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Abstract 

In the last decades, the increased application of engineered nanoparticles (ENP) in industrial processes and 

consumer products has raised concerns about their health and environmental safety. In their life cycle, 

ENP will potentially accumulate in wastewater treatment plants (WWTP) representing sinks for ENP. 

During biological WWT attachment of ENP to the biomass, e.g. biofilm systems, are responsible for the 

desired removal of ENP from the water phase before they enter into the environment. Ikuma et al. 2015 

stated that “…as biofilms are efficient “sponges” for ENP, efforts to elucidate the fundamental 

mechanisms guiding interactions between ENP and biofilms have just begun.” This recent citation 

indicates that there is still a significant knowledge gap surrounding the behavior of ENP in technical as 

well as natural biofilm systems. The “sponge-like” behavior for ENP of various biofilms needs to be 

evaluated to estimate potential mass flows of ENP in the environment. The lack of information is partly 

due to difficulties in the detection of ENP and analytical limitations, such as too low concentrations, 

polydispersity of ENP and the high complexity of the environmental samples. Although there are many 

analytical methods commercially available to quantify ENP, most of them are not able to perform in-situ 

and in-vivo measurements in complex water matrixes.  

To contribute to a better understanding of the interaction between ENP and real biofilms, a new and 

promising analytical approach is demonstrated within this dissertation. This approach utilizes inorganic 

magnetic iron oxide ENP (Fe3O4-NP) as targeted model ENP. Inorganic Fe3O4-NP were employed due 

to their wide application spectrum and their magnetic properties. Based on their magnetic properties, 

Fe3O4-NP were detected using magnetic susceptibility balance (MSB) and magnetic resonance 

imaging (MRI). The combination of those methods enables the precise quantification and visualization of 

Fe3O4-NP in the bulk water and their sorption to the biofilm in a completely in-situ and non-invasive 

manner. A set of experiments under different experimental conditions and time scales was conducted. The 

focus was to examine the role of the 

 chemistry of the water matrix, 

 particle properties and 

 exposure time  

on the interactions between Fe3O4-NP and two different kinds of biofilm systems (compact and fluffy 

structure). Furthermore, the influence of the biofilm structure on the local flow field (no Fe3O4-NP 

addition) was investigated to gain initial information about particle transport in biofilm systems. 
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First, with the aim of evaluating the influence of the chemistry of the water matrix on the removal of 

Fe3O4-NP coated with polyvinyl alcohol, batch experiments with compact granular biofilms were 

conducted (chapter 4). The results obtained by MSB show that the removal of Fe3O4-NP from the bulk 

water was rather low (5 - 35% of input Fe3O4-NP) compared to the findings of recent literature (up to 100 

% removal). This was due to the stabilization of Fe3O4-NP by dissolved and particulate organic matter 

(OM) in the bulk water, which was released by the biofilm matrix itself. Surprisingly, also the biosorption 

(here defined as sum of chemical and physical sorption processes of ENP to biofilms) of Fe3O4-NP onto 

the biofilms was low as well (only 2.4 % of input Fe3O4-NP). The interactions of Fe3O4-NP with the 

biofilms were hampered by the smooth and compact structure of the granular biofilms and their 

stabilization by OM in the bulk water. Furthermore, desorption has occurred. The maximum biosolid 

concentration in compact granular biofilms was 1.9 µg Fe/mg TSS (total suspended solid). This indicates 

that instead of biosorption other processes such as co-sedimentation might be responsible for the removal 

of Fe3O4-NP. In conclusion, OM might represent a key parameter for the fate of ENP in biofilm systems. 

Additional experimental work was performed under static conditions to explore the influence of the 

particle size and particle surface functionalization of Fe3O4-NP on the biosorption to biofilms exhibiting 

fluffy structures (chapter 5). The visualization using MRI revealed that the penetration depth of Fe3O4-NP 

into the biofilm matrix depends on the particle size, but not on the surface functionalization (here: starch, 

dextran, dextran-hydroxyl and silica coating). Fe3O4-NP with a diameter of 20 nm penetrated deeper into 

the biofilm matrix than larger ones (80 nm). However, all investigated Fe3O4-NP mainly sorbed to the 

biofilm surface and outer layers and no full penetration occurred. These results imply that especially the 

particle size could particularly be a key factor to consider for mass flows of Fe3O4-NP in biofilm systems. 

After an exposure of 14 days all investigated Fe3O4-NP were irreversibly immobilized within the biofilm 

matrix. This is contrary to the finding in the batch experiments with compact granular biofilms, where 

desorption of Fe3O4-NP has been observed highlighting the relevance to investigate different types of 

biofilms.  

Further, experiments in continuous flow systems (flow cell, moving bed biofilm reactor) were performed 

with the aim to study the influence of exposure time on the biosorption of Fe3O4-NP coated with silica to 

fluffy biofilms (chapter 6). The concentration of Fe3O4-NP was measured in the bulk water and in the 

biofilm using MSB. The results show that the transport of Fe3O4-NP through the systems was more 

dominant than the biosorption to the fluffy biofilm. The maximum biosolid concentration was 3.6 µg 

Fe/mg TSS, which is slightly higher than in compact biofilms due to favored entrapment in the EPS. 

However, the retention capacity of the used biofilm systems was low. In flow cells and in a moving bed 

biofilm reactor, 57 - 65 % of the input Fe3O4-NP were released by the effluent. Furthermore, detachment 
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of biofilm parts loaded with Fe3O4-NP has occurred, which further increased the washout of Fe3O4-NP. 

The time scale of observation is important to consider for the long-term effects of the interactions of 

Fe3O4-NP with biofilms. However, for the initial interactions the exposure time is of subordinated 

relevance because the biosorption happened quickly (within minutes) and the transport of Fe3O4-NP with 

the flowing fluid was dominant. 

In a last step, the flow field in the carrier based biofilm systems was investigated (in the absence of Fe3O4-

NP) in the context that the local flow field influences the transport of Fe3O4-NP towards biofilm surface 

(chapter 7). The results obtained by MRI show that the biofilm structure had a significant impact on the 

surrounding flow velocities. For example, narrow pathways can be created by the biofilm, in which the 

flow velocities are significantly decreased due to flow evasion. The biofilm thickness and coverage of the 

biofilm are important factors to consider. Depending on the orientation of the biofilm carrier to the flow 

direction, areas of stagnation can be formed, where the transport of solutes and particles (ENP) would be 

dominated by diffusion. Nevertheless, there was no clear correlation between biofilm coverage and flow 

ratio in the biofilm carrier system.  

With the help of the MSB and MRI, unique information about the fate of Fe3O4-NP was generated giving 

general indications for potential mass flows of ENP in technical as well as natural environments. 
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Zusammenfassung 

Der verstärkte Einsatz von synthetischen Nanopartikeln (engl. engineered nanoparticles (ENP)) in 

industriellen Prozessen und Konsumgütern führt durch ihren Eintrag den Wasserkreislauf zu großen 

Problemen für Mensch und Umwelt. Dabei stellen kommunale Kläranalgen eine wichtige Senke für ENP 

dar um ihren weiteren Transport in die Umwelt zu verhindern. Ein besonderes Augenmerk liegt auf der 

biologischen Reinigungsstufe, die durch die Bindung von ENP an die Biomasse (e.g. in Form von 

Biofilmen) zu der gewünschten Reinigung des Wassers von ENP führt. Ikuma et al. 2015 hat kürzlich 

folgendes Zitat publiziert, das auf die Wissenslücken bezüglich der Interaktionen zwischen Biofilmen und 

ENP hinweist: “…as biofilms are efficient “sponges” for ENP, efforts to elucidate the fundamental 

mechanisms guiding interactions between ENP and biofilms have just begun.” Informationen über die 

Interaktion von ENP mit Biofilmen geben Hinweise für ihr Verhalten und potentielle Stoffströme in 

technischen aber auch natürlichen Biofilmsystem. Die genannte Wissenslücke ist unter anderem durch 

Limitationen in der Partikelanalytik bedingt. Probleme für die Bestimmung von ENP in Umweltproben 

sind vor allem niedrige Konzentrationen, Polydispersität der ENP und die komplexe Probenmatrix. 

Obwohl zahlreiche Geräte zur Partikelanalyse erhältlich sind, fehlt es an Methoden, die im Stande sind in-

situ und in-vivo Messungen durchzuführen. 

Für die Untersuchung der Interaktion von ENP mit echten Biofilmen wurde in dieser 

Promotionsarbeit ein neuer analytischer Ansatz verwendet. Anorganische magnetische ENP (Fe3O4-

NP) wurden als Modellnanopartikel eingesetzt, da sie ein breites Anwendungsspektrum haben und 

magnetische Eigenschaften besitzen. Der Verbleib der Fe3O4-NP wurde basierend auf ihren magnetischen 

Eigenschaften mittels der Magnetischen Suszeptibilitätswaage (MSB) und Magnetischer Resonanz-

Tomographie (engl. Magnetic Resonance Imaging (MRI)) festgestellt. Die Kombination dieser 

Methoden ermöglicht den Verbleib von Fe3O4-NP in Biofilmsystemen präzise, in-situ und non-invasive zu 

verfolgen (Quantifizierung und Visualisierung). Im Detail wird das Verhalten von Fe3O4-NP unter 

verschiedenen experimentellen Bedienungen und auf verschiedenen Zeitskalen untersucht. Die 

Experimente haben einen besonderen Fokus auf:  

 Veränderungen in der Wassermatrix,  

 Partikeleigenschaften und  

 Expositionszeit 

hinsichtlich der Interaktion von Fe3O4-NP mit zwei verschiedenen Biofilmen (fluffige und kompakte 

Struktur). Weiterhin wurde der Einfluss der Biofilmstruktur auf das umgebende Strömungsfeld untersucht 
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(in Abwesenheit von Fe3O4-NP) um erste Informationen über den Transport von Fe3O4-NP an die 

Biofilmoberfläche zu generieren. 

In Batchexperimenten wurde der Einfluss der Wassermatrix auf die Entfernung und Biosorption 

(Sammelbegriff für chemische und physikalische Sorptionsvorgänge von ENP an Biofilme) von Fe3O4-NP 

an kompakte und granulierte Biofilme untersucht (chapter 4). Die Konzentration der Fe3O4-NP wurde 

mittels MSB bestimmt. Im Gegensatz zu den Erkenntnissen der aktuellen Literatur, wurden die Fe3O4-NP 

in den Batchexperimenten nur zu 5 - 35 % (bezogen auf Input Fe3O4-NP) von der Wassermatrix entfernt. 

Dieses Verhalten kann vor allem durch die Stabilisierung von Fe3O4-NP durch gelöste und partikuläre 

organische Materie (OM) in der Wasserphase erklärt werden, die von der Biofilmmatrix selbst abgegeben 

wurde. Überraschender Weise ist auch die Biosorption der Fe3O4-NP sehr gering (nur 2,4 % der Input 

Fe3O4-NP). Dies liegt an der glatten und kompakten Struktur der granulierten Biofilme, die die Interaktion 

mit den Biofilmen vermindert. Weiterhin war die Biosorption reversibel. Die maximale Konzentration von 

Fe3O4-NP in den granulierten Biofilmen war 1.9 µg Fe/mg TS (Trockensubstanz). Die Ergebnisse weisen 

darauf hin, dass die Biosorption durch den stabilisierenden Einfluss von OM und die kompakte Struktur 

der granulieren Biofilm schwach ausgeprägt ist. Somit können andere Interaktionen, wie Co-

sedimentation dominanter sein als die Biosorption. 

Zusätzliche Experimente wurden unter statischen Bedingungen durchgeführt um die diffusionsgetriebene 

Interaktion und Biosorption verschieden großer und funktionalisierter Fe3O4-NP in fluffigen 

Biofilmsystem mittels MRI zu untersuchen (chapter 5). Die Untersuchungen mittels MRI haben gezeigt, 

dass die Partikelgröße einen deutlichen Einfluss auf die Penetrationstiefe von Fe3O4-NP in die 

Biofilmmatrix hatte. Kleinere Fe3O4-NP (20 nm) penetrierten stärker als größere (80 nm), was für die 

generellen Stoffströme von ENP von Bedeutung ist. Interessanter Weise hatte die 

Oberflächenfunktionalisierung der Fe3O4-NP (wie beispielsweise: Stärke, Dextran, Silica oder Dextran mit 

Hydroxylresten) keinen signifikanten Einfluss auf die Penetration in die Biofilmmatrix. Die Fe3O4-NP 

haben sich hauptsächlich - unabhängig von Größe und Funktionalisierung - an der Oberfläche und den 

äußeren Biofilmschichten angelagert und penetrierten den Biofilm nicht vollständig. Nachdem die 

Biofilme 14 Tage den Fe3O4-NP ausgesetzten waren, fand eine irreversible Immobilisierung von allen 

getesteten Fe3O4-NP statt. Dies ist gegensätzlich zu den Ergebnissen mit granulierten Biofilmen und gibt 

Hinweise, dass die Untersuchung von verschiedenen Biofilmstrukturen von höchster Wichtigkeit ist. 

Des Weiteren wurde das Verhalten und die Biosoption von Fe3O4-NP in Systemen mit kontinuierlichem 

Durchfluss (Flow Cells und Moving Bed Biofilm Reaktor (MBBR)) hinsichtlich der Expositionszeit 

untersucht (chapter 6). Die Ergebnisse (erhoben mittel MSB) zeigen, dass der Transport von Fe3O4-NP 

mit dem Fluid dominanter war als die Biosorptionsprozesse. Einen Anteil von 57 - 65 % der ursprünglich 
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hinzugegebenen Fe3O4-NP haben die Systeme ohne Biosorption passiert. Somit ist die Rückhaltekapazität 

der Biofilmsysteme in der Flow Cell und im MBBR gering. Die maximale Konzentration an Fe3O4-NP im 

fluffigen Biofilm war 3.6 µg Fe/mg TS - höher als für die kompakten granulierten Biofilme. Das kann an 

der offenen Biofilmstruktur liegen, die die Fe3O4-NP leichter einfangen können.  Die Interaktion der 

Fe3O4-NP mit den Biofilmen geschieht jedoch schnell (innerhalb von Minuten) und der Transport von 

Fe3O4-NP ist dominant. Somit hat die Expositionszeit einen geringen Einfluss auf die initiale Biosorption. 

