it must not be the easiest. 

Chapter 5  

Optimizing a batch reactor for studying Fe(II) oxidation 
kinetics at pH 7 and the effects of unstable pH and O2 

concentrations on the rates 

Susann Vollrath, Thilo Behrends and Philippe Van Cappellen 
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ABSTRACT 
Rates of reactions like Fe(II) oxidation are often determined using batch reactors. 
Performing Fe(II) oxidation experiments at constant pH, O2 concentration and 
temperature allows to investigate the dependency of reaction rates on these 
parameters. Here, we describe the optimization of a batch reactor system in order to 
stabilize pH, O2 and temperature. Furthermore we investigate the effect of pH and O2 
instability on the Fe(II) oxidation rates. Rates affected by unstable pH and O2 were 
calculated from observed variations in batch experiments at different temperature 
and O2 concentrations. The observed variations of pH and O2 were commonly small. 
They caused a deviation from rates at constant conditions of less than 5 % for pH and 
less than 10 % for O2 in experiments below 37°C. However, at 37°C pH instability 
changed the rates up to 10 % and the rates changed up to 30 % due to O2 variations. 
The pH stability was optimized by various measures including: use of acid free Fe(II) 
solutions, adjustment of NaOH concentrations and base addition rate. Stability of O2 
concentrations was improved by changing the design of the O2 gas inlet and by 
manually adjusting the O2 gas flux. Overall, instability of O2 caused larger deviations 
of the rates than instability of pH. However, O2 is often not monitored in kinetic 
studies on Fe(II) oxidation and may therefore be a source of uncertainty in reported 
rates. Hence, monitoring of pH and O2 during the experiment is essential for 
evaluating the quality of the results. 
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5.1 INTRODUCTION 

Batch reactions are commonly used to characterize the kinetics of biogeochemical 
reactions like Fe(II) oxidation (Stumm and Lee, 1961; Tamura et al., 1980; Davison 
and Seed, 1983; Millero et al., 1987; Ahonen and Tuovinen, 1989; Neubauer et al., 
2002; Rentz et al., 2007; Druschel et al., 2008), but the quality of the derived results 
depends on the stability of the conditions in the system. Here, we investigate Fe(II) 
oxidation at neutral pH, which is influenced by several parameters, in particular by 
pH, O2 concentration, Fe(II) and Fe(III) concentration, temperature and, in case of a 
microbial experiment, also by the bacteria. By keeping other parameters (e.g. pH, 
temperature) constant the effect of one parameter can be systematically 
investigated (Stumm and Lee, 1961; Tamura et al., 1980; Davison and Seed, 1983; 
Millero et al., 1987; Millero and Izaguirre, 1989; King et al., 1995; Danis et al., 2008; 
Druschel et al., 2008) and the complex abiotic Fe(II) oxidation rate law (eq. 1) can be 
simplified (eq. 2). However, when the reaction parameters (e.g. pH) change 
uncontrolled during the reaction, the quality of the results can be effected (Sung and 
Morgan, 1980; Davison and Seed, 1983; Minegishi et al., 1983; Millero et al., 1987). 
Therefore, the experimental system has to be optimized to maintain stable 
conditions during the reaction and the effect of fluctuating parameters has to be 
evaluated.  

−dFe(II)
dt

= k[𝐹𝑒(𝐼𝐼)][𝐻+]−2pO2     (1) 

at constant pH and O2 concentrations:- dFe(II)
dt

= kox[𝐹𝑒(𝐼𝐼)]  (2) 

𝐹𝑒2+ + 0.25𝑂2 + 2.5𝐻2𝑂 → 𝐹𝑒(𝑂𝐻)3 + 2𝐻+ (3) 
 

Accordingly to the rate law (eq.1), the pH has the strongest effect on the Fe(II) 
oxidation because the reaction is second order with respect to H+ concentration. 
Thus, an increase by one pH unit corresponds to a 100-times faster Fe(II) oxidation 
rate (see equation 1;(Stumm and Morgan, 1995)). Additionally, protons are released 
during the oxidation of Fe(II), which cause a decrease in pH (eq. 3). In our 
experiments the initial concentration of Fe(II) was 150 μmol/l. Complete oxidation of 
Fe(II) releases about 300 μmol/l protons, which in the absence of buffering leads to a 
pH of about 3.5. Therefore, the release of protons needs to be balanced for keeping 
the pH constant during oxidation experiments at pH 7. Due to the proton release 
during the reaction and the strong rate dependency on pH, pH is often considered to 
be the dominant source of uncertainty in Fe(II) oxidation experiments (Stumm and 
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Lee, 1961; Sung and Morgan, 1980; Davison and Seed, 1983; Millero and Izaguirre, 
1989; Stumm and Morgan, 1995). Bacteria can have direct or indirect effects on the 
pH which have to be taken into account. The cells may not affect the pH at all, but 
some bacteria are able to actively change the pH or to create a specific pH-
microenvironment around the cells (Cotter and Hill, 2003; Claessens et al., 2004; 
Claessens et al., 2006). By metabolic processes, the cells can decrease or increase the 
surrounding pH to more acidic or more alkaline conditions (Douglas and Beveridge, 
1998; Kappler and Newman, 2004; Madigan et al., 2009). 

Oxygen is consumed during the reaction, which can lead to lower rates and might 
limit the reaction progress, if all O2 is consumed (Stumm and Lee, 1961; Davison and 
Seed, 1983; Minegishi et al., 1983; Liang et al., 2002). For the oxidation of 150 μmol/l 
Fe(II), 37.5 μmol/l dissolved O2 is needed. Therefore, O2 can be consumed completely 
when experiments are performed at low O2 concentrations (12.8 μmol/l). Hence, 
continuous supply with O2 is required to keep the concentration constant. However, 
too high O2 concentrations can increase the Fe(II) oxidation rate and the oxygen 
supply thus needs to be regulated. Additionally, when oxygen is added as a gas, the 
gas dissolution rate has to be high enough to compensate oxygen consumption 
during reaction (Davison and Seed, 1983). For the abiotic reaction the influence of O2 
concentration on the Fe(II) oxidation rate is expected to be first order (Stumm and 
Lee, 1961; Davison and Seed, 1983; Liang et al., 1993; King et al., 1995), while the 
microbial Fe(II) oxidation may depend non-linearly on oxygen (Sun and Chasteen, 
1992; Vollrath et al., 2012).  

Temperature has multiple effects on Fe(II) oxidation process and the reaction 
rate. A temperature increase of 15°C increases the reaction rate 10-fold (Stumm and 
Lee, 1961; Sung and Morgan, 1980). Generally temperature is also expected to 
increase the rate of microbial Fe(II) oxidation (Millero et al., 1987; Ahonen and 
Tuovinen, 1989; Okereke and Stevens, 1991; Kirby and Brady, 1998; Breed et al., 
1999; Kupka et al., 2007; Silber et al., 2008). However, enzymes of bacteria have a 
specific temperature optimum. The enzymatic activity and the oxidation rate 
decrease when the temperature exceeds or underruns the optimum temperature 
(Breed et al., 1999; Franzmann et al., 2005; Madigan et al., 2009). Although 
temperature has a strong effect on the rate, it can easily be kept constant in 
comparison to pH and O2 concentration. During the oxidation of 150 μmol/l Fe(II) 
only 25 J/l heat is produced, which is such a small value compared to the heat 
capacity of water with 4.18 kJ/(kg K) that the heat production is too small to change 
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the temperature significantly during the reaction. Nevertheless, temperature 
instability can be a problem in very small or very large reactors due to very small heat 
capacities or development of temperature heterogeneities, respectively (Bonvin et 
al., 2006). 

Here, we focused on pH and O2 as both are directly affected by Fe(II) oxidation 
and are therefore susceptible to fluctuations during the reaction. We investigated 
how a batch system can be optimized for determining the rates of Fe(II) oxidation at 
pH 7 and various O2 concentrations. Additionally, the effect of unstable pH and O2 
concentrations on the oxidation rate was studied. The effect of changing pH and O2 
concentrations during the reactions are shown by comparing Fe(II) oxidation rates at 
constant conditions to those obtained at unstable pH or O2 concentration. 

5.2 METHODS 

5.2.1 Batch reactor experiments 
A batch reactor system consisting of a 360ml teflon vessel with a floating magnetic 
stirrer was used. The temperature inside the vessel was kept constant by a 
thermostat device and was controlled by the PT sensor of the pH electrode 
(Metrohm unitrode PT 100). Water circulating from a heating/cooling unit was 
conveyed through a glass jacket surrounding the Teflon vessel (thermostat accuracy: 
± 0.2°C). Due to imperfect heat transfer/heat loss between water bath and 
suspension, the temperature of the water bath had to be set to higher temperatures 
to reach 30°C (set to 31 or 32°C) and 37°C (set to 43°C). Particularly to reach 10°C and 
37°C an equilibration time of 30 to 60 min was needed. Oxygen concentration was 
adjusted through a mass flow control unit (Bronkhorst Hi-Tech) by changing flow 
rates of argon and pressurized air. A 5 % oxygen-95 % argon-mix was used instead of 
air for experiments below 5 % oxygen. To remove CO2, the gas mixture was conveyed 
through two gas washing bottles, first through a bottle with soda lime pellets 
followed by a bottle with 0.05 mol/l NaOH solution. Then the gas was humidified in a 
third gas-washing bottle before it finally entered the reactor.  

Adjustments of oxygen concentrations also needed an equilibration time. Oxygen 
concentrations were measured constantly with a low drift Clark type electrode (DO2 
low drift, AppliSense). Oxygen stability could be influenced by adjusting the overall 
gas addition rate (set to 1 l/min or to 2 l/min) or the addition rate of O2 alone. 
Additionally the gas inlet could be changed by using either a perforated tube or 
perforated bottom spiral (both PE). A glass drip was avoided as the glass frit can act 
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as a catalyst, which may change the reaction kinetics. Stirring speed is also important, 
as we observed a quick consumption of oxygen despite of high O2 addition rate 
without additional stirring. Finally, the measurement of O2 concentrations should be 
done always at the same position close to the bottom in order to obtain 
representative values for dissolved O2 concentrations.  

Measurement and stability of pH was of particular importance as the addition of 
base was used to calculate the change of Fe(II) and Fe(III) during the reaction. A pH 
electrode was used together with an automated pH stat device to keep pH constant 
at 7 (Metrohm unitrode electrode coupled to titrino 719 S or titrino 716 DMS 
controlled by TiNET 2.4 software). The pH stability was influenced by base 
concentration and by the base addition rate. We used 0.05 or 0.01 mol/l NaOH, 
which was added with a maximum addition rate between 3 - 20 ml/min depending 
on O2 concentration or temperature. Both oxygen and pH electrode where calibrated 
at the temperatures used for the experiment. Nevertheless, the use of electrodes 
which need calibration and can malfunction may add systematic errors to the 
measurement.  

For microbial and abiotic (i.e. cell free) batch experiments, the reactor contained 
sterile 5 mmol/l KCl solution with a pH of 7. For abiotic experiments, 209 ml KCl 
solution were used, for microbial experiments 40 ml with KCl-washed bacteria and 
169 ml KCl were united. Before Fe(II) was added a sample of 9 ml was taken to 
determine the cell density in the microbial experiments and the blank Fe(II) and 
Fe(III) concentrations. With the addition of 300 μl Fe(II) stock (150 µmol/l final Fe(II) 
concentration in the remaining 200 ml batch solution) the experiment was started. 
Acidified (0.032 mol/l HCl) and acid-free 0.1 or 0.15 mol/l Fe(NH4)2(SO4)2 x 6 H2O was 
used as Fe(II) stock solution. The stock solution was tested for absence of Fe(III) 
before each experiment. Fe(II) stocks were prepared and kept under N2/H2 
atmosphere in a glovebox to prevent iron oxidation. For an experiment, an aliquot of 
the stock solution was filtered (0.2 µm pore size) and was transferred to the 
experimental setup in a crimp flask. After the Fe(II) addition, the suspension was 
sampled in intervals to determine the changing Fe(II) and Fe(III) concentrations.  