Um jedoch die Langzeitfolgen von der Interaktion von Fe3O4-NP mit den Biofilmen beobachten zu 

können, spielt die Zeitskala eine wichtige Rolle. Beispielsweise können Änderungen in der 

Biofilmstruktur stattfinden: nach 3 h Expositionszeit haben sich Teile des Biofilms, die Fe3O4-NP 

enthalten, abgelöst und so zu weiterem Austrag von Fe3O4-NP aus dem Biofilmsystem geführt.  

Um den Transport von ENP zur Biofilmoberfläche besser zu charakterisieren, wurde in einem letzten 

Schritt, der Einfluss der Struktur eines auf einem Träger gewachsenen Biofilms auf das umgebende lokale 

Strömungsfeld untersucht (ohne Zugabe von Fe3O4-NP) (chapter 7). Die Ergebnisse, die mittels MRI 

erhoben worden sind, zeigen, dass die Struktur der Biofilme die lokalen Strömungsgeschwindigkeiten 

entscheidend beeinflussen. Die geschieht zum Beispiel durch enge Passagen, in welchen die 

Strömungsgeschwindigkeiten verlangsamt waren. Dabei spielen die Biofilmdicke und die Verteilung der 

Biofilms in dem Träger eine wichtige Rolle. Abhängig von der Orientierung des Trägers zur 

Strömungsrichtung, kann es zu Stagnation kommen und der Transport von gelösten und partikulären 

Stoffen (ENP) wäre dann durch Diffusionsvorgänge dominiert. 

Mit Hilfe der Magnetischen Suszeptibilitätswaage und Magnetischer Resonanz-Tomographie konnten im 

Rahmen dieser Arbeit spezifische Daten generiert werden, die Hinweise für die Interaktionen und den 

Verbleib von ENP in natürlichen, sowie in technischen Biofilmsystemen geben. 
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1 INTRODUCTION 

1.1 Motivation 

In the early 90’s, nanoscience and nanoparticle research emerged globally. The production of 

nanomaterials is expected to rise to 58,000 tons per year between 2011 and 2020 (Maynard 2006). The 

increasing number of applications using engineered nanoparticles (ENP) in consumer products and in 

industry (Heiligtag and Niederberger 2013, Nowack et al. 2012) has led to their undesired release into the 

environment, e.g. through wastewater streams. Especially in the global water cycle, the distribution of 

ENP as pollutants needs to be controlled to avoid harmful effects on humans and the environment.  

ENP can be divided in organic (e.g. carbon nanotubes, fullerenes) and inorganic (e.g. Fe-, Ti,- Ag-, or Zn-

based ENP) nanomaterials (Delay and Frimmel 2012). Inorganic metal-based ENP represent the main 

research focus due to their wide application spectrum and toxicity. For example, concentrations of 

metallic ENP, such as TiO2-based ENP were reported to be up to 1.6 µg/L in surface waters (Gottschalk et 

al. 2013b), which could have negative impacts on natural ecosystems. Numerous mathematical models 

and experimental studies have been conducted in an effort to better understand and predict the potential 

pathways of ENP in the environment (Gottschalk et al. 2013b, Schaumann et al. 2015, Sun et al. 2014). 

Particularly in the water cycle,  wastewater treatment plants (WWTP) represent potential sinks for ENP by 

their accumulation in the biological treatment step (Mueller and Nowack 2008, Nowack 2009, Nowack 

and Bucheli 2007, Nowack et al. 2012, Schaumann et al. 2015, Som et al. 2010). During the biological 

WWT, ENP are mostly removed from the water phase by attachment to biomass (Gottschalk et al. 2013a, 

Westerhoff et al. 2013). The removal of various ENP from the water in WWT systems differs between 10 

% and 90 % (Westerhoff et al. 2013) with varying effluent concentrations (Gottschalk et al. 2013b). This 

has been examined in batch experiments and continuous flow WWT systems (bioreactors, pilot plants) 

with varying particle concentrations and exposure times. However, the desired removal of ENP cannot be 

predicted or regulated yet (Westerhoff et al. 2013) and more research is required to understand the fate of 

ENP. Besides the removal of ENP from the water phase, the identification of concentrations of ENP in 

biomass from WWTP is a current research need (Westerhoff et al. 2013). The biomass from WWT is still 

disposed in landfills or applied to agricultural soils (Blaser et al. 2008, Brar et al. 2010) potentially 

leading to migration of ENP into soils and groundwater. 

The lack of information concerning the distribution of ENP is partly due to difficulties in their detection 

and analytical limitations, such as too low concentrations, polydispersity of ENP and the high complexity 

of the environmental samples (Delay and Frimmel 2012). Although there are many analytical methods 
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commercially available to quantify ENP, most of them are not able to perform in-situ and in-vivo 

measurements in complex water matrixes (Lowry et al. 2012).  

But not only the analytical limitations represent a challenge for the estimation of the mass flows of ENP, 

also the interactions of ENP with the biomass are highly complex and not yet fully understood (Ikuma et 

al. 2015). The biomass in WWT is commonly organized as suspended active sludge and numerous studies 

demonstrated the sludge mediated removal of ENP from the water phase (Kaegi et al. 2013, Kiser et al. 

2009). However, in newer biological water treatment technologies the biomass is organized in form of 

biofilms and only few data on the removal and biosolid concentrations of ENP in biofilms is currently 

available (Westerhoff et al. 2013). Biofilms consist of microorganisms embedded in a matrix of 

extracellular polymeric substances (EPS) anchoring themselves to surfaces (Lewandowski and Beyenal 

2013). They are ubiquitous in technical as well as natural environments, (Costerton 1999) and therefore, 

the accumulation of ENP in the biofilm matrix will affect the mass flows of ENP and their possible 

harmful impacts. When ENP reach the biofilm surface (by diffusive or advective transport) complex 

interactions in time and space are expected to happen. In WWT, attachment of ENP to the biofilms is the 

most important interaction. The attachment is so far summarized in the term “biosorption”, which covers 

all sorption processes (chemisorption, physical sorption), entrapment in the biofilm structure and 

biouptake of ENP into the biofilm matrix and cells (Brar et al. 2010, Kiser et al. 2010). The interactions 

mainly depend on the type of biofilm (chemical and physical structure) and on the particle properties (e.g. 

particle surface functionalization and particle size). In turn, the particle properties are strongly related to 

the chemistry of the surrounding water matrix (Elimelech et al. 1995). For example, ENP can be stabilized 

in the water phase by the coating of their particle surface with natural organic matter (NOM) (Delay et al. 

2011) and as a consequence, their biosorption to biofilms might be hampered (Fabrega et al. 2009b). As 

mentioned earlier, the structure of the biofilm also impacts the interaction with ENP. Biofilms exhibit 

diverse physical structures, such as smooth, flat, rough, fluffy or filamentous structures (Flemming and 

Wingender 2010). For example, fluffy biofilm structures (high specific surface area) enhance the 

biosorption of ENP by entrapment in their EPS compared to more compact structures (Gu et al. 2014, Ma 

et al. 2013). Other types of interactions, such as electrostatic, steric and, chemical interactions between 

ENP and the biofilm surface, biofilm matrix and embedded cells has been demonstrated in numerous 

studies (Fabrega et al. 2009b, Keller et al. 2010, Nevius et al. 2012, Zhang et al. 2009). However, the 

research about the fundamental mechanisms being responsible for the interactions are still at the beginning 

(Ikuma et al. 2015). 
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1.2 Objectives of this work 

As mentioned in the motivation, the detailed interactions between ENP and real biofilm systems are still 

not fully understood and it requires more research to better estimate the fate of ENP. However, the 

distribution of ENP in complex environmental systems is difficult to evaluate partly due to analytical 

limitations. This is why this dissertation aims to demonstrate a new and promising analytical approach 

to examine the interactions between ENP and real biofilm systems. For this approach, easily traceable 

inorganic magnetic iron oxide ENP (Fe3O4-NP) were selected as targeted model ENP. Inorganic Fe3O4-

NP were employed due to their wide application spectrum and their magnetic properties. Based on their 

magnetic properties, Fe3O4-NP were detected completely in-situ and non-invasively using magnetic 

susceptibility balance (MSB) and magnetic resonance imaging (MRI). MSB allows the simple 

quantification of Fe3O4-NP in the water phase and the biosolid concentration in the biofilm matrix (down 

to tens of µg/L). Complementary to the quantification, the interaction between Fe3O4-NP (serving as 

contrast agents) and biofilms was visualized using MRI. MRI provides spatio-temporally resolved 

information about the distribution of Fe3O4-NP in the undisturbed structure of the biofilm. The 

combination of both methods generates unique information to elucidate the fate of Fe3O4-NP within the 

real biofilm system.  

This new analytical combination of MSB and MRI was applied to examine the interactions of Fe3O4-NP 

with biofilm systems originating from WWT under different experimental conditions and time scales. 

Exposure experiments of Fe3O4-NP with a sufficient degree of complexity were conducted in different 

experimental setups (batches, flow cells and moving bed biofilm reactor) involving two different types of 

biofilms (fluffy and compact biofilm structure). The objective was to characterize the interaction and 

biosorption of Fe3O4-NP to biofilms with respect to the chemistry of the water matrix, the particle 

properties and the exposure time. Complementary to that, addressing the transport of ENP to the biofilm 

surface (perquisite to the interaction), the influence of the biofilm structure on the local flow field was 

investigated in absence of Fe3O4-NP. An overview of the conducted experiments is given in Table 1-1. 

Besides the superordinate goal to demonstrate the applicability of the new analytical approach, the 

objectives related to the chapters in this dissertation are pointed out in the following: 

 Characterize the removal and the biosorption of Fe3O4-NP in compact granular biofilm systems in 

laboratory batch experiments with respect to the water matrix (Chapter 4). 
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 Visualize the diffusion dominated biosorption and immobilization of Fe3O4-NP within fluffy 

biofilm systems in laboratory batch experiments with respect to their particle size and 

functionalization (Chapter 5).  

 

 Compare the behavior and biosorption of Fe3O4-NP in fluffy biofilm systems in short term and 

long term exposure experiments in continuous flow systems, such as flow cells and moving bed 

biofilm reactor (Chapter 6). 

 

 Determine the local flow field around heterogeneous biofilm structures in continuous flow cells to 

estimate the transport of particles to the biofilm surface (Chapter 7). 

The results improve the understanding of ENP-biofilm-interactions by the relocation of ENP within the 

biofilm matrix and differentiation of possible interaction processes. This represents one step towards the 

better prediction of the fate of ENP in the biofilm systems and their potential mass flows, also regarding 

their passage through WWTP. Furthermore, reliable data on the biosolid concentration of ENP is provided 

by the application of MSB and MRI, which can serve as input data for a better risk assessment of ENP in 

technical as well as natural environment. 
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1.2.1 Overview of conducted experiments 

Two different types of biofilm systems (exhibiting a compact and fluffy structure) were exposed to 

differently sized and functionalized Fe3O4-NP in various experimental set-ups (batch, flow cell, moving 

bed biofilm reactor (MBBR)), see chapter 4 - 6. To determine the flow field in the used biofilm system, a 

continuous flow experiment was conducted in the absence of Fe3O4-NP, see chapter 7. In order to assist 

the reader, an overview of all conducted experiments is provided in the following table. 

Table 1-1: Overview of all conducted experiments within this dissertation. Abbreviations: magnetic susceptibility balance 

(MSB), magnetic resonance imaging (MRI), moving bed biofilm reactor (MBBR). 

chapter system  type of biofilm 

 and Fe3O4-NP 

exposure 

time 

method aim 

4 shaken batch 

experiments 

granular biofilm;  

Fe3O4-NP with  

polyvinyl alcohol 

coating 

18 h MSB • removal and biosorption by 

granular biofilm 

• consideration of changes in 

the water matrix and type of 

biofilm 

 

 

5 static batch 

experiments 

fluffy biofilm; 

Fe3O4-NP with 

dextran, starch, 

dextran-hydroxyl 

coating 

 

14 d MRI • spatially resolved 

biosorption and 

immobilization in biofilms 

• consideration of different 

particle properties 

 

 

6 continuous flow 

experiments in 

flow cell and 

MBBR 

 

fluffy biofilm;  

Fe3O4-NP with 

silica coating 

5 min, 

30 d 

MSB; 

MRI 

• spatially-temporally 

resolved biosorption in 

biofilms 

• consideration of the contact 

time and transport 

 

 

7 continuous flow 

experiments in 

flow cell 

fluffy biofilm;   

no Fe3O4-NP 

- MRI • determination of the local 

flow regime in biofilm 

systems 

• indications for particle 

transport in biofilm systems 
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2 BACKGROUND 

2.1 Nanoparticles 

Belonging to the group of nanomaterials, the use of the term “nanoparticle” (NP) is widespread and there 

are diverse accepted definitions available (Auffan et al. 2009). The unit prefix “nano” means 10
-9

 (one 

billionth) and is derived from the Greek word νάνος (nános) meaning dwarf. According to the 

International Organization for Standardization (ISO), NP are defined as particulate materials with all 

dimensions between 1 nm and 100 nm (ISO 2008). NP can be of natural or of anthropogenic origin 

(engineered nanoparticles (ENP)). Natural NP result from physical, chemical and biological processes 

(e.g. weathering of rocks, forest fire, volcano eruption) and they are therefore ubiquitous in soils, water 

and air (Christian et al. 2008, Mihai et al. 2015). In contrast, NP synthesized for targeted applications are 

of anthropogenic origin (then called ENP). ENP are of high interest: In 2005 the total global investment in 

nanotechnologies was 10 billion US$ with rising tendency (Navarro et al. 2008a) indicating the immense 

application of nanomaterials, including ENP. ENP can be divided in organic (e.g. carbon nanotubes, 

fullerenes) and inorganic (e.g. Fe-, Au-, Ag-, Al-, Ti-, Ce-, Si-, Zn-based ENP) nanomaterials. ENP 

usually consist of a particle core and one or several surface shells and coatings. The particle surface 

chemistry can be modified by the functionalization with organic or inorganic functional groups or 

molecules with specific properties (e.g. hydrophobicity, surface charge, geometry). Therefore, ENP are 

widely used in consumer products (e.g. textiles, cosmetics), technical and industrial applications and 

biomedical applications (Brar et al. 2010, Mihai et al. 2015, Schmid 2010). In the field of environmental 

engineering, ENP enable advanced wastewater treatment (Theron et al. 2008) and soil remediation 

(Mueller and Nowack 2010, Zhang 2003). This work addresses the group of inorganic ENP, especially 

iron based magnetic iron oxide nanoparticles (Fe3O4-NP). 