The procedure of Lovley and Phillips (1987) was used to determine Fe(II) and 
Fe(III) concentrations. The 8 ml sample was split and the two 4 ml subsamples were 
processed unfiltered or filtered (0.2 µm pore size). Unfiltered suspensions contained 
dissolved and solid bound Fe(II) while filtrated samples indicated only dissolved Fe(II). 
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2 ml of the 4 ml were added to HCl (final concentration 0.5 mol/l) to determine Fe(II) 
and 2ml were added to HCl which contained 0.25 mol/l hydroxyl ammonium chloride 
to reduce Fe(III) to Fe(II). After 24 h the extract was measured with Ferrozine against 
a standard series with Fe(NH4)2(SO4)2 x 6 H2O. The concentration difference between 
the extracts with and without hydroxyl ammonium chloride is the Fe(III) 
concentration.  

5.2.2 Bacteria strains, cultivation and cell density determination 
For all microbial experiments Leptothrix cholodnii Appels (L. Appels) was used, which 
was isolated from wetland sediments which showed iron oxide formation (Wang et 
al., 2011). Appels is the village close to the sampling location, a tidal freshwater 
marsh of the river Scheldt in Belgium. 16S rRNA of the strain was similar (99 - 95 %) 
to Leptothrix cholodnii Mulder 5 (LMG 9467) and L. cholodnii Sp-6(s) (LMG 8142) 
obtained from the Belgian Co-ordinated Collection of Microorganisms (BCCM) in 
Gent. The cells were cultivated in liquid Leptothrix medium, which contained per liter 
0.2 µm filtered tap water: 1 g yeast extract (Fluka), 1.5 g peptone (Merck), 0.2 g 
MgSO4 x 7 H2O (Merck), 66 mg CaCl2 x 2 H2O (Merck), 0.5 g ferric ammonium citrate 
(Fluka), 10 mg FeCl3 x 6 H2O (Merck). Ferric ammonium citrate, FeCl3 and MgSO4 were 
dissolved separately in 200 ml filtered tap water and were added prior pH 
adjustment to pH 7.1. The medium was autoclaved for 20 min at 120°C.  

Stock cultures were made from 0.5 ml cell suspension from previous stock 
solution or frozen cell suspension in 5 ml liquid medium. After three days growth at 
room temperature, the stock was stored at 4°C and was monthly renewed. If the 
morphology of the cells or the growth time changed, the stock culture was replaced 
by a new one made from frozen cells. Frozen cells were kept at -80°C in a 1:1 mixture 
with glycerol. 

For experiments, cells were enriched in 250 ml Erlenmeyer flasks by using an Fe(II) 
and Mn(II) free liquid medium and 1 ml cell stock culture. The inoculated medium 
was shaken at 70 rpm for 2 - 3 days at room temperature. Cells were harvested by 
centrifugation at 3600 g for 15 min (15°C). The cells were washed and centrifuged 
twice with 5 mmol/l sterile KCl, pH 7. The cell density of a microbial experiment was 
determined from the culture before harvesting and from the blank sample from the 
batch experiment. The cells were stained with the nucleic acid stain SYTO 13, and 
were counted on an ‘improved Neubauer plate’ with epifluorescence microscopy.  
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5.2.3 Calculation of the Fe(II) oxidation rates 
Rates were calculated by using the abiotic rate law: 
𝑑𝐹𝑒(𝐼𝐼)
𝑑𝑡

= 𝐴 [𝐹𝑒(𝐼𝐼)][𝐻+]−2𝑝𝑂2  𝑒
−𝐸𝑎
𝑅𝑇  with the Arrhenius parameters Ea = 

134.3 kJ/mol, A = 6.36 10+21 1/min (Vollrath et al., 2012 b) and a Fe(II) concentration 
of 150 µmol/l. In experiments in which oxygen was varied a temperature of 20°C was 
used. When temperature was varied the oxygen concentration was maintained at 
12.8 µmol O2/l. The effect of changing pH and O2 concentration during the reaction is 
demonstrated comparing rateconst with ratepH or rateO2 (definition in table 1; details 
are given below each figure). Rateconstant is the rate, which is calculated from the rate 
law with O2 concentration and pH to which the experimental setup was adjusted, and 
which are conceived to be constant. RatepH or rateO2 are rates in which the time-
weighted average of either pH or O2 concentration were used in the calculation. 
Hence the difference between these rates and rateconst reflects the effect of 
deviations from the adjusted conditions during the experiments.  

The effect of unstable pH and O2 concentration is compared to the observed 
variability of the experimental rates. For determination of experimental rates, the 
reaction progress was followed by the addition of NaOH. Based on the stoichiometry 
of the reaction the rates of Fe(II) oxidation were calculated from the base 
consumption. Ideally, per mole Fe(OH)3 formed from oxidation of one Fe, two OH- 
are consumed (eq. 3). As the stoichiometric factor can vary depending on the oxides 
formed, the stoichiometric factor of each experiment was calculated by minimizing 
the difference between measured and calculated Fe(II) and Fe(III) concentrations. For 
this the stoichiometric factor was adjusted so that the calculated time evolution of 
Fe(II) agreed with the discrete measurements of Fe(II) concentration. After this 
adjustment the rate constants were calculated from the Fe(II) and Fe(III) 

concentrations using the integrated rate law (ln [𝐹𝑒(𝐼𝐼)]
[𝐹𝑒(𝐼𝐼)]0

= −𝑘𝑜𝑥𝑡). After an initial 

phase, the reaction progress can be described by the integrated rate law (Vollrath et 
al., 2012). From the rate constants, experimental rates (rateexp) were calculated for 
the oxidation of 150 µmol/l Fe(II).  