Magnetic iron oxide nanoparticles (Fe3O4-NP) 

In this dissertation Fe3O4-NP are used as model ENP to trace their fate in biofilm systems. Their magnetic 

particle property enables following their distribution via magnetic susceptibility measurements 

(quantification) and magnetic resonance imaging (visualization). Therefore, a short introduction about 

Fe3O4-NP is given in the following.  

Beyond other technical relevant inorganic metal(oxide) ENP such as e.g. Ag-, Au-, Ce-, TiO2-NP, the 

application of magnetic Fe3O4-NP in particle science and fundamental research has been perused 

intensively (Laurent et al. 2008). Fe3O4-NP are applied in medical diagnostics (Ito et al. 2005) and drug 

delivery (Gupta and Gupta 2005, Mahmoudi et al. 2011a), catalysis (Kang et al. 2011), soil remediation 
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(Masciangioli and Zhang 2003) or heavy metal absorption in waste water treatment  (Hu et al. 2006). In 

biomedicine, super paramagnetic iron oxide nanoparticles (SPION) are often used as contrast agents in 

magnetic resonance imaging (Mahmoudi et al. 2011b). The magnetism of Fe3O4-NP can be either 

ferrimagnetic or superparamagnetic depending on the particle size and the physic-chemical properties. To 

prevent their oxidation and destabilization, Fe3O4-NP are often coated with organic substances such as 

hydrophilic polymers (e.g. polyethylene glycol) or polysaccharides (e.g. dextran, starch) or with inorganic 

shells (e.g. silica, carbon). These coatings provide electrostatic and steric stabilization of the Fe3O4-NP 

and can be helpful for further functionalization with ligands (Lu et al. 2007).  

2.1.1 Behavior in aquatic systems 

The increasing application of ENP in costumer products and industry results inevitably in their release into 

the environment such as surface waters (Benn and Westerhoff 2008, Delay and Frimmel 2012, Gottschalk 

and Nowack 2011, Klaine et al. 2008, Navarro et al. 2008a, Wiesner et al. 2009). Consumer products can 

release ENP either: 

 as free single particles, 

 as aggregates,  

 as particles with a specific surface functionalization or  

 as particles embedded in a matrix (Nowack and Bucheli 2007).  

As inorganic ENP are often composed of eco-toxic materials - it is essential to evaluate potential negative 

impacts on ecosystems and human health in short and long-term (Buzea et al. 2007, Navarro et al. 2008a, 

Wiesner et al. 2006). In this context, especially Ag-NP have been studied due to their antibacterial effects 

(Ahamed et al. 2010, Kim et al. 2014). Numerous toxicity studies involve living organisms, such as 

bacteria (Li et al. 2013, Mahmoudi et al. 2009, Navarro et al. 2008b), plants (Navarro et al. 2008a), zebra 

fish (Yeo and Kang 2008) and mammals (Buzea et al. 2007). In conjunction with the risk assessment of 

ENP, particle analysis is a prerequisite. The standard characterization of ENP in liquid samples implies the 

analysis of the particle size distribution using e.g. dynamic light scattering or electron microscopy 

techniques (Delay and Frimmel 2012). The chemical composition and concentrations of ENP is 

conventionally analyzed by inductively coupled plasma mass spectrometry (ICP-MS) after acid digestion 

(Barth 1984, Farré and Barceló 2012). A summary of the commonly used analytical methods is given 

elsewhere (Quik et al. 2011). However, difficulties such as low concentrations, high matrix effects, 

particle reactivity, polydispersity and missing standard materials for calibration limit the detection of ENP 

in environmental water samples (Delay and Frimmel 2012). This is why there is only a limited database 

regarding the real concentrations of ENP in the environment compared to other chemical compounds e.g. 
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inorganic or organic trace pollutants (Mueller and Nowack 2008). Many authors stress the lack of 

adequate and standardized analytical methods and detailed descriptions of the conducted research, e.g. 

operational conditions and risk management measures (Clark et al. 2012, Delay and Frimmel 2012). 

Through that, the research is ongoing. The Organisation for Economic Co-operation and Development 

(OECD) recently conducted a survey on the available methods and models for assessing the exposure to 

ENP. They pointed out that the next steps lie in the evaluation of the methods and the techniques for a 

direct exposure sampling and measurement (OECD 03. July 2015). 

Despite the analytical challenges, numerous experimental and modeling studies significantly contributed 

to elucidate the fate of ENP in the environment in the last decade (Gottschalk et al. 2013a, Sun et al. 

2014). It has been shown that, once in the environment, ENP underlie complex interactions and 

transformations with and by inorganic and organic components in the water matrix. ENP undergo 

chemical reactions (e.g. surface modifications), physical reactions (e.g. deposition) as well as biological 

reactions (biological oxidation). Moreover, neoformation of ENP might also occur (Christian et al. 2008, 

Delay and Frimmel 2012, Klaine et al. 2008, Lowry et al. 2012). Addressing the mobility, reactivity and 

potential interactions with biological systems, the particle size and stability of ENP in suspension are key 

factors to consider. The following gives a short introduction about the parameters influencing the particle 

stability in suspension. For fundamentals of particle deposition and aggregation please consult e.g. the 

textbook of Elimelech et al. (1995). 

Particle Surface Charge 

ENP have a high surface energy, which favors the collision of ENP leading to agglomeration and most 

likely sedimentation processes. To prevent agglomeration, ENP can be stabilized in solution by for 

example electrostatic stabilization due to particle surface charges. Particle surface charges can originate 

from: 

 reactions on the particle surface (-functionalization) causing variable charges depending on 

the pH value (protonation, deprotonation), 

 isomorphic substitution or crystal defects in the solid core material of ENP leading to 

permanent particle surface charges or 

 adoption of hydrophobic substances on the particle surface. 

The model of the electric double layer by STERN, GOUY und CHAPMAN describes the distribution of the 

particle surface charge in water suspension with electrolytes, see Figure 2-1. The particle surface charge 

(NERNST potential) has to be balanced by (hydrated and dehydrated) counter-ions from the water matrix. 
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Consequently, ion layers are established near by the particle surface, exemplary depicted for a negatively 

charged particle, see Figure 2-1: the first layer is the STERN layer (immobile ion layer) followed by the 

GOUY-CHAPMAN layer (diffusive ion layer, uneven distribution of ions) (Elimelech et al. 1995, Stumm 

1992, Stumm and Morgan 1996).  

 

Figure 2-1: Schematic of the electrical double layer on a negative charged particle surface in a system with electrolytes after 

Stumm (1992). The thickness of the STERN layer dST and the diffusive layer ddiff are determined by the water matrix and particle 

properties. The abbreviation n refers to the number of ions in the solution. The proportions of this figure are out of scale. 

 

Influence of ionic strength and pH 

In environmental samples the stability of ENP is mainly affected by the ionic strength and pH value 

(Delay et al. 2011). For the analysis of the particle surface charge, an electric field is applied across the 

dispersion. Depending on their surface charge, particles will move towards the electrode with the opposite 

charge reaching a constant velocity. The electric field will cause a displacement of the charges within 

diffusive double layer on the ions (GOUY-CHAPMAN layer). The charge will be sheared off due to the 

particle movement (at the slipping plane). Then the particles lose their balanced state by counter ions. The 

resulting potential at the slipping plane is defined as the zeta potential (ζ), see Figure 2-1. Among others, 

the zeta potential depends on the pH value. The protonation (low pH values) or deprotonation (high pH 

values) of the particle surface is balanced at the point of zero charge (PZC), where the particle surface 

charge is neutral. At PZC particles in suspension tend to homo-agglomerate due to low electrostatic 
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repulsive forces. In particle science, the zeta potential serves as indicator for particle stability: when the 

zeta potential is around ± 30 mV a particle suspension is considered to be stable (electrostatic 

stabilization). In case of solutions with high ionic strength (high ion concentrations), the agglomeration of 

particles is favored. When the bulk solution has an increased ion concentration, e.g. in wastewaters, the 

diffusive double layer will be compressed, see dotted line in plot of Figure 2-1. This is due to faster 

surface charge balancing which lowers the potential (subplot in Figure 2-1). In summary, a low a zeta 

potential close to PZC of particles and a high ionic strength promote particle agglomeration in suspensions 

(Jiang et al. 2009, Ottofuelling 2011, Stumm 1992). The stability of dispersions of ENP and their 

tendency for agglomeration is described using the theory of DERJAGUIN-LANDAU-VERWEY-OVERBEEK 

(DLVO) considering electrostatic forces, steric forces, and VAN DER WAALS forces between single ENP 

(Derjaguin and Landau 1941), see appendix A.2. 

Influence of natural organic matter (NOM) 

In complex water matrices, interactions of ENP with natural organic matter (NOM) are of high relevance 

for the particle stabilization and mobility (Baalousha et al. 2008, Cuny et al. 2015, Delay et al. 2011, 

Pelley and Tufenkji 2008, Tiller and Omelia 1993). NOM consists of organic macromolecules such as 

humic acids, fulvic acids and humins, and non-humic substances such as proteins, polysaccharides, 

nucleic acids, and amino acids (Jones and Bryan 1998). NOM is able to sorb on the surface of ENP and 

contribute to a steric (long organic chains) as well as electrostatic (shift to more negative surface potential) 

stabilization of the ENP (Keller et al. 2010, Napper 1977, Ottofuelling 2011). However, NOM in 

combination with bivalent ions, such as Ca
2+

 can lead to bridging and flocculation processes resulting in 

particle destabilization (Delay et al. 2011, Zhang et al. 2009). The (temporal or long-term) coating of the 

surface of ENP with organic molecules has been described as “corona” of ENP. This organic “corona” 

significantly influences the fate of ENP due to favored interactions with other biomolecules (Monopoli et 

al. 2012), such as the surfaces of biofilm systems.  
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2.1.2 Nanoparticles meet biofilms 

Biofilms 

Biofilms are composed of microorganisms populations or other organisms (protozoa, algae, fungi) which 

attach to surfaces (usually solid-liquid) and are embedded in a matrix of extracellular polymeric 

substances (EPS) (Horn 2004, Lewandowski and Beyenal 2013). More than 90 % of the total global 

microorganisms form multispecies biofilms as present in ecosystems such as lakes, surface waters, ground 

waters, as well as terrestrial ecosystems (Kallmeyer et al. 2012). The biofilm’s EPS matrix is highly 

heterogeneous and complex. EPS consist of a large number of organic molecules such as  

 polysaccharides (40 - 95 %), 

 proteins (< 1 - 60 %),  

 nucleic acids (< 1 - 10 %) and  

 lipids (< 1 - 40 %) 

 as well as inorganic compounds and humic substances (Flemming and Wingender 2001). Polysaccharides 

and proteins for example favor the aggregation of the cells in the biofilm while serving as nutrition source. 

Depending on the microbial composition of the biofilm, it can consist of 10 - 25 % of cells and 75 - 90 % 

EPS matrix (Costerton 1999). The biofilm structure and composition strongly depends on the chemical 

and hydrodynamic environment during the biofilm growth, and thus varies in time and space (Flemming 

and Wingender 2010, Flemming and Wingender 2002, Horn 2004, Van Loosdrecht et al. 1995). Extensive 

shear stress at high flow velocities will lead to thinner and more compact biofilm structures, and lower 

flow velocities to more fluffy open biofilm morphologies depending on the substrate load (De Beer et al. 

1996, De Beer et al. 1994b, Stewart 2012). In this context, biofilms can form, e.g. smooth, flat, rough, 

fluffy, or filamentous (Flemming and Wingender 2010) structures. Biofilms are able to settle in ecological 

niches exposed to extreme living conditions with regard to pH, hydrodynamic and osmotic stress as well 

as exposure to biocides and antibiotics (Costerton et al. 1994, Stewart and Costerton 2001). Biofilms are 

also able to persist unwanted at locations, such as clinical instruments, therein causing tremendous 

problems as they can host pathogens triggering infections and diseases (Costerton et al. 2005, Hall-

Stoodley and Stoodley 2009). In technical systems, the presence of biofilms can be critical as well by e.g. 

biofouling of membranes for water purification (von der Schulenburg et al. 2008b). Nevertheless, biofilms 

also have great advantages: in nature, life would not be possible without biofilms forming a large number 

of micro scale ecosystems (e.g. subaerial biofilms (Gorbushina 2007), marine biofilms (Mai-Prochnow et 

al. 2004)). Furthermore, biofilms enable technical applications in, e.g. biological wastewater treatment 
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(McQuarrie and Boltz 2011, Odegaard et al. 1994)  and bioremediation of soils and ground waters 

(Lewandowski and Beyenal 2013). 

Therefore, biofilm systems became an important interdisciplinary research topic, merging biology, 

chemistry, and engineering science (Morgenroth and Milferstedt 2009). Imaging techniques for the 

investigation of the biofilm structure and functionality are summarized in section 3.2.2 and will not be 

discussed at this point. 

Behavior of ENP in biofilm systems 

With respect to the distribution of ENP in the environment, their interactions with biofilms have a major 

impact on mass flows and bioavailability (Fabrega et al. 2011, Westerhoff et al. 2013). As in most 

environments, microorganisms (MO) preferentially exist in form of biofilms, and a fundamental 

understanding of the interactions of ENP with biofilms is critical to monitor the fate of ENP. Compared to 

microorganisms organized in suspended form (sludge, single cells), there is less research on the 

interactions and accumulation of ENP within natural biofilm systems (Ikuma et al. 2015) as well as 

biofilms used in WWT (Westerhoff et al. 2013).  