Chapter 5 
 

100 

Table 1 Definition of the rate at constant conditions, rates with pH or oxygen  
deviations and experimental rates 

label Refers to 

rateconst pH and O2 are constant 
rateO2 O2 concentrations deviating from the target oxygen concentration 
ratepH pH deviating from 7  
rateexp Experimental rate calculated from base addition data 
 

5.3 MEASURES TO IMPROVE THE ROBUSTNESS OF THE 
EXPERIMENTS  

5.3.1 Experiment start by adding Fe(II) or O2 
The batch reaction can be started either by oxygen addition to an anoxic system 
containing Fe(II) (examples: Davison and Seed (1983), Minegishi et al. (1983)) or by 
addition of Fe(II) to an oxygen equilibrated system (examples: Stumm and Lee (1961), 
Sung and Morgan (1980)). When the reaction is started by purging with O2, a lag time 
was observed until the dissolved oxygen concentration responded to the addition 
(Fig. 1). Upon purging, Fe(II) oxidation started and consumed dissolved O2, which 
elongated the time needed to reach desired dissolved oxygen concentrations. This 
delay was the main reason to start the experiment with the addition of Fe(II) instead 
of oxygen. Moreover, it was very difficult to maintain the reactor completely anoxic 
before purging with O2 gas, as we often observed decreasing pH in this period. This 
indicates that the reaction already started before purging with oxygen.  

 
Fig. 1 Comparison of O2 concentration curves of Fe(II) oxidation experiments with were started either 
by adding Fe(II) to O2 equilibrated solution (Fe(II) addition) or by flushing O2 to a Fe(II) solution (O2 
addition). 
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5.3.2 Fe(II) stock solution 
Another factor affecting the progress of the reaction at the beginning of the 
experiment, was the composition and preparation of the Fe(II) stock solution. Under 
oxic conditions Fe(II) solution can only be stabilized by acidification. Therefore, 0.032 
mol/l HCl was added to Fe(II) stock solution, which was additionally flushed with 
argon. However, despite of the acid addition and the use of Ar-aeration, Fe(II) 
oxidized quickly in the stock solutions prepared outside the glovebox. Therefore the 
stock solutions were prepared and kept inside a glovebox (with 95 % N2 and 5 % H2) 
to maintain conditions as long as possible anoxic. Additionally, the transferred 
aliquot of the Fe(II) stock was tested for each experiment for the presence of Fe(III) 
to test the stability of the stored Fe(II) stock. This way the Fe(II) stock could be used 
for half a year or longer instead of a few weeks. Nevertheless the acid in the stock 
solution was problematic when reaction rates were high e.g. at high temperatures. 
For these experiments we prepared acid-free Fe(II)-stock solutions, which were up to 
half a year stable inside the glovebox. 

5.3.3 Stability of bacteria culture 
Third, the condition of the bacterial culture influenced the Fe(II) oxidation in 
microbial experiments. Initially, strains from the BCCM were used for microbial batch 
experiments. However, the cell morphology changed during cultivation and the rates 
and rate constants were very different compared to those calculated for the isolated 
strain. This suggests that the cells changed during cultivation, but the reason why the 
morphology or the ability to oxidize iron changed remained unclear. Based on the 
experience with the BCCM strains we added manganese to the stock cultures of L. 
Appels, to test the metal oxidation ability of the bacteria. The enrichments used for 
experiments, were kept Mn free to avoid that cells became encrusted with Mn 
oxides.  

5.4 RESULTS  

5.4.1 Stability of the pH and its effect on the Fe(II) oxidation rate 
Two features can be observed during the experiments, a decrease in pH during the 
start of the reaction (pH drop) and, particularly at the end of the reaction, phases 
with pH above 7 (overtitration) (Fig. 2). A pH drop was observed in experiments, 
where an acidified Fe(II) stock was used. However, the pH was readjusted by base 
addition within seconds. As the pH adjustment was very quick, it did not affect the 
average pH over the whole reaction time. In most experiments, the average pH was 
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slightly higher than 7 due to the overcompensation of acid production by base 
addition. The deviation of the average pH from pH 7 varied between 0.005 and -
0.003 pH units (Fig. 3). Consequently, the difference between rateconst and ratepH or 
rateO2 was in general very small and was less than the difference expected for an 
uncertainty in pH of 5 % (Fig. 4 and Fig. 5). However, in many experiments at 37°C, 
the average pH was lower than 7 and differences up to 0.02 pH units were observed 
(Fig. 3). At this temperature, the pH could be below 7 during the complete reaction 
time before the experiments were optimized (Fig. 2). This was mainly caused by pH 
decrease due to the use of acidified Fe(II) stock and when base addition was 
insufficient to keep up with the high reaction rate at 37°C. In these cases, the 
difference between ratepH and rateconst was larger than at lower temperature (Fig. 5).  

 
Fig. 2 Optimization of pH and O2 concentration stability in 37°C experiments. Step 1 is an experiment 
before optimization. For pH optimization, base addition rate was increased in step 2. In step 3 base 
addition rate was further increased and base was added manually. In step 4 acid free Fe(II) stock was 
used and base concentration was increased from 0.01 to 0.05 mol/l NaOH. For O2 optimization, the 
total gas flux rate was doubled in step 2. In step 3 the gas distribution system was changed to a spiral 
and the total gas flux was doubled from 1 to 2 l/min. In step 4, the spiral gas distribution system was 
used and the O2 gas flux was increased for a short time. 
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Fig. 3 Difference between the time weighted average pH and pH 7 (ΔpH = µpH – 7 in panel a and b in 
abiotic experiments and in experiments with L. Appels. Panel c shows the difference between average 
O2 and 12.8 µmol/l while in panel d the differences between average O2 and target O2 are shown. 
Note that these graphs also show results before optimization before optimization of the experimental 
design. 
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Fig. 4 Calculated rates based on the rate law of abiotic Fe(II) oxidation. The continuous lines show the 
rates calculated for constant pH and O2 concentration during the experiment (rateconst). The symbols 
are rates calculated by using the average pH (a and b) and O2 concentration (c and d) instead of the 
target values of the experiment. The dashed lines represent the deviation in rates when considering a 
0.05 pH deviation and 10 % O2 deviation, respectively. 

In order to improve the pH stability, the experiments were optimized by changing 
the base addition rate, base concentration, and the Fe(II) stock (Fig. 2 and Fig. 6). 
First, manual base addition and increase of the maximum base addition rate was 
used to compensate the pH decrease. The manual addition was mainly applied to 
quickly overcome the pH decrease upon addition of the acidified Fe(II) stock. Both 
measures helped to reduce the length and amplitude of the pH drop (Fig. 2) and to 
reduce the deviation between rateconst and ratepH (Fig. 5 and Fig. 6). However, as 
different amounts of base were added manually in addition to that added by the pH 
stat device, this biased the calculation of the kinetic parameters. Therefore, instead 
of manual NaOH addition, the concentration of the base was varied depending on 
temperature and O2 concentration. When using 0.05 mol/l NaOH instead of 
0.01 mol/l NaOH and acid-free Fe(II) stock solutions, a relatively stable pH was 
observed in experiments at 37°C and at 30°C and in experiments with O2 
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60 μmol O2/l, 0.01 mol/l NaOH was used. As the pH was very sensitive to NaOH 
concentration and maximum base addition rate, both parameters have to be 
matched for each condition to optimize pH stability (Table 2). 

 
Fig. 5 Relative difference between the rates calculated with the average pH or O2 (ratepH or rateO2) and 
the corresponding rates at constant condition (rateconst). Panel a and b show the deviation from ratepH 
to rate constant, while in panel c and d the difference of rateO2 to rateconst is displayed. 
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Fig. 6 Example of the optimization progress for 37°C temperature experiments illustrated by the 
change in Fe(II) oxidation rate. Numbers 1-4 refer to the changes made at the setup to improve the 
stability of pH and O2. Rateconst refers to constant pH (7) and constant O2 concentration (12.8 μmol/l). 

Table 2 Optimal choice of NaOH concentration, base addition rate and Fe(II) stock for Fe(II) oxidation 
experiments of 150 μmol/l Fe(II) at pH 7 at varying O2 concentrations (3-120 μmol O2/l at 20°C) or at 
different temperatures (10-37°C; at 12.8 μmol O2/l). 

O2 concentration 
(20°C) 

Temperature 
(12.5µmol 
O2/l) 

NaOH 
concentration 

maximum 
base addition 
rate 

Fe(II) stock, special O2 
addition* 

>120µmol O2/l  
(40% O2) 

30-37°C 0.05mol/l 20ml/min 
acid free Fe(II) stock,  
O2 pulse during start 

~60µmol O2/l  
(20% O2) 

20°C 0.05mol/l 8-10ml/min acid free Fe(II) stock 

28- 60µmol O2/l 
(20% O2) 

20°C 0.01mol/l 10-14ml/min acidic Fe(II) stock possible 

 ~12.8µmol O2/l  
(5% O2) 

10-20°C 0.01mol/l 8ml/min acidic Fe(II) stock possible 

~3µmol O2/l (1% O2) 20°C 0.01mol/l 4-6ml/min acidic Fe(II) stock possible 

*bottom spiral tube suggested for all experiment types 

5.4.2 Change in O2 stability and its effect on the Fe(II) oxidation 
rates 
Similar to pH, O2 concentration was stable in most experiments except when the 
reaction rate was very high. In this case, O2 concentrations decreased below the 
target concentrations and O2 was consumed faster than replenished (Fig. 2). 
However, O2 concentrations could also rise above the initially adjusted concentration 
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(Fig. 2) possibly due to pressure variations in the system at high gas flux. Generally, 
O2 concentrations showed higher fluctuations in experiments at higher temperature 
and in experiments at higher O2 concentration (Fig. 3). However, the deviation 
between average and target O2 concentration at low O2 concentrations (3 and 
12 μmol/l) had a stronger relative effect on the rates compared to those at higher O2 
concentrations (Fig. 3 and Fig. 5). Overall, values of rateO2 differed between 5 – 10 % 
from the rate at constant conditions in experiments at different O2 concentrations, 
while the rates varied with up to 10 % more in experiments at different temperatures 
(Fig. 4 and Fig. 5). Similar to pH, the largest O2 differences were observed in 37°C 
experiments, where average O2 concentration were up to 3.8 μmol/l lower than 
12.8 µmol/l (Fig. 3 and Fig. 5) causing 25 – 30 % decrease of the oxidation rate. This 
decrease in O2 caused a larger rate difference compared to the effect of the deviation 
from pH 7.  

To increase the stability of the O2 concentration at higher temperatures the 
replenishment was optimized by increasing the gas flux, the stirring rate or changing 
the gas inlet tube (Fig. 2 and Fig. 6). By doubling the gas flux the O2 concentration 
could be increased, however we wanted to avoid overpressure in the system as it 
may influence the reaction. Therefore, a short pulse with higher O2 flux was applied 
manually in experiments at 37°C shortly after Fe(II) addition. Additionally to the gas 
flux, the gas distribution system was changed to a bottom spiral. The spiral tube 
released smaller gas bubbles distributed over a larger area, so that O2 could be more 
efficiently replenished. When using the spiral tube, the O2 concentration reacted very 
sensitively to changes in gas flux (Fig. 2) and too high gas flux or too long O2 pulse 
could lead to a rise of O2 concentration above the desired value. Therefore the short 
time O2 pulse needed to be timed precisely. In addition, despite of the optimized gas 
flux and increased gas distribution, O2 stability was also affected by the stirring rate. 
In one experiment without stirring measured O2 concentrations decreased quickly 
despite continuous gas flux due to consumption by Fe(II) oxidation (data not shown). 
This indicates agitation by the gas flux was insufficient to ensure homogeneous O2 
distribution in the reactor. 