In Figure 2-2 parameters, processes and possible interactions of ENP with biofilms in water phase are 

summarized according to Brar et al. (2010) and Ikuma et al. (2015). In the following, the main focus will 

be on the small-scale interaction processes with the biofilm and less on transport of ENP. As mentioned in 

section 2.1.1, the environmental behavior of ENP strongly depends on the particle properties (1) and their 

potential transport to the biofilm surface (2), see bold numbers in Figure 2-2. The particle size, shape and 

surface are mainly driven by the physical, chemical, and biological environment, e.g. chemistry of the 

water matrix, fluid flow, temperature (Delay and Frimmel 2012, Petosa et al. 2010). Homo- and hetero-

agglomeration (3) and subsequent sedimentation (4) is expected to occur in environmental water matrixes 

(5). For example, an increased the ionic strength might lead to particle agglomeration (3). Besides their 

surface functionalization by specific coatings or organic ligands for targeted applications, the surface of 

ENP can further be modified under environmental conditions such as the sorption of NOM or other 

organic matter (OM) forming an organic “corona” (see 2.1.1). The “corona” stabilizes ENP in the bulk 

water and can lead to a steric repulsion with the biofilm matrix on the one hand (Fabrega et al. 2009a, 

Lowry et al. 2012). On the other hand, it has been reported that OM coated ENP can also facilitate the 

surface interactions with biofilms by organic binding sites (Fabrega et al. 2009b, Morrow et al. 2010). 

Generally, it has been demonstrated that the surface properties (e.g. functionalization and modifications) 

of ENP are more dominant for the interaction with biofilms than the core material (Fabrega et al. 2009a, 

Fabrega et al. 2009b, Fabrega et al. 2011, Nevius et al. 2012, Thill et al. 2006). In any case, “bare” ENP 
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are non-existent in the environment due to transformations and interactions with other components (Ikuma 

et al. 2015). The direct interactions of ENP also depends on the structure of the biofilm (6), see Figure 

2-2), specifically on its physical (e.g. pores, compactness) and chemical (e.g. EPS content) properties as 

shown by only few studies involving model biofilms (Sahle-Demessie and Tadesse 2011) and real 

biofilms originating from WWT (Gu et al. 2014, Ma et al. 2013). Several studies proved that the EPS 

matrix plays a key role, especially for the interactions of ENP with biofilms, as it provides preferential 

binding sites for sorption and accumulation (Battin et al. 2009, Kroll et al. 2014, Sheng and Liu 2011). 

Nevertheless, changes in the chemical and physical structure after exposure to inorganic ENP have been 

observed, e.g. by an exposure of >100 mg ZnO-NP /g TSS to granular biofilms, the concentrations of 

proteins, DNA, lipids, and humic acids in the EPS were significantly decreased (Mu et al. 2012). 

 

Figure 2-2: Environmental parameters and processes involved in the interactions of ENP and biofilms (indicated by numbers), 

adopted schematic after Brar et al. (2010) and Ikuma et al. (2015). Abbreviations: OM: organic matter, MO: microorganisms, 

EPS: extracellular polymeric substances, 𝐺⃗: force of gravity. The proportions in this figure are out of scale. 

 Once ENP reach the biofilms surface, various interactions can take place (Figure 2-2) such as:  

 entrapment in EPS matrix (7),  

 sorption and desorption (8),  

 physical co-sedimentation (9) and  

 penetration in to the biofilm matrix and cells (10)  

(Battin et al. 2009, Brar et al. 2010, Ikuma et al. 2015, Westerhoff et al. 2013).  
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Mainly driven by the morphology and structure of the biofilm (6), entrapment of ENP (7) in fluffy biofilm 

structures such as sludge flocks is likely to happen (Brar et al. 2010). However, the dominant process for 

the attachment of ENP to biofilms are sorption processes (8) which can be either physical sorption (e.g. 

electrostatic or VAN DER WAALS forces) or chemisorption (e.g. chemical interaction). The attachment is so 

far summarized in the term “biosorption”, which covers all sorption processes (chemisorption, physical 

sorption), entrapment in the biofilm structure and biouptake of ENP into the biofilm matrix and cells 

(Kiser et al. 2010). This term is frequently used for the general description of attachment processes of 

ENP to biomass, which remove ENP from WWT (Gomez-Rivera et al. 2012, Herrling et al. 2015a, Otero-

Gonzalez et al. 2015). Research about surface interactions, especially concerning the electrostatic forces 

by the resulting zeta potential of ENP is ongoing (Ikuma et al. 2014). Besides the attachment processes, 

physical co-sedimentation (9) of ENP can happen in systems with suspended biofilms such as special 

(granular) biofilms. Co-sedimentation is an indirect interaction, which can enhance the removal of ENP 

from the bulk water especially by biofilms exhibiting compact structures hampering sorption processes 

(Herrling et al. 2015a). Finally, when ENP are deposited to the biofilm surface they are able to penetrate 

the EPS matrix and might interact with cells (10). ENP, e.g. Ag-NP, are able to diffuse into biofilms (e.g. 

Pseudomonas fluorescence biofilms), but the transport and penetration into the biofilm matrix under 

realistic conditions leading to biological uptake is mainly restricted by the particle size of ENP (Battin et 

al. 2009, Peulen and Wilkinson 2011). By an increased diameter of ENP, for example of Ag-NP the 

diffusion coefficients into the biofilm matrix were reduced (Peulen and Wilkinson 2011). Furthermore, 

there are indications given that ENP preferentially accumulate extracellular (Fabrega et al. 2009b, 

Limbach et al. 2008), but also intracellular uptake was observed (Yu et al. 2015). Generally, the 

penetration of ENP into the biofilm matrix can inhibit the biological activity of the biofilm and disturb the 

cell integrity (Ma et al. 2013, Sheng and Liu 2011). For example, the degree of toxicity of FeO-NP to 

microorganisms (Saccharomyces cerevisiae and Escherichia coli) correlated with their sorption to the cell 

membranes mainly attributed to electrostatic forces (Schwegmann et al. 2010). In contrast, it has been 

shown that ENP can be structurally embedded in the biofilm and sludge matrix without necessarily 

disrupting the cell membranes (Hou et al. 2014, Sibag et al. 2015). Supporting to this finding, studies 

employing biofilms (e.g. Pseudomonas fluorescence) and ecotoxic ENP (e.g. Ag-NP) found that the 

presence of NOM in the bulk solution hampers the toxic effect by coating the surface of ENP (Fabrega et 

al. 2009a). Besides the toxic effects of e.g. Ag-NP, it has been recently demonstrated that concentrations 

of Ag-NP in the range of tens µg/L can also stimulate biofilm development of Pseudomonas aeruginosa 

(Yang and Alvarez 2015). As the interactions of ENP with single cells and cell membranes are not the 

focus of this work, please consult extensive reviews for more information (Nel et al. 2009, Stark 2011). 
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2.1.3 Removal of nanoparticles in wastewater treatment 

The aim of municipal WWTP is to efficiently remove most of the nutrients (nitrogen, phosphorus and 

carbon compounds), pathogens, and other contaminants from the wastewater in mechanical, biological, 

and chemical treatment steps (Wiesmann et al. 2007). In biological treatment, organic compounds are 

partly degraded by heterotrophic bacteria. Moreover, incorporation of suspended solids (organic and 

inorganic matter) into the biomass is part of the treatment process. The biomass hosts a high biodiversity 

of microorganisms such as bacteria and protozoa. Depending on the type of bioreactor and on the 

operation conditions the biomass is organized e.g. in  

 flocculent and filamentous sludge flocks (activated sludge),  

 compact granular biofilms (spherical biofilm system) or  

 biofilms attached to carrier material (Henze 2002, Wiesmann et al. 2007).  

Besides the common wastewater compounds mentioned above, there are other undesired pollutants such 

as pharmaceuticals and ENP present in the wastewater. WWTP play a key role in potential entry points of 

ENP to the water cycle (Kim et al. 2010). According to mass flow models of ENP WWTP are expected to 

be exposed to significant amounts of ENP (Nowack 2009, Nowack and Bucheli 2007, Som et al. 2010). A 

typical concentration range of ENP, e.g. of TiO2-NP in surface waters is 3 ng/L to 1.6 µg/L, whereas in 

effluents of WWTP higher concentrations about 5 µg/L were reported (Gottschalk et al. 2013b). The 

biofilms in the biological WWT are mainly responsible for the elimination of ENP from the water phase 

by attachment to the biofilm (see Figure 2-2). However, the degree of the removal of ENP from the bulk 

water can differ significantly. In Table 2-1 the recent literature on the removal of ENP from wastewater is 

summarized, which confirms the variety of removal. Although the general removal can be high, the 

particular degree of removal does not correlate with the experimental set-up being a closed system (batch 

experiment) or a continuous flow WWT system (bioreactor, pilot plant, full scale WWTP). Also the type 

of ENP is of minor relevance with respect to the degree of removal of ENP (Kaegi et al. 2013). 

Comparative studies revealed that granular biofilms are biologically more resistant to toxic ENP, like Ag-

NP or Ce-NP, than flocculent sludge due to its protective dense EPS. Moreover, granular biofilms remove 

ENP less efficiently compared to flocculent biofilm, which emphasizes the importance to investigate 

different kinds of biomass in this context (Gu et al. 2014, Ma et al. 2013). However, not a single 

parameter enables the estimation of the behavior of ENP, highlighting the complexity of these systems 

(Westerhoff et al. 2013). Another challenge is the assessment of the distribution of ENP in WWT systems: 

once ENP are removed from the water phase they do not necessarily end up sorbed to the biomass. ENP 

can also be removed by physical processes and transformations, e.g. sedimentation (Ganesh et al. 2010), 

see Figure 2-2. The Organisation for Economic Cooperation and Development (OECD) recently published 
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new information of an experimental program (based on 780 studies) where commercially availed 

inorganic ENP (e.g. Ce-NP, SiO2-NP, Ag-NP, Au-NP, TiO2-NP, ZnO-NP) have been used to generate 

nano-specific data on their fate and distribution in the environment. This report also contains information 

about fate of ENP in WWT systems pointing out that there is still a significant fraction of ENP escape 

from the clearing system (OECD 2015). 

Table 2-1: Selected studies on the removal of different inorganic ENP from WWT classified by their experimental set-up. 

Abbreviations: activated sludge flocks (ASF), anaerobic granular biofilms (AG), anaerobic sludge flocks (AnSF), biofilm (BF), 

synthetic waste water (SWW), raw waste water (RWW), buffer solution (BS), deionized water (DW), functionalized ENP (func.), 

laboratory (lab.), sequencing batch reactor (SBR), hydraulic retention time of the WWT system (HRT). Results obtained within 

this dissertation are highlighted in bold. 

reference ENP 

core 

biofilm medium removal 

of ENP  

set-up additional  

information 

chapter 4 (in this 

dissertation) 

 

Fe3O4 AG DW <35 % batch 18 h exposure 

time 

(Kiser et al. 2010) TiO2 

Ag plain 

Ag func. 

 

ASF BS 

 

23 % 

97 % 

39 % 

batch 3 h exposure time; 

closed system 

(Park et al. 2013) Ag plain 

TiO2 

SiO2 

 

ASF DW 90 % 

95 % 

95 % 

batch 24 h exposure 

time; closed 

system 

(Gomez-Rivera et 

al. 2012) 

CeO2 ASF DW 94-97 % 

 

batch 20 h exposure 

time; closed 

system 

 

(Gu et al. 2014) Ag plain AG 

ASF 

DW 2.5-9.4 % 

30-58 % 

batch 3 h exposure time; 

closed system 

 

(Kaegi et al. 2013) Ag func. 

Au func. 

ASF RWW 99 % 

99 % 

batch 2 h exposure time; 

closed system 

 

(Ganesh et al. 

2010) 

Cu ASF DW 95 % batch 20 h exposure 

time; closed 
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system 

 

Chapter 6 (in this 

dissertation) 

Fe3O4 BF SWW 98% MBBR HRT: 5 h; 

overall removal 

 

(Tan et al. 2015) ZnO ASF SWW 98 % membrane 

bioreactor 

HRT: 12 h; 

overall removal  

 

(Otero-Gonzalez et 

al. 2014) 

CuO AG SWW 68-80 % anaerobic 

sludge 

reactor 

 

HRT: 6 - 12 h; 

overall removal 

 

(Hou et al. 2013) ZnO ASF RWW 100 % SBR HRT: 12 h; 

removal per cycle 

 

(Wang et al. 2012) Ag func. 

TiO2 

ASF SWW 88 % 

97 % 

SBR HRT: 8 h; 

18 d experiment 

 

(Gartiser et al. 

2014) 

TiO2 ASF SWW >95 % sewage 

treatment 

plant (lab.) 

HRT: 6 h; 

22 d experiment; 

overall removal 

 

(Kaegi et al. 2011) Ag plain ASF SWW 95 % pilot 

WWTP 

HRT: 1 d; 

43 d experiment 

 

(Kiser et al. 2009) TiO2 ASF RWW 79 % full scale 

WWTP 

average removal;  

1 month sampling 
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3 METHODS  

3.1 Magnetic susceptibility balance 

In this dissertation a new approach is presented: the magnetic susceptibility balance (MSB) was used to 

assess the interaction between magnetic Fe3O4-NP and biofilm systems originating from WWT in-situ and 

non-invasively. MSB is employed in chapter 4 and 6. The promising application of MSB offers the unique 

possibility to quantify: 

 the concentration Fe3O4-NP in the bulk water as well as in complex water matrices and 

 the concentration of Fe3O4-NP in the biofilm matrix. 