5.4.3 Experimental rates 
In figure 7 the rates determined in abiotic and microbial experiments are plotted in 
comparison to ratepH and rateO2. The experimental rates had a larger variability 
compared to the variability caused by the instability of pH and O2. Hence, other 
factors than O2 and pH stability were influencing the reproducibility of the Fe(II) 
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oxidation rate. Particularly, rates of microbial experiments contributed to the 
observed deviation from the rateconst (Fig. 7). This indicates that the influence of 
bacteria on Fe(II) oxidation rates can be highly variable. Overall, the comparison with 
the variability of the experimental rates demonstrates that the optimization of the 
experiments reduced the uncertainty due to instability of O2 and pH to a negligible 1 

 

Fig. 7 Experimental rates (triangles) compared to the rates with unstable pH and O2 concentrations. 
All rates represent the results of experiments with L. Appels plus abiotic experiments. Experimental 
rates show much larger variation compared to effects caused by unstable pH or O2 concentration. The 
continuous lines show the rates calculated for constant pH and O2 concentration during the 
experiment (rateconst). The dashed lines represent the deviation in rates when considering a 0.05 pH 
deviation (dash-dot-dot lines)and 10 % O2 deviation (dashed lines), respectively. 

5.5 DISCUSSION 

In comparison to pH, O2 concentrations were more difficult to stabilize at 30 and 
37°C. At higher temperature the solubility of O2 in water decreases (Minegishi et al., 
1983; Millero et al., 1987). However, the effect of temperature on equilibrium 
solubility can be compensated by adjusting the O2 concentration in the gas flux. 
Hence, the instability of O2 at high temperatures was caused by insufficient O2 
transfer rates from gas to aqueous phase (Davison and Seed, 1983; Minegishi et al., 
1983). The concentration gradient between the gaseous and dissolved O2, the 
transfer resistance, and the size of the interfacial area between gas phase and 
solution determine how fast O2 is replenished in solution (Liss and Slater, 1974). The 
transfer resistance between gas and aqueous phase depends on the molecular 
diffusion coefficients (Liss and Slater, 1974). At elevated temperature the diffusion 
coefficients increase which should lead to a lower transfer resistance. However, the 
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corresponding increase in O2 flux is apparently too small to compensate the increase 
in O2 consumption at higher temperature. This explains the pronounced drop in O2 
concentration in experiments at higher temperature. Our observations demonstrate 
that purging with a gas of known composition is not necessarily sufficient to stabilize 
dissolved O2 concentration in reactor experiments. Hence, pH and O2 should be 
monitored in Fe(II) oxidation experiments. 

Stumm & Lee (1961) demonstrated a strong effect of pH on the Fe(II) oxidation 
rate. Based on these results, pH was recognized as a dominant parameter influencing 
the Fe(II) oxidation kinetics and it was measured and/or buffered in the following 
studies (e.g. Davidson and Seed (1983), Millero et al. (1987), Millero and Izaguirre 
(1989), Liang et al. (2002), Druschel et al. (2008)). Similar to our results, the difficulty 
to keep the pH constant at increased temperatures was reported in other studies 
(Sung and Morgan, 1980; Minegishi et al., 1983). Millero et al. (1987) assumed that 
changing pH caused the high variability of the determined rate constants at different 
temperatures preventing the calculation of the activation energy (Arrhenius 
parameter). Despite of the pH correction proposed by Millero et al. (1987) the 
published activation energies show large variations (Ea for abiotic reaction: 23 –
 125 kJ/mol; microbial oxidation by acidophilic iron oxidizer: 38 - 89 kJ/mol), 
indicating that other factors than pH affect the reproducibility of the rate constants 
or that the rate law does not account for all relevant parameters. As O2 was rarely 
monitored or kept constant, it may well be that unstable O2 concentrations lead to 
the variability in the rate constants and the activation energies. 

Despite of our efforts for optimization and improved accuracy, our experimental 
rates showed much larger variation compared to that caused by pH or O2 instabilities 
(Fig. 7) suggesting other sources of uncertainty. The calculated ratepH and rateO2 only 
represent the isolated effect either pH or O2 instability, while in our experiments 
both parameters can vary. Additionally, contamination by Fe(III) traces and other 
organic and inorganic substances e.g. phosphates (pH buffer) can also influence the 
reaction as they can accelerate or inhibit Fe(II) oxidation (Tamura et al., 1976; Millero 
et al., 1987; King et al., 1995; Liang et al., 2002; Larese-Casanova et al., 2010). 
Particularly the presence of Fe(III) oxides increases the Fe(II) oxidation rate due to 
the catalytic effect of the oxides (Tamura et al., 1980). Moreover, the large variations 
in the bacterial experiments reflect the difficulty to work with a living organism. The 
enzymatic activity and the cell structure can change by mutation or adaptation (e.g. 
loss of sheaths Mulder and van Veen (1963), Spring et al. (1996); temperature 
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adaption Ahohnen and Tuovinen (1989)). Additionally, cells can release substances 
and change their microenvironment to influence the reaction or the formed iron 
oxides (Banfield et al., 2000; Fakih et al., 2008; Chan et al., 2009). This variability can 
cause differences from experiment to experiment and ask for multiple repetitions to 
verify kinetic trends particularly in microbial experiments.  

5.6 CONCLUSIONS  

Our study clearly demonstrates that instabilities of the pH as well as of O2 
concentration can affect the Fe(II) oxidation rates, if the batch system is not 
optimized. Both pH and O2 concentrations should thus be monitored and regulated in 
Fe(II) oxidation experiments. Monitoring O2 concentrations can be more important 
compared to measuring the pH, as O2 concentrations are more difficult to stabilize. 
The stability of pH and O2 concentration can be improved by optimizing the batch 
system. Depending on temperature or O2 concentrations the best combination 
between base concentration, base addition rate, gas distribution system, total gas 
flux or O2 gas flux needs to be evaluated.  
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Sammenvatting in het Nederlands 

Zijn neutrofiele ijzeroxiderende bacteriën van belang?  

Verschillende studies hebben aangetoond dat neutrofiele Fe(II)-oxiderende bacteriën 
de energie uit de oxidatie van Fe(II) kunnen gebruiken om te groeien. Een open vraag 
is in welke mate  pH-neutrale of neutrofiele Fe(II)- oxiderende bacteriën de snelheid 
van Fe(II)-oxidatie in natuurlijke milieus kunnen verhogen en daarmee de 
omzetsnelheid van de ijzerkringloop kunnen verhogen. Dat bacteriën energie kunnen 
winnen uit de oxidatie van Fe(II) was al langer bekend voor zuurtolerante of 
acidofiele Fe(II)-oxiderende bacteriën maar werd lange tijd niet voor mogelijk 
gehouden voor neutrofiele bacteriën. Dat komt omdat de chemische reactie van 
Fe(II) bij neutrale pH zeer veel sneller verloopt dan bij zure pH en de bacteriën met 
de snelle chemische reactie moeten concurreren. Een bijkomend probleem voor 
neutrofiele Fe(II)-oxiderende bacteriën is dat bij neutrale pH meteen ijzeroxiden 
neerslaan, die de chemische oxidatie van Fe(II) katalytisch nog verder versnellen.  

Naast de pH beïnvloeden ook andere parameters zoals zuurstofconcentratie en 
temperatuur de snelheid van de chemische Fe(II)-oxidatie. Dus temperatuur en 
bepaalde zuurstofconcentraties zouden de biologische oxidatie van Fe(II) kunnen 
bevorderen wanneer de chemische reactie onder deze omstandigheden sterker 
vertraagd is dan de microbiële oxidatie. Maar tot nog toe was niet bekend hoe de 
snelheid van de microbiële Fe(II)-oxidatie bij neutraal pH van zuurstofconcentratie en 
temperatuur afhing. Het primaire doel van dit onderzoek was dit kennisgat te vullen 
door het effect van zuurstofconcentratie en temperatuur op de reactiekinetiek en de 
producten van de microbiële Fe(II)-oxidatie te bestuderen. Daarvoor werd in 
laboratoriumexperimenten onder gecontroleerde omstandigheden de snelheid van 
Fe(II)-oxidatie met en zonder Leptothrix cholodnii gemeten. De L. cholodnii stam 
Appels kan Fe(II) oxideren en wij hebben deze bacteriëstam uit een sediment in het 
zoete gedeelte van het Schelde estuarium geïsoleerd. Op deze locatie hebben wij ook 
een poging gedaan de relatie tussen het voorkomen van Fe(II)-oxiderende bacteriën 
en de fysisch-chemische condities in het sediment beter te karakteriseren. 
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Hoofdstuk 2: Het is bekend dat neutrofiele Fe(II)-oxiderende bacteriën aan de 
natuurlijke kringloop van ijzer kunnen bijdragen, maar over de ecologie van deze 
bacteriën is nog weinig bekend. In dit hoofdstuk werd de invloed van fysisch-
chemische condities in zoetwatersedimenten in het Schelde estuarium op het 
voorkomen van Fe(II)-oxiderende bacteriën, die verwand zijn met de het geslacht 
Gallionella, nader onderzocht. De hoogste diversiteit en ook het grootste aantal van 
Fe(II)-oxiderende bacteriën werd in sediment op een diepte van 5 - 12 cm en vooral 
in het vroege voorjaar (april) waargenomen. Op dat moment werden ook de hoogste 
concentraties van extraheerbaar Fe(III) in de sedimenten gemeten. Het voorkomen 
van Fe(II)-oxiderende bacteriën was lager in diepere sedimentlagen en in 
sedimentmonsters, die tijdens de zomer en herfst werden genomen. In deze 
monsters werd ook minder extraheerbaar Fe(III) gemeten. Dit wijst erop dat, in deze 
periodes, processen die tot de reductie van ijzer lijden de oxidatie van ijzer in de 
sedimenten overheersen. De veranderingen in tijdelijke en ruimtelijke verspreiding 
van Fe(II)-oxiderende bacteriën werden mogelijk veroorzaakt door 
temperatuurveranderingen en door verschillen in zuurstof beschikbaarheid. Zuurstof 
kan diepere sedimentlagen door lekkage uit de wotels en activiteit van macrofauna 
bereiken. Behalve deze trends was het niet mogelijk een statistisch significante  
relatie tussen het voorkomen van Fe(II)-oxiderende bacteriën en de fysisch-
chemische condities vast te stellen. 

Hoofdstuk 3: In verschillende studies zijn aanwijzingen gevonden dat lage 
zuurstofconcentraties de microbiële Fe(II)-oxidatie bij neutrale pH gunstig 
beïnvloeden. Bij lage zuurstofconcentraties vermindert de snelheid van de chemische 
Fe(II)-oxidatie, en neutrofiele Fe(II)-oxiderende bacteriën zouden het minder moeilijk 
kunnen hebben zich tegen de chemische reactie staande te houden. Om de 
samenhang tussen zuurstof-concentratie en de concurrentie tussen chemische en 
biologische Fe(II)-oxidatie verder te onderzoeken hebben wij de snelheid van Fe(II)-
oxidatie met en zonder de Fe(II)-oxiderende bacterie L. cholodnii stam Appels als 
functie van de zuurstofconcentratie gemeten. In experimenten met (~108 cells/ml) en 
zonder bacteriën verliep de Fe(II) oxidatie in twee fasen. In de eerste fase verschilden 
chemische en biologische oxidatie van Fe(II) met betrekking tot de afhankelijkheid 
van zuurstof. De snelheid van de chemische oxidatie van Fe(II) nam lineair toe met 
stijgende zuurstofconcentratie. Daarentegen kon de zuurstofafhankelijkheid van de 
biologische oxidatie met de Michaelis-Menten vergelijking worden beschreven. In de 
eerste oxidatiefase was de snelheid van de microbiële reactie ook hoger dan die van 
de chemische reactie. In de tweede fase overheerste de chemische reactie ook in de 
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aanwezigheid van bacteriën. Dat komt omdat zich toen toenemende hoeveelheden 
ijzeroxiden ophoopten en deze de oxidatie van Fe(II) versnelden. In een aantal 
experimenten was de snelheid van Fe(II)-oxidatie in de aanwezigheid van bacteriën 
zelfs trager dan die zonder bacteriën. Een mogelijke verklaring ervoor is dat de 
chemische reactie door de aanwezigheid van extracellulaire polymeren werd 
vertraagd. Dus lage zuurstofconcentraties begunstigen Fe(II)-oxidatie door Leptothrix 
in de beginfase van de reactie. Als de reactie verder doorloopt beperkt het 
katalytische effect van de ontstane ijzeroxiden het voordeel van de bacteriën, tenzij 
bij voorbeeld het ophopen van ijzeroxiden, door Fe(III)-reductie zou kunnen worden 
voorkomen. 