3.1.1 Principles of magnetic susceptibility 

Introduced by GOUY in 1889, this method has been employed, e.g. in geology (Borradaile and Henry 

1997) for heavy metal mapping in soils (Hanesch and Scholger 2002) or in medicine for liver tissue 

examination (Weiss and Witte 1973). The volume magnetic susceptibility χv (dimensionless) of a sample 

is the ratio between the magnetization M (A/m) multiplied by an inductive constant µ0̅̅ ̅ (H/m) to the 

strength of the magnetic field B (T) defined by 

𝜒𝑉 = 
𝑀 ⋅ µ0̅̅̅̅  

𝐵
 .  Equation 3-1 

χv is indicated in SI unit system (Earnshaw 1968, Orchard 2007) and is dimensionless. By including the 

density of the substance ρ (kg/m
3
), the mass magnetic susceptibility χM (m

3
/kg) can be calculated by 

(Earnshaw 1968) 

 𝜒𝑀 =
𝜒𝑉

𝜌
 .  Equation 3-2 

χv and χM can either have a negative or positive value indicating a repulsion (diamagnetic) or an attraction 

(paramagnetic, superparamagnetic, ferri- or ferromagnetic) of the sample in the presence of an external 

magnetic field. Equations 3-1 and 3-2 are valid for one phase systems only. As environmental samples 

often represent multiphase systems, WIEDEMANN’s Law is applied to calculate the susceptibility of the 

desired component (Weiss and Witte 1973). In heterogeneous samples, the total magnetic susceptibility is 

the sum of the magnetic susceptibilities of all components weighted by their mass fraction where mi (kg) 

is the mass of substance (i) and m the total mass of the sample given by  
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χM total = ∑ 𝑚𝑖
𝑚⁄ ∙ χM,𝑖

𝑛
𝑖=1  .     Equation 3-3 

The basic principle of a magnetic susceptibility measurement relies on the GOUY method (1889) (Weiss 

and Witte 1973). A conventional laboratory balance and a large permanent magnet were combined to 

measure the gain or loss in sample weight due to the applied magnetic field. The sample was placed in 

between two poles of a permanent magnet causing a magnetic force according to the magnetism of the 

inserted sample. In this work, the measurements were conducted using a laboratory magnetic 

susceptibility balance (MSB) which applies the GOUY method vice versa. The sample tube was fixed 

while the permanent magnets were able to move. The displacement of the magnets inside the MSB 

introduced by the magnetization of the sample was detected optically. The mass magnetic susceptibility 

measured by the MSB was then calculated by  

𝜒𝑀 =
𝐶∙𝐼𝑀𝑆𝐵 ∙(𝑅−𝑅0)

109∙𝑚
 .     Equation 3-4 

Here, C (dimensionless) is the MSB constant and R (m
3
/kg) is the reading signal of the filled sample tube. 

R0 (m
3
/kg) equals the signal of the empty sample tube, IMSB (m) is the height of the sample in the sample 

tube and m (kg) is the mass of the sample. 

 

3.1.2 Quantification of nanoparticles within biofilm matrix 

Compared commonly used method for the quantification of ENP in environmental samples is atomic or 

mass spectroscopy (inductively coupled atomic emission and mass spectroscopy (ICP-OES, ICP-MS)) 

(Quik et al. 2011). Those are costly analytical methods which have certain limitations for the 

quantification of ENP in complex sample matrixes, such as invasiveness, and a time-consuming sample 

preparation (acid digestion) is required. In contrast, MSB offers a simple, fast and precise analytical 

approach to quantify ENP without sample preparation. ENP can be detected in in-situ in their original 

state and only a small sample volume of 50 µL to 200 µL is required. Samples can either be liquid, solid, 

or mixed phase systems offering a high applicability. The sole perquisite for the application of MSB for 

the quantification of ENP is their magnetic property (paramagnetic or superparamagnetic). 

In this dissertation paramagnetic Fe3O4-NP were quantified via MSB. Their magnetic property causes a 

positive signal change in the magnetic susceptibility according to the concentration of Fe3O4-NP in an 

external magnetic field. A concentration of Fe3O4-NP of e.g. c(Fe) = 251 mg/L corresponds to a magnetic 

susceptibility of +68.839± 0.515, see Table 3-1. This correlation is only possible by the calibration of the 
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magnetic susceptibility of Fe3O4-NP determined by MSB with the iron concentration c(Fe), determined by 

ICP-OES. ICP-OES used is a conventional analytical method with a high precision and a detection limit of 

<1 µg/L Fe (Agilent-Technologies 2010). Linear fitting of a calibration curve resulted in a correlation 

coefficient close to 1, which reflects the good quality of the linear correlation, see calibration curves in 

Figure 4-2 and Figure 6-2. The MSB is a high precision analytical method (detection limit of χV min = 

0.13·10
-6

 (SI units) (Sherwood-Scientific 2006)). The validation is given by the repeatability of the 

standard measurement (for water, n = 10) which proves the high precision of the MSB (error < 2 %). 

Table 3-1 presents measured values for the standards deionized water (diamagnetic) and CuSO4 

(paramagnetic) and the expected values for their magnetic susceptibility (Landolt and Börnstein 1986). 

The error between measured value of deionized water and expected value is 0.2 %, see Table 3-1. The 

biofilms used in this dissertation are diamagnetic and close to the value of water. For the quantification of 

Fe3O4-NP sorbed to the biofilm the influence of water and biofilm on the magnetic susceptibility signal for 

Fe3O4-NP was negligible. Fe3O4-NP are strongly paramagnetic while water and biofilm have far lower 

(diamagnetic) values indicating that the water matrix and the biofilm are insignificant in this case. Water 

was the background matrix of all samples as the biofilms’ water content is up to 95 % (Neu et al. 2010).  

Table 3-1: Magnetic volume susceptibilities (dimensionless, SI system) of deionized water, CuSO4 (standards for MSB 

validation) and biofilm. Asterisks (*) indicate expected values as summarized in Landolt-Börnstein (1986). Inorganic Fe3O4-NP 

were measured in suspension with deionized water. Biofilm systems used in chapter 4 and 6 are listed. The granular biofilms were 

sieved in three size fractions (100 - 250 µm, 250 - 500 µm, 500 - 800 µm). 

sample name sample measured 

χV ·10
-6

 (-) 

expected 

χV ·10
-6

 (-) 

chapter 

deionized water control -9.023
 
± 0.138 -9.0478* - 

CuSO4  (solid) control +75.474 ± 0.276 +75.398* - 

Fe3O4-NP PVA coating 

(c(Fe) = 251 mg/L) 

calibration +68.839± 0.515 - 4 

Fe3O4-NP silica coating 

(c(Fe) = 467 mg/L) 

calibration +20.410± 0.170 - 6 

fluffy biofilm biofilm -8.972 ± 0.151 - 6 

granular biofilm (100 - 250 µm) biofilm -2.815± 0.578 - 4 

granular biofilm (250 - 500 µm) biofilm -4.210 ± 0.151 - 4 

granular biofilm (500 - 800 µm) biofilm -4.046
 
± 0.188 - 4 
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For the quantification of Fe3O4-NP using MSB particle agglomeration has no influence on the measured 

magnetic susceptibility signal. Firstly, no agglomeration of Fe3O4-NP is introduced by internal magnetic 

forces in the absence of an external magnetic field. This is due to the elemental magnetic dipoles of the 

magnetic particles not having a permanent alignment (no magnetic behavior, no magnetic attraction). 

Secondly, by the application of an external magnetic field, Fe3O4-NP experience a strong aligned 

magnetization and particles can agglomerate. However, in particle agglomerates the net magnetization of 

the single Fe3O4-NP is maintained by the surface functionalization which creates an interspace between 

each particle. This allows the determination of Fe3O4-NP concentration via the magnetic susceptibility 

even though Fe3O4-NP are agglomerated. 
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3.2 Magnetic resonance imaging 

In this dissertation in-situ and non-invasive magnetic resonance imaging (MRI) was used to assess the 

interaction between magnetic Fe3O4-NP and biofilm systems originating from WWT. MRI is employed in 

chapter 5, 6 and 7. The promising application of MRI to investigate the interactions of Fe3O4-NP and 

biofilms offers the unique possibility to visualize: 

 biofilms undisturbed structure and simultaneously 

 biosorption and immobilization of Fe3O4-NP in the biofilm matrix. 

3.2.1 Principles of magnetic resonance imaging 

MRI allows the non-invasive 2D and 3D visualization of living biological samples in-situ while providing 

specific structural parameters as well as fluid dynamics. MRI techniques contribute to a deeper insight and 

description of complex multi-phase systems in life science, material science and environmental science. 

MRI relies on the nuclear magnetic resonance (NMR), which is based on the magnetization of nuclei. The 

phenomenon of NMR was discovered amongst others by Felix Bloch and Edward Purcell in 1946 (noble 

prize in 1952) and is now widely used in analytics for e.g. chemical structure analysis (NMR 

spectroscopy). A further development towards MRI was realized in 1973 by introducing magnetic field 

gradients which enable spatial resolution of for example the proton density (Lauterbur 1973).  

In this dissertation, MRI was applied for biofilm research to elucidate biofilm structure and to give 

indications for mass transport and interactions with ENP. The next paragraphs summarize the basic 

principles of MRI without claim on completeness. For a detailed description please refer to the textbooks 

of Kimmich (1997) and Callaghan (1991).  

Nuclear magnetic resonance - the NMR signal 

NMR active nuclei carry an odd number of protons and/or neutrons as e.g. 
1
H, 

31
P, 

19
F, 

23
Na, 

13
C, 

14
N 

(nuclear spin quantum number: 𝐼 > 0, for 
1
H: 𝐼 =

1

2
 ) inducing an intrinsic nuclear spin. Hydrogen (

1
H) 

has one of the highest NMR sensitivities due to its gyromagnetic ratio and the natural abundance of 99.98 

% and is therefore the most targeted nucleus in MRI. The spin of the 
1
H nuclei induces a magnetic 

moment (µ in A/m
2
) which is proportional to the nucleus specific gyromagnetic ratio (γ in 1/(T·s)) and 

reduced Planck constant (ħ in J·s) by µ = γ·ħ·I. The presence of an external magnetic field applied in z-

direction (𝐵0 in T) causes a precesion of the nuclear magnetization around 𝐵0. The precesion frequency 

called Larmor frequency (ω0, resonance frequency in rad/s) is proportional to the magnetic field amplitude 

by 
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|𝜔0|  =  𝛾 ∙  |𝐵0|.  Equation 3-5 

Spins experience a parallel or antiparallel alignment with 𝐵0 pursuant to the Boltzmann distribution. The 

spins alignment is associated with discrete energy states (for 
1
H two energy states) being a lower energy 

state (parallel) or higher energy state (antiparallel). The energy difference (∆𝐸 in J) of the spin states is 

described by 

∆𝐸 = ℏ ∙ 𝛾 ∙  |𝐵0| =  ℏ ∙  𝜔0  Equation 3-6 

In the classical NMR theory, spins sum up to a net magnetization 𝑀0 (in A/m), whose equation of motion 

is described by the Bloch equations. 𝑀0 precesses around 𝐵0 (with ω0) and is proportional to the external 

magnetic field amplitude, the gyromagnetic ratio, the number of nuclei (𝑁) in the sample and the 

temperature 𝑇. 

To manipulate the nuclear magnetization M, a short radio frequency (rf) field is applied in a coil which 

induces a second much smaller radio frequency magnetic field 𝐵1 orthogonal to 𝐵0. To motivate the 

underlying processes of NMR, a simplified vector model in a rotating coordinate system (rotating around 

the z-axis with the Larmor frequency) is used. In this rotating coordinate system the axes are defined as x, 

y, z, see Figure 3-1. The net magnetization lies along the y-axis after excitation with a 90° pulse with 

phase x. More general, in the presence of 𝐵1, the net magnetization 𝑀 is flipped to xy-direction. The 

amplitude and duration of the rf-pulse determines the angle (φ), by which the magnetization vector is 

turned towards the transverse xy-plane. By a 90° pulse (π/2 pulse) the NMR signal received by in the 

sample surrounding coil in xy-plane is maximal. Correspondingly, a 180° pulse (π pulse) will turn the 

magnetization to -z, where the NMR signal in xy-plane is minimal. The NMR signal decays due to the 

thermodynamic processes towards the thermal equilibrium orientated to 𝐵0 (longitudinal relaxation). The 

magnetization of nuclei and the presession frequency is measured very precisely in order to explore the 

chemical environment of the nuclei, which is the basis of NMR spectroscopy. With the help of the 

mathematical approach of the Fourier transform (FT) the decreasing measured signal over time (free 

induction decay (FID)) is transformed to intensity over frequency signal (NMR spectrum) (Abragam 

1989).  
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Figure 3-1: Resulting magnetization vector 𝑀⃑⃑  (white indicated macroscopic magnetization) in a rotating coordination system. 𝑀⃑⃑  
has a component in z and in xy direction (gray indication). The magnetization is modified (by the flip angle φ) by the application 

of a radio frequency (rf) pulse. 

 

Relaxometry 

After excitation, the transverse magnetization 𝑀𝑥,𝑦 decays over time (often exponentially). This process is 

defined as transverse relaxation characterized by the time constant T2 (spin-spin-relaxation in s). The 

relaxation by which the net magnetization reestablishes in z direction is the longitudinal relaxation 

characterized by T1 (spin-lattice-relaxation in s).  

Longitudinal relaxation is based on losing energy to the environment (lattice) and re-establishment of the 

magnetization in z-direction by 

𝑑𝑀𝑧

𝑑𝑡
= −

𝑀𝑧− 𝑀0

𝑇1
.  Equation 3-7 

Equation 3-7 is the z-component of the Bloch equations in the rotating frame. The solution is given by 

𝑀𝑧(𝑡) =  𝑀0 ∙ (1 − 𝑒
−

𝑡

𝑇1).    Equation 3-8 

Transverse relaxation occurs due to the magnetization decay of the spins by losing their phase coherence. 

Energy will be transferred within spins by molecular interactions. The net magnetization 𝑀𝑥,𝑦(0) in xy-

plane in the rotating coordinate system returns to zero, and the signal attenuates with time by 

d𝑀x,y

d𝑡
= −

𝑀x,y

𝑇2
.  Equation 3-9 

The solution is given by 

z

x

y

Mz

Mxy

𝑀⃗⃑⃑  

φ 
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𝑀𝑥,𝑦(𝑡) =  𝑀𝑥,𝑦(0) ∙ 𝑒
−

𝑡

𝑇2 .  Equation 3-10 

Inhomogeneity of the external magnetic field causes additional spin dephasing (with different dephasing 

rates) contributing to transverse magnetization decay T2. The effective T
*
2 is then described by 

1

𝑇2
∗ =

1

𝑇2
+

𝛾∆𝐵0. T2 is the sample related, irreversible part of the decay, which has to be distinguished from the 

inhomogeneity contributions, which can be refocused by appropriate NMR sequences. 

Both relaxation times, T1 and T2, are material specific parameters which are influenced by the molecular 

surrounding of the spins. Series of defined rf-pulses (amplitude, frequency and duration) are applied in 

specific pulse sequences to achieve the desired NMR signal where T1 or T2 can be determined (Callaghan 

1991, Kimmich 1997). In MRI, often a weighting is sufficient for a specific image contrast. This can be 

realized by e.g. varying the acquisition parameters TR (time in s between repeated experiments) and τE 

(echo time in s between the excitation, refocusing and acquisition of the magnetization echo). The 

measured NMR signal will depend on the degree of relaxation within these specific time intervals. This 

applies also to imaging as explained in Figure 3-2.  

Magnetic resonance imaging 

The spatial encoding in MRI is based on field gradients which overlay with 𝐵0. The magnetic field has 

then a magnetic field gradient (G in T/m) in x, y, and z. Since the Larmor frequency (ω0) is proportional to 

the magnetic field (𝐵0), the magnetic field gradients enable a linear encoding of position (r in m): 

𝜔⃑⃑ 0 (𝐵⃑ 0, 𝐺 , 𝑟 ) = 𝛾 ∙ 𝐵⃑ 0 + 𝛾 ∙ 𝐺 ∙ 𝑟 . Equation 3-11 

In Equation 3-11, r refers to all directions in space, but in the following only one spatial direction will be 

considered. For MRI, a series of different field gradients need to be applied in a specific order (Figure 

3-2): a slice selection gradient (Gs) selects a specific slice within the sample. A phase encoding gradient 

(Gph) and frequency encoding gradient (Gr) realize the two-dimensional spatial resolution in the imaging 

of the slice by phase and frequency encoding. By 2D-Fourier-transform reconstruction, the image can be 

obtained (Kimmich 1997).  

Frequency selective rf-pulses with frequency bandwidth (Δω) are combined with a slice selection gradient 

(Gs). Δω corresponds to the Larmor frequencies in a particular slice in the sample determined by the slice 

selection gradient. The slice selection gradients can be applied in either spatial direction. For a slice 

selection in xy-plane (axial slice), Gs would be applied along z. A phase encoding gradient (Gph) is 
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switched on between the excitation and refocusing or detection of the signal. Gph encodes the phase of the 

spin’s precession spatially by altering the Larmor frequency in the gradient direction, in our example the 

y-direction. This causes a spatial dependence of the frequency which is manifested as a spatially 

dependent phase after switching off Gph. Phase encoding can be realized by combining a spin echo (SE) 

experiment (90° followed by a 180° rf-pulse) with the corresponding gradients, see Figure 3-2. The 

number of phase encoding steps determines the digital resolution of the images along the phase encoded 

direction. During reading the SE, a frequency encoding gradient (Gr) is applied e.g. in x-direction. Gr 

encodes the precession frequencies along x and allows the allocation by detection of the frequencies. The 

time between the single experiments (total number of n) is the repetition time TR in s. The time interval 

between the excitation, refocusing and acquisition is the echo time τE in s.  

 

Figure 3-2: Standard MRI imaging experiment (multi slice multi echo) and simplified radio frequency- and field gradient pulse 

scheme where a spin echo (SE) is acquired after the textbooks of Kimmich (1997) and Callaghan (1991) (acquisition: ACQ). A 

slice selection gradient (Gs) enables the multiple slice selection within the sample. Two-dimensional images can be reconstructed 

when applying phase (Gph) and frequency (Gr) encoding along two different spatial coordinates. 

Using e.g. a multi-slice-multi-echo (MSME) experiment, several slices in different orientations (axial, 

sagittal, and coronal) can be acquired within one experiment repeating the sequence in Figure 3-2. 

Compared to other techniques, the fluid flow can be measured directly and non-invasively by MRI without 

the application of contrast agents or dyes. MSME enables a time-of-flight-experiment (TOF) where flow 

velocities can be visualized via the deformation of saturation stripes (Kimmich 1997). Furthermore a 

measurement via flow phase contrast (FLOW-PC) imaging was performed based on phase changes which 

can be associated with fluid mass flow during the experiment (Gatehouse et al. 2005). For further details 

please see chapter 7.2. 
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3.2.2 Biofilm imaging 

As most biofilms are multispecies and highly heterogeneous systems - there are no standardized 

qualitative and quantitative methods for the measurement of biofilms. To better understand the structure 

and functionally of biofilms, imaging techniques have given a major contribution. Microscopic techniques 

such as light microscopy, confocal laser scanning microscopy (CLSM), Raman microscopy and electron 

microscopy enable to study the physical structure and morphology, as well as chemical composition of 

biofilms on different scales (Neu et al. 2010, Wagner et al. 2010b). Biofilm structure parameters, such as 

the biofilm thickness and biofilm coverage can be obtained. For example CLSM allows the selective 

visualization of the EPS matrix (by staining protocols) in on the µm-scale (Staudt et al. 2004, Wagner et 

al. 2009). New analytical approaches, as for example optical coherence tomography (OCT) demonstrate 

the development of biofilms (Li et al. 2016) and their mechanical properties, as deformation non-

invasively with a spatial resolution down to few µm (Blauert et al. 2015). Additionally to imaging, 1D and 

multidimensional modeling improved the general understanding about biofilm processes involving 

microbiological processes, hydrodynamics and chemistry to describe for example biofilm growth under 

changing environmental conditions (Horn and Lackner 2014, Wanner 2006). There are also few newer 

approaches where imaging and modeling are combined (Li et al. 2015). 

An ideal analytical tool allowing the combination of biofilm imaging and the investigation of the biofilm-

bulk phase is MRI. Compared to traditional microscopy techniques having certain limitations concerning 

in-situ observation and invasiveness, such as electron microscopy (Neu et al. 2010), MRI offers a 

multifaceted application for a non-invasive and non-destructive investigation of biofilm systems. 

Therefore, MRI has strong potential in biofilm research being especially suitable for the analysis of thick 

biofilms at the µm-scale and mm-scale (Morgenroth and Milferstedt 2009, Ramanan et al. 2013). Biofilms 

are composed of bacterial cells embedded in a gel-like EPS matrix which contain various organic 

substances (e.g. biopolymers, lipids, proteins), see section 2.1.2. However, the entire biofilm consists to up 

to 95% of water (Neu et al. 2010) located in intercellular space, cell membranes and intracellular space. 

The T1 and T2 relaxation times for water in the biofilm are shortened compared to the free bulk water - this 

effect is the most used base for biofilm imaging via MRI. Generally, T2 relaxation measurements are 

preferred because their acquisition is faster. The enhanced relaxation is probably due to the hampered 

motion of 
1
H nuclei within the biofilm and molecular exchange of the protons in bulk water and 

biopolymers (EPS). The molecular exchange and interactions happen on a time scale of less than µs. The 

T2 relaxation time of pure water is long (in the rage of 1-2 s) whereas the T2 of biopolymers is comparably 

short in the range of 10 - 100 ms. The measured T2 of the biofilm is then the average relaxation time (100 - 

200 ms) (Brownstein and Tarr 1979, Codd et al. 2011, Hoskins et al. 1999, Lens et al. 1997, Seymour et 
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al. 2004a, Vogt et al. 2013). To some extent this also applies to T1 relaxation, however a different image 

contrast is exhibited, see Figure 3-3. For the investigation of biofilms, the spin density (number of spins 

per volume ρPD in moles/m
3
) might also be of interest. The spin density can be correlated with the image 

intensity. Furthermore, T1 and T2 relaxation times and spin density can give indications for the composition 

of single components within a biofilm matrix being either liquid (signal) or solid (no signal intensity in 

standard MRI) or gas (no signal intensity in standard MRI). In the late 90’s for the first time, biofilms 

were imaged via T2 relaxation maps (Hoskins et al. 1999). More recently, the shift to lower T2 relaxation 

times found for blank compared to biofouled systems (tubes, porous media) was used to monitor biofilm 

growth (Codd et al. 2011, Manz et al. 2003, Sanderlin et al. 2013). MRI has been applied to measure local 

flow velocities, local shear stress and the impact of biofilm distribution, growth and detachment on water 

flow fields surrounding biofilms grown in tubes, flow cells, biofilm carriers and capillary bioreactors 

(Herrling et al. 2015b, Manz et al. 2003, 2005, Nott et al. 2005a, Seymour et al. 2004a, Wagner et al. 

2010a). So far, the investigated biofilm systems were limited to laboratory scale, which were adapted to 

meet the requirements of the MRI tomograph and probes. In 2015, the first experiments for in-situ biofilm 

detection in soils using an outdoor NMR probe were conducted, first, in a laboratory well-bore 

environment, then in a field study (Kirkland et al. 2015a, Kirkland et al. 2015b). 

Examples for a microscopic optical image proton density (PD), T1- and T2-weighted and images of biofilm 

systems used in this dissertation are depicted in Figure 3-3 (acquisition parameter in Table 5-2). The 

carrier supported biofilm systems are employed in experiments in chapter 5, 6 and 7. The image contrast 

between biofilm and bulk water strongly depends on the MRI acquisition parameters (Metzger et al. 

2006).  

 The PD image was acquired at long TR (10 s) and short τE (3.2 ms) for minimizing the relaxation 

weighing of the NMR signals. It is obvious that the biofilm and the bulk water cannot be 

distinguished due to comparable proton densities.  

 In the T2-weighted image τE was set to 50 ms (long compared to T2 relaxation) and TR was kept 

long in order the T1 relaxation of the protons is completed (10 s). The biofilm appears as dark 

fluffy structures attached to the carrier material and the bulk water appears again bright. This is 

due to the biofilm’s shorter T2.  

 In the T1-weighted image TR was set to 800 ms (short compared to T1 relaxation) and τE to 4.5 ms: 

the biofilm appears as a bright fluffy layer attached to the carrier material, and the bulk water 

appears darker due to the shorter T1 relaxation of the biofilm.  
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There are different artifacts which can occur in MRI images, that show a locally distorted intensity e.g. at 

gas-liquid interphase or by ferromagnetic objects.  

 

Figure 3-3: Microscopic optical image, PD, T1-weighted and T2-weighted images of a biofilm cultivated on a cylindrical carrier 

(diameter: 9.2 mm). The solid carrier material consists of polyethylene and shows no signal in the presented MRI images. The in-

plane resolution was 76 µm for the T1-weighted image and 152 µm for T2-weightes and PD images. The measurements were 

performed on a 200 MHz MRI tomograph (Bruker Avance 200 SWB, Bruker BioSpin GmbH, Rheinstetten, Germany). For 

acquisition parameter, please see Table 5-2. 

 

3.2.3 Imaging of nanoparticles within biofilm matrix 

Image contrast is the relative difference of the signal intensity between two sample regions. In MRI the 

image contrast mainly depends on the nature of the sample and on the device specific and acquisition 

parameters. To increase the informative value of MRI images, MRI contrast agents - such as magnetic 

nanoparticles (Fe3O4-NP) - are commonly applied to enhance the image contrast between specific 

compartments and to obtain functional information about the sample. In medicine this approach is widely 

used for diagnostic purposes (Weishaupt et al. 2006). This dissertation focuses on contrast agents which 

contain paramagnetic ions such as iron in the used Fe3O4-NP. The paramagnetic property of the contrast 

agents add a further relaxation process (T1 or/and T2 relaxation times) of 
1
H nuclei (free water) in the 

presence of large magnetic moments induced by free electrons (Callaghan 1991, Kimmich 1997). 

Particulate contrast agents, such as superparamagnetic iron oxide particles (SPION) can be applied for 

contrast enhancement (Mahmoudi et al. 2011a). But also many molecular contrast agents are available, 

which carry transition or lanthanide metal ions e.g. iron (Fe
3+

 and Fe
2+

) (Ito et al. 2005) or gadolinium 

(Gd
3+

) (Caravan et al. 1999, Chan and Wong 2007, Guthausen et al. 2015, Machado et al. 2014), but also 

other paramagnetic ions as Ni
2+

 Cr
3+

, Co
2+

, Ti
2+

, Nd
3+

, Th
4+ 

and Mn
2+

 (Kruk et al. 2004, Phoenix et al. 

2008). The contrast agents might be toxic. Therefore, MRI contrast agents need to be chemically stable, 

biocompatible, rapidly excreted and soluble in water (Aime et al. 1998) to minimize negative effects on 

humans and environment. In the field of biofilm research the application of MRI contrast agents is a 

promising approach for the characterization of biofilm structure, and mass transport, and especially, in the 

context of studying the fate of ENP in the environment. This approach represents one step towards the 

PD image T2-weighted image T1-weighted imageMicroscopic image
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non-invasive visualization of ENP in the undisturbed biofilm matrix as most studies use destructive 

imaging techniques, such as electron microscopy to proof the attachment of ENP to biofilms (Fabrega et 

al. 2009b, Limbach et al. 2008, Rottman et al. 2012). 

The next paragraphs presenting the basics of contrast enhancement are simplified and without claim to 

completeness. For more specific information on the mechanisms of relaxation enhancement please consult 

text books (Bertini et al. 2001, Lauffer 1987). 

Paramagnetic relaxation enhancement 

The visualization of contrast agents within a heterogeneous sample by MRI is based on the change of the 

relaxation properties (T1 or/and T2 relaxation times) of nearby molecules due to paramagnetic relaxation 

enhancement (PRE). The efficiency of a contrast agent to enhance the contrast is described by their 

relaxivity ri (i = 1, 2). ri  (L/(mg·s)) is defined by the slope of relaxation rate 
1

𝑇𝑖
 (1/s) as a function of the 

contrast agent concentration c (mg/L). The relaxivity of a given contrast agent is mainly influenced by 

temperature, pH and magnetic field strength. Generally, a prerequisite for T1 and T2 relaxation 

enhancement is a positive magnetic susceptibility e.g. paramagnetism or superparamagnetism caused by 

unpaired electrons in the contrast agent. The magnetic moment of an electron is much larger than the 

nuclear magnetic moment of a proton. Therefore it induces local magnetic field fluctuations which can be 

in a frequency range of the Larmor frequency of the protons of the surrounding molecules and enhance 

their relaxation. Strong time independent, i.e. static local differences in magnetic susceptibility within a 

sample can lead to susceptibility artifacts. The NMR relaxation of molecules in the neighborhood of a 

contrast agent moiety is determined by a complex set of processes on different time scales including: 

 molecular rotations characterized by the correlation time τR: the molecular rotation can be 

described by the molecular tumbling time which depends on the size of the molecule.  

 diffusion (τD): The translational diffusion and therefore the distance of the observed molecules in 

the bulk nearby the contrast agent need to be considered for the PRE. 

 chemical exchange (τM): the residence time for chemical exchange between the molecules and the 

contrast agent. 

 electron spin correlation time (τE): interactions between unpaired electrons (dipoles) of the 

contrast agent and the protons of observed molecules enhance the relaxation processes, therefore 

this time scale play a major role. 

Generally spoken, the effect of the contrast agent on the surrounding molecules is measured and not the 

contrast agent itself. The observed global relaxation rate (
1

𝑇𝑖
)
𝑜𝑏

(i = 1, 2) (1/s) is the sum of the 
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contributions of molecular relaxation rate without contrast agent addition (
1

𝑇𝑖
)
𝑤

(mainly dominated by 

water) and the paramagnetic contribution (
1

𝑇𝑖
)
𝑝

given by  

(
1

𝑇𝑖
)
𝑜𝑏

= (
1

𝑇𝑖
)
𝑤

+ (
1

𝑇𝑖
)
𝑝

 . Equation 3-12 

As mentioned before, there is a linear dependency of observed relaxation rate (
1

𝑇𝑖
)
𝑜𝑏

(i = 1, 2) and the 

contrast agent concentration c (mg/L) and the slope represents the relaxivity ri  (L/(mg·s)), see Equation 

3-13. 

(
1

𝑇𝑖
)
𝑜𝑏

= (
1

𝑇𝑖
)
𝑤

+ 𝑟𝑖 ∙ 𝑐   Equation 3-13 

For more specific information please see Appendix A1. 

T1 and T2 contrast agents 

Although T1 or T2 relaxation processes are coupled, contrast agents can be categorized in preferentially 

changing the T1 or T2 relaxation of protons in water molecules. Contrast agents which mainly shorten T1 

are called positive contrast agents. Those positive enhancing agents will appear as bright regions in T1-

weighted MRI by increasing the signal intensity. Examples are paramagnetic molecules carrying 

gadolinium ions (Gd
3+

), such as the contrast commonly used medical contrast agent Gadovist (Gd-DO3A-

butrol6). Negative contrast agents preferentially shorten the T2 relaxation by faster spin dephasing. Due to 

the signal loss, the regions where the negative contrast agents are located appear darker in T2-weighted 

MRI images. Examples for Fe3O4-NP are BNFdextran and nanomag-D-spio used in this dissertation 

(chapter 5). 

Magnetic resonance imaging of contrast agents for biofilm studies 

The spatio-temporally resolved imaging of paramagnetic compounds or ions in biofilm systems has been 

investigated by only few research groups. On the one hand, for easier data processing MRI contrast agents 

(e.g. Gd
3+

-based contrast agents) were applied to enhance the contrast between bulk water and biofilm 

(Manz et al. 2003, Seymour et al. 2004a). On the other hand, contrast agents can be applied to generate 

specific information about biofilm systems and mass transport. The application of contrast agents using 

MRI gives indications about the 
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 physical heterogeneity, structure and transport properties of a biofilm system, 

 fate of contrast agents in biofilm system and 

 partly functionality of a biofilm system. 

First approaches in biofilm research have been conducted in the late 90’s where the contrast generation, 

spatial distribution and adsorption of e.g. Cu
2+

 ions in alginate (model biofilm and spiked with microbial 

cells) were investigated (Nestle and Kimmich 1996). Further on, the mass transport (e.g. diffusion 

coefficients) and the immobilization of contrast agents was explored by concentration maps based on T1 

and T2 values in homogenous biofilms (Phoenix and Holmes 2008, Phoenix et al. 2008, Phoenix et al. 

2009, Ramanan et al. 2013). This was mainly done in 2D,  but also 3D measurements are possible shown 

in a work about iron ion transport in granular biofilms (Bartacek et al. 2009). In the field of environmental 

remediation and biological WWT, continuing studies deal with the biofilm induced deposition of heavy 

metals in a bioreactor (porous media). MRI studies enabled to visualize the heavy metal removal (La
3+

, 

Cu
2+

) from wastewater and gave insights into the processes in a bioreactor (Nott et al. 2005b, Nott et al. 

2001). In 2008, the first concentration maps describing the bioremediation of water contaminated with 

Co
2+

 appeared (von der Schulenburg et al. 2008a). Chrome species can be differentiated with MRI 

assessing the reduction of Cr
4+

 to Cr
3+

 using a biofilm-palladium catalyst in a porous media. Here, the Cr
3+

 

concentration was correlated with T1 relaxation. Besides the monitoring of the biochemical reaction, 

blocking in the reactor cell was analyzed as well (Beauregard et al. 2010). Most of MRI studies 

repetitively employ microbial monocultures and, thus, studies approaching real multispecies biofilms in 

combination with contrast agents are still missing. Furthermore, to the author’s knowledge, there is no 

work available using MRI with the aim to specifically examine the interactions and biosorption of ENP 

with biofilm systems. Steps towards the investigation of the fate of ENP in the environment using MRI are 

demonstrated by transport studies through porous media (without biofilms) (Baumann and Werth 2005, 

Cuny et al. 2015, Lakshmanan et al. 2015).  
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4 INFLUENCE OF THE WATER MATRIX ON 

INTERACTIONS OF Fe3O4-NP WITH GRANULAR 

BIOFILMS* 

 

*
This chapter has been published in Science of the Total Environment (2015), volume 537: 43-50 in 

collaboration with K. L. Fetsch, M. Delay, F. Blauert, M. Wagner, M. Franzreb, H. Horn and S. Lackner. 

 

 

 

 

4.1 Introduction 

The increasing number of potential applications of ENP is likely contributing to their release into the 

global water cycle (Delay and Frimmel 2012, Gottschalk et al. 2013a, Gottschalk and Nowack 2011). 

After their release from industry and households, ENP are primarily found in receiving water bodies with 

WWTP as main point sources (Nowack and Bucheli 2007). ENP are partly removed from the WW by 

attachment to the biomass, such as sorption, without any special treatment step (Gomez-Rivera et al. 2012, 

Kiser et al. 2010, Park et al. 2013, Wang et al. 2012). For more specific information on the interactions of 

ENP with biomass from WWT, please see chapter 2.1.2. The removal of ENP can significantly differ 

considering different types of biomass. Activated sludge exhibiting a more fluffy physical structure is 

supposed to remove ENP more efficiently from the water phase than for example compact biofilms (Gu et 

al. 2014). This finding emphasizes the need to examine different types of biomass to understand the 

interactions, and further the mass flows of ENP. Additionally, WWT systems represent a highly complex 

environment for the interactions of ENP with the biomass, where numerous transformations, such as 

sulfidation or oxidation, significantly influence their fate (Kaegi et al. 2013, Kaegi et al. 2011). One of the 

most important factors for the interactions and fate of ENP is the chemical composition of surrounding 

water matrix. The chemistry of the water matrix affects the behavior of ENP, by e.g changing their 

particle properties (Delay et al. 2011, Schwegmann et al. 2010), see chapter 2.1.1. However, the 

evaluation of these processes in conjunction with the removal of ENP from the water phase is still a major 

challenge. 
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Therefore, this chapter used magnetic Fe3O4-NP coated with PVA (polyvinyl alcohol) as model ENP to 

trace their fate in compact granular biofilms from WWT. Based on their magnetic properties, Fe3O4-NP 

were selectively quantified by their magnetic susceptibility. This enabled for the first time, the in-situ 

quantification of Fe3O4-NP in both the water phase, and sorbed to the granular biofilm. With the aim to 

examine the distribution of Fe3O4-NP in granular biofilms, 18 h batch experiments were conducted. The 

main goals of this chapter were to:  

 Investigate the interactions between Fe3O4-NP and granular biofilms with respect to chemical 

parameters of the water matrix. 

 Investigate the effect of different granular biofilm size fractions on the removal of Fe3O4-NP from 

the water phase.  

 Quantify the biosorption and removal of Fe3O4-NP by the granular biofilm matrix by a proper 

mass balance. 

 

4.2 Materials and Methods 

4.2.1 Fe3O4-NP: properties, preparation and quantification via MSB 

The used synthetic Fe3O4-NP (chemagen Technologie GmbH, Baesweiler, Germany, (cstock(Fe) = 25 g/L 

suspended in water)) consisted of superparamagnetic magnetite (Fe3O4) cores (~ 15 nm) coated with 

polyvinyl alcohol (PVA, (C2H4O)x). The organic coating (steric) stabilizes the particles and prevents 

particle oxidation and iron release. The particle size and the zeta potential of Fe3O4-NP were measured 

using dynamic light scattering and laser DOPPLER anemometry, respectively ((n = 10); refractive index for 

iron oxide: 2.42; adsorption coefficient: 0.01, Zetasizer Nano ZS, Malvern Instruments, Worcestershire, 

United Kingdom). The prepared suspensions of Fe3O4-NP formed larger agglomerates with a size of 194 

± 13 nm (polydispersity index of 0.17), as it is common in natural and technical water systems (Petosa et 

al. 2010). The zeta potential was -7 ± 0.3 at pH value of 8. The isoelectric point was at pH ~ 5.5 - 6 

indicating that agglomeration was favorable to happen. Long term stability experiments were conducted 

for Fe3O4-NP in suspensions with ultrapure water (Milli-Q, Merck Millipore, Billerica, MA, USA) over 

100 h, see Figure 4-1. The suspensions were stored at room temperature and the concentration of Fe3O4-

NP in the bulk phase was measured at different time points. The Fe3O4-NP were stable over the whole 

time period. 
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Figure 4-1: Long term stability of suspensions of Fe3O4-NP with PVA coating in ultrapure water for initial concentrations of 158 

mg/L Fe and 90 mg/L Fe. The concentrations were measured in the bulk of the suspension using MBS. 

For preparation prior to the batch experiment, suspensions of Fe3O4-NP were diluted (ratio 1:10 and 1:50) 

with ultrapure water, stirred intensively, and settled for 20 h. The decanted supernatant of those 

suspensions was further diluted to the desired concentration. For the batch experiments, initial 

concentrations of Fe3O4-NP of c0(Fe) = 100; 200; 1000 mg/L were used to trace the distribution of Fe3O4-

NP in the granular biofilm. Chosen concentrations were intentionally higher than environmental relevant 

concentrations of ENP (Gottschalk et al. 2009) to elucidate the detailed interactions with the biofilm. A 

calibration was performed to correlate the measured magnetic susceptibility (χV) with the Fe concentration 

(c(Fe)) of the Fe3O4-NP (Figure 4-2). For further information about the magnetic susceptibility, please see 

section 3.1. 

 

Figure 4-2: Calibration curve of the volume magnetic susceptibility χv (n = 3, y-axis) for suspensions of Fe3O4-NP (with PVA 

coating) in ultrapure water and the iron concentration (x-axis) determined by ICP-OES. Standard deviations are too small to be 

recognized (< 10 %). The working range of the calibration was between 5.5 - 511 mg/L Fe. 
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For the calibration, the iron concentration was determined by inductively coupled plasma optical emission 

spectrometry (ICP-OES, Varian VistaPro, Agilent Technologies, Santa Clara, USA; detection limit for Fe: 

10 µg/L) after aqua regia digestion (HCl and HNO3 at 200 °C; CEM Mars V, Kamp-Lintfort, Germany). 

The measurements were done immediately after sampling to achieve reproducible results. Fe3O4-NP were 

also quantified based on their magnetism with the magnetic susceptibility balance (MSB AUTO, 

Sherwood Scientific, Cambridge, England, range of operation: 𝜒𝑉 of 0.13·10
-6

 (SI units)). To measure the 

magnetic susceptibility, a sample volume of 200 µL was filled into the glass sample tube after zeroing the 

MSB. Before the measurement with the MSB, the filled sample tube was weighted for the mass 

susceptibility measurement, then, the sample tube was inserted into the MSB and the measurement was 

automatically undertaken (measurement time 60 s). For more information about the theory of the magnetic 

susceptibility please see chapter 3.1. 

4.2.2 Preparation of granular biofilm and characterization via MSB 

The granular biofilms were collected from the sides-stream treatment unit for autotrophic nitrogen 

removal at the WWTP in Heidelberg, Germany. After rinsing with tap water, the granular biofilms were 

sieved to size fractions of 100 - 250; 250 - 500; 500 - 800 µm to simplify the model system and remove 

the flocculent suspended biomass. Three biofilm size fractions were chosen to investigate the 

heterogeneities within one type of granular biofilm, see Figure 4-3.  

 

Figure 4-3: Stereomicroscopic images of the three size fractions of granular biofilm in absence of  Fe3O4-NP (left to right): 100 - 

250 µm; 250 - 500 µm; 500 - 800 µm at t = 0 (before the experiment). The scale bar corresponds to 1 mm. 

The used volume of the granular biofilm in the batches (c(TSS) = 2 g/L) was 1 mL (size fraction: 100 - 

250 µm), 1 mL (250 - 500 µm) and 1.5 mL (500 - 800 µm), respectively. 𝜒𝑉 of the three granular biofilm 

fractions were measured prior to the addition of Fe3O4-NP by MSB, to confirm the diamagnetism 

(𝜒𝑉  comparable to water) of the granular biofilm (see values in table Table 3-1). The physical structure 

and morphology of the granular biofilm were imaged by means of optical coherence tomography (OCT, 

OCP930SR, Thorlabs GmbH, Dachau, Germany). The organic matter (OM) in the supernatant of the 

settled granular biofilm (settling time = 1 min) was quantified by chemical oxygen demand (COD) using 
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tests kits (LCK 414, HACH LANGE GmbH, Düsseldorf, Germany), by the total organic carbon (TOC), 

and by the dissolved organic carbon (DOC) (Shimadzu, Duisburg, Germany). COD, TOC, and COD 

measurements were performed only in absence of Fe3O4-NP to avoid irreversible contamination of the 

analytical equipment. Total suspended solid content (TSS) was determined according to European 

standard methods (DIN-EN-12880 February 2001). The release of ions from the granular biofilm to the 

supernatant (Ca
2+

, K
+ 

and Mg
2+

) was quantified by ICP-OES after 18 h shaking time. To minimize 

biological activity the granulated biofilm was stored in tap water at 4 °C. For the experiment, the fresh and 

chilled biomass was used. 

4.2.3 Procedure of batch experiments 

Batch experiments (Vtotal = 30 mL) were conducted in duplicates as volume reduction batch experiments. 

The granular biofilms (c(TSS) = 2; 10 g/L) were spiked with the respective suspension of Fe3O4-NP 

(c0(Fe) = 100; 200; 1000 mg/L) and shaken overhead for 18 h. Demineralized water was used as medium 

to keep the electrical conductivity low. The pH value in the batch was adjusted to pH value 7 - 8 before 

the experiment (using 0.01 mol/L HCl and 0.01 mol/L NaOH). A soft shaker program of 10 rpm was 

chosen to avoid extended physical damage to the granular biofilm. After a contact time of 0 min, 10 min, 

20 min, 30 min, 60 min, 120 min, 180 min and 18 h (1080 min) the granular biofilm was gravitationally 

settled (60 s). An equilibration time of 18 h was chosen (rather than typical 3 - 4 h), assuming that the 

maximum “sorption” capacity was not reached. The settling time of 60 s was chosen due to the fast 

sedimentation of the granular biofilm (TSS = 2 and 10 g/L), which allows to investigate the interaction of 

the Fe3O4-NP with the granular biofilm in short-term within the initial phase. Sedimentation was chosen as 

separation step because centrifugation could have unintentionally reduced the concentration of Fe3O4-NP 

in the water phase. The supernatant was sampled 2 cm below the water surface, and Fe3O4-NP were 

quantified using MSB (n = 3, measurements of a single sample). Time series of 𝜒𝑉, electrical 

conductivity, pH value (using conventional electrodes), COD, TOC and DOC were measured in the 

batches. Control batches containing only Fe3O4-NP and only granular biofilm were conducted alike. The 

core material and surface functionalization (PVA) of Fe3O4-NP are expected to be stable during the whole 

batch experiment (no granular biofilm addition), because no increase in the electrical conductivity, nor in 

pH value was detected; 𝜒𝑉 also kept constant. During all batch experiments without Fe3O4-NP, no change 

in the magnetic susceptibility was observed meaning that the granular biofilm did not release substances 

with detectable magnetism.  
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4.2.4 Mass balance in batch experiment 

To quantify the removal of Fe3O4-NP from the supernatant, the removal efficiency was calculated using 

the ratio of c0(Fe) and c(Fe)t, according to other studies (Park et al. 2013). In this work the term 

“biosorption” is used, which summarized the total chemical and physical sorption mechanisms of Fe3O4-

NP to the granular biofilm by sorption to the cells and EPS as well as bio-uptake characterized by other 

studies (Kiser et al. 2010, Kloepfer et al. 2005). To gain information about the reversibility of the 

attachment of Fe3O4-NP, the magnetic susceptibility of the granular biofilm was also measured after 

rinsing at the end of the experiment (after 18 h). For rinsing, the granular biofilm was sampled with a 

conventional syringe, placed on a sieve (grid size: 66 µm), and carefully rinsed with 10 mL of 

demineralized water. Afterwards the rinsed granular biofilm was re-suspended in demineralized water and 

measured using MSB for the quantification of Fe3O4-NP. With the help of the magnetic susceptibility, an 

accurate mass balance of the Fe3O4-NP was set up for each batch experiment to evaluate the distribution 

of Fe3O4-NP by  

mFe t = 0 h = mFe sample t = 18 h + mFe supernatant t = 18 h + mFe biosorption t = 18 h + mFe losses t = 18 h. Equation 4-1   

 mFe t = 0 h is defined as the initial mass of Fe added to the batch vessel. The term mFe sample t = 18 h is the mass 

of Fe continuously removed from the batch as samples (volume reduction batch experiment) assuming a 

homogenous distribution of the particles in the batch. The value of mFe supernatant t = 18 h defines the Fe3O4-NP 

which were still in the supernatant of the settled biomass after a contact time of 18 h (Equation 4-1). mFe 

losses t = 18 h is the fraction of Fe3O4-NP which could not be recovered by sampling. However, these Fe3O4-

NP can still be located in the batch experiment attached to suspended OM. The rest of the Fe3O4-NP was 

assumed to be lost during the experimental procedure. The total biosorption (mFe biosorption t = 18 h) is the sum 

of Fe3O4-NP attached to the biomass (mFe granular biofilm t = 18 h) and being located in the interspace between the 

single granular biofilms (mFe interspace t = 18 h): 

mFe biosorption t = 18 h = mFe granular biofilm t = 18 h + mFe interspace t = 18 h. Equation 4-2 

 

4.3 Results and Discussion 

4.3.1 Influence of the granular biofilm on the chemistry of the water matrix 

For a deep understanding of the interactions between Fe3O4-NP and the different size fractions of granular 

biofilm, a closer look at the chemistry of the water matrix and biofilm structure during the batch 
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experiment was necessary. The development of the electrical conductivity during the batch experiments 

with granular biofilm (no Fe3O4-NP) showed the expected increase of the mineral content over time (from 

20 µS/cm to 170 µS/cm). Relevant ions for the destabilization of Fe3O4-NP were found in concentrations 

of  8 - 18 mg/L (Ca
2+

), 1.0 - 1.2 mg/L (Mg
2+

) and 0.8 - 1.2 mg/L (K
+
) for all granular biofilm size fractions 

after 18 h shaking time, see table Table 4-1.  

Table 4-1: Ion concentrations in the water phase of batch experiments after 18 h shaking time (no Fe3O4-NP) for the three 

granular biofilm size fractions. 

biofilm size 

 

 

Ca
2+

 Mg
2+

 K
+
 

(µm) (mg/L) (mg/L) (mg/L) 

100 - 250 17.6 ± 0.1 1.0 ± 0.0 1.2 ± 0.0 

250 - 500 13.6 ± 0.1 1.0 ± 0.0 1.5 ± 0.0 

500 - 800 8.00 ± 0.1 1.2 ± 0.0 1.0 ± 0.0 

 

In contrast, heterogeneities within the granular biofilm were found for the organic matter (OM) content 

(Figure 4-4, A and B). The granular biofilm size fraction of 250 - 500 µm discharged the most OM. This 

finding did not correlate with the specific surface area of the granular biofilm size fractions nor with the 

volatile suspended solid content (VSS), which was between 30 - 42 %. 

 

Figure 4-4: Temporal development of the water chemical parameter in batch experiments (blank - no addition of Fe3O4-NP): (A) 

organic matter (batches in triplicates) and (B) correlation of c(TSS) and c(TOC) after 18 h shaking time (batches in duplicates (n 

= 1) indicated by data points). c(COD) for t = 60 min in (B) was below the limit of detection (LOD) of 3.7 mg/L. 

Other reasons must be responsible for the enhanced OM release by the granular biofilm size fraction of 

250 - 500 µm requiring further investigations. The TOC and DOC results revealed that 80 - 88 % of the 

OM released by all granular biofilm size fractions during the shaken batch experiment was particulate 
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matter. Consequently, the granular biofilms do preferentially release particulate OM, rather than dissolved 

OM. OCT images of the granular biofilm (Figure 4-5, spatial resolution: 8.6 µm/pixel) acquired before 

and after the batch experiments (no Fe3O4-NP) confirmed this finding. The images show the released 

particulate OM in the supernatant, just above the settled granular biofilm, indicated by the white ellipse. 

The granular biofilm size fraction of 250 - 500 µm released the most particulate OM followed by 500-800 

µm. Furthermore, the three granular biofilm size factions showed a smooth and compact physical structure 

without fractures due to shaking. 

 

Figure 4-5: Optical coherence tomography (OCT) images (spatial resolution: 8.6 µm/pixel) of the settled granular biofilm size 

fractions before (upper row, t  =  0) and after the batch experiment (lower row, t  =  18 h) in the original medium of the batch in 

the absence of Fe3O4-NP. Particulate OM is released by the size fraction of 250 - 500 µm and 500 - 800 µm indicated by the white 

ellipse. 

The temporal development of the pH value over the 18 h shaking showed a slight decrease from 7.6 to 7.1. 

The slight decrease in pH value and the slight increase of electrical conductivity and OM concentration 

probably resulted from disruption of extracellular polymeric substances (EPS) of the granular biofilm 

releasing, e.g. ions and proteins as it can occur in WWT systems. EPS can therefore strongly enhance 

removal of ENP from the water phase (Kiser et al. 2010). Summarizing, OM concentration and the 

electrical conductivity rose during the experiment and might be a key parameter for the behavior of Fe3O4-

NP.  

4.3.2 Removal of Fe3O4-NP from the water phase  

Figure 4-6 shows the time resolved development of the iron concentration in duplicates during the batch 

experiments with Fe3O4-NP addition ((A) c0(Fe) = 100 mg/L; (B) 200 mg/L). All data sets were acquired 

using MSB and were transferred into iron concentrations by the calibration curve shown in Figure 4-2. In 

the blank batch experiments without granular biofilm, the Fe3O4-NP were the most efficiently removed 

from the water phase, most likely due to homoagglomeration and sedimentation (Petosa et al. 2010). 
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However, long term stability experiments showed that Fe3O4-NP were stable over a period of 100 h in 

ultrapure water, see Figure 4-1, indicating that particle agglomeration was caused by the few ions present 

in the demineralized water (electrical conductivity < 50 µS/cm).  

 

Figure 4-6: Temporal development of c(Fe) (mean values (n = 3), batches in duplicates) during the batch experiment with (A) 

c0(Fe) = 100 mg/L and (B) c0(Fe) = 200 mg/L for a TSS of 2 g/L for three different size fractions of granular biofilms. Please note 

that (B) has a break in the x-axis where the scale changes from 30 min to 120 min increments.  

By spiking the batches with granular biofilms, Fe3O4-NP were stabilized compared to batches containing 

no biofilm, resulting in homogenization of the samples with smaller standard deviations Figure 4-6, A and 

B. These results are in accordance with the commonly known effect that OM stabilizes ENP suspension 

(Baalousha 2009, Delay et al. 2011, Lowry et al. 2012). Also in wastewater matrices the this effect has 

been recently observed: ZnO-NP and TiO2-NP were stabilized by OM and the particle size remained 

constant, indicating that no significant destabilization of ENP and no particle agglomeration occurred 

(Zhou et al. 2015).   

Within the three granular biofilm size fractions, c(Fe) of 250 - 500 µm decreased the most, followed by 

500 - 800 µm, and finally 100 - 250 µm. c(Fe) quickly decreased within the first 60 min, possibly due to 

co-sedimentation with the granular biofilm, particle agglomeration, subsequent sedimentation, or 

electrostatic interactions leading to the attachment onto the granular biofilm (Brar et al. 2010). After 180 

min no significant further decrease in the Fe3O4-NP concentration was found, unlike other studies where 

Ag-NP and TiO2-NP in deionized water spiked with activated flocculent sludge were further reduced 

(Park et al. 2013). Results indicate that the physical structure of the used granular biofilm might hamper 

the removal of Fe3O4-NP. Figure 4-7 presents the removal efficiencies for the batches with 

c0(Fe) = 200 mg/L (Figure 4-6, B) for the three granular biofilm size fractions.  
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Figure 4-7: Removal efficiencies of Fe3O4-NP from the bulk water. Data was obtained by batches presented in Figure 4-6, (B) for 

c0(Fe) = 200 mg/L at t = 60 min, t =180 min and t =18 h (averaged data for batches in duplicates). 

For the size fractions of 100 - 250 µm and 500 - 800 µm the removal efficiency increased between 60 min 

and 180 min from 5.6 % to 15.1 % and from 11.6 % to 18.1 %, and remained stable after 180 min. The 

behavior of the size fraction 250 - 500 µm was different: the removal efficiency increased even after 

180 min of contact time. An explanation lies in the dissolved and particulate OM release of the granular 

biofilm, which can either stabilize Fe3O4-NP compared to batches without biomass or lead to an 

accumulation on Fe3O4-NP in a certain phase in the batch, which makes the system rather complex. It 

should be noted that the results of OM concentrations (Figure 4-4) and removal efficiency (Figure 4-7) 

were arranged in the same order for the granular biofilm size fractions. The concentration of OM of the 

size fraction 250 - 500 µm was up to three times higher compared to the other two size fractions, and so 

was the removal efficiency. The enhanced removal of Fe3O4-NP of the size fraction 250 - 500 µm is 

assumed to be associated to the attachment of Fe3O4-NP to particulate OM in the water phase of the batch 

experiments just above the granulated biofilm, which was higher, compared to the other size fractions as 

visualized in OCT images. A synergetic effect can be given by the presence of relevant ions, such as Ca
2+

 

released by the EPS of the granular biofilm, which can promote stabilization by coating of Fe3O4-NP with 

OM as well as flocculation through complexation with Ca
2+

. This highlights that heterogeneities within 

the granular biofilms can influence the interaction and removal of Fe3O4-NP. As described in the 

introduction of this dissertation, depending on the experimental set-up, e.g. batch experiments (Kaegi et 

al. 2013, Rottman et al. 2012), pilot WWTP (Hou et al. 2013), sequencing batch reactors (Wang et al. 

2012), or membrane bioreactors (Tan et al. 2015), the removal of various ENP can differ significantly and 

thus their fate cannot be directly compared or predicted (Westerhoff et al. 2013). However, compared to 

the summarized studies in Table 2-1, the presented results of the removal efficiency by granular biofilms 

is significantly lower. 
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4.3.3 Mass balance of Fe3O4-NP to granular biofilms 

In recent scientific literature, ENP attached to biomass from WWT were often qualitatively validated by 

imaging techniques such as electron microscopy (Kim et al. 2010, Park et al. 2013, Rottman et al. 2012), 

or fluorescence microscopy (Kiser et al. 2010, Otero-Gonzalez et al. 2015). However, ENP are generally 

difficult to quantify from imaging data. The new approach