Hoofdstuk 4: De temperatuur beïnvloedt de snelheid van de chemische Fe(II)-
oxidatie en de kenmerken van de gevormde ijzeroxides. Daarom kan de temperatuur 
een belangrijke factor zijn die de concurrentie tussen chemische en biologische Fe(II)-
oxidatie bij neutraal pH controleert. Wij hebben in experimenten met en zonder L. 
cholodnii stam Appels de snelheid van Fe(II)-oxidatie bij verschillende temperaturen 
gemeten en de eigenschappen van de precipitaten onderzocht. De experimenten 
werden bij een zuurstofconcentratie van 12 - 13 µmol O2/l uitgevoerd en de 
temperatuur werd tussen 11 - 37°C gevarieerd. Zoals in het vorige hoofdstuk 
beschreven, verliep de reactie in twee fasen. In de eerste fase was in aanwezigheid 
van Leptothrix de biologische reactie sneller en de invloed van temperatuur op de 
snelheid van de reactie verschilde naarmate bacteriën aanwezig waren of niet. De 
snelheid van de chemische reactie nam met stijgende temperatuur volgens de 
Arrheniusvergelijking toe. De snelheid van de biotische oxidatie als functie van de 
temperatuur toonde een optimumcurve. Een optimumcurve wijst erop dat de reactie 
in de aanwezigheid van bacteriën door enzymen gekatalyseerd wordt. In de tweede 
fase, wanneer de reactie wordt overheerst door het katalytische effect van 
ijzeroxiden, verschilde de temperatuurafhankelijkheid van de reactiesnelheid in 
experimenten met en zonder bacteriën niet duidelijk van elkaar. De karakterisering 
van de precipitaten met verschillende technieken toonde aan dat in experimenten 
met en zonder bacteriën ferrihydriet en lepidocrociet ontstonden. Ofschoon er 
vergelijkbare producten gevormd werden vertoonden de microbieel gevormde 
ijzeroxiden kenmerken die op hun biologische oorsprong wezen. Bij de chemische 
reactie werd een heterogeen mengsel van grote en zeer fijnkorrelige partikels 
gevormd. In de aanwezigheid van bacteriën leek het mengsel homogener en er 
waren geen grote partikels te herkennen. Desondanks toonde 
Mössbauerspectroscopie aan dat de microbieel gevormde oxiden een beter 
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geordend structuur hebben dan de oxiden die in de afwezigheid van bacteriën zijn 
ontstaan. Bij hogere temperatuur werden de verschillen tussen de oxiden uit 
experimenten met en zonder bacteriën kleiner en er ontstond voornamelijk 
ferrihydriet. Samenvattend kan men zeggen dat werd aangetoond dat de 
temperatuur de concurrentie tussen microbiële en chemische oxidatie kan 
beïnvloeden. Temperatuur heeft ook een invloed op de structuur van de ijzeroxiden, 
die bij de Fe(II)-oxidatie ontstaan, maar naast fysisch-chemische condities heeft ook 
de aanwezigheid van bacteriën een effect op de eigenschappen van de oxiden.  

Hoofdstuk 5: In deze studie werd een batch reactorsysteem ontwikkeld om de 
kinetiek van de microbiële Fe(II)-oxdiatie onder gecontroleerde condities te kunnen 
bestuderen en om deze condities systematisch te kunnen veranderen. Dit hoofdstuk 
beschrijft de optimalisering van het systeem om de zuurstofconcentratie en de pH 
tijdens de reactie constant te houden. Leidend bij de optimalisering waren de 
gevolgen, die een onstabiele pH en zuurstofconcentraties op de snelheid van Fe(II) 
reactie konden hebben. Bij lage Fe(II)-oxidatiesnelheiden waren pH en 
zuurstofconcentratie in het algemeen zeer stabiel en kleine schommelingen hadden 
nauwelijks effect op de snelheid van de reactie. Wanneer de Fe(II)-
oxidatiesnelheiden hoog waren, in het bijzonder in experimenten die bij hogere 
temperatuur uitgevoerd werden, bleek dat de zuurstofconcentratie en de pH tijdens 
de reactie van de streefwaarden konden afwijken. Deze afwijkingen veranderden de 
snelheden van de reactie tot 10 %, door instabiele pH, en tot 30 % vanwege 
onstabiele zuurstofconcentraties. Om deze reden werden extra maatregels getroffen 
om ook bij hoge reactiesnelheden de condities in het systeem constant te kunnen 
houden. De stabiliteit van de pH kon worden verbeterd door het gebruik van een 
zuurvrije Fe(II) stockoplossing en door het optimaliseren van de NaOH concentratie 
en van de parameters, die de automatische toevoeging van loog tijdens de reactie 
bepalen. Om de zuurstofconcentratie te stabiliseren werd het gasinlaatsysteem 
verbeterd en de gasstroom werd aan het begin van experimenten met hoge Fe(II)-
oxidatiesnelheden manueel aangepast. Onze resultaten toonden aan dat een 
constante gasstroom door de reactor en het gebruik van een geautomatiseerd pH-
stat system niet per se constante condities in het systeem garanderen en dat de 
controle van pH en zuurstofconcentraties tijdens de reactie essentieel is om de 
kwaliteit van de gemeten snelheiden te kunnen beoordelen. 
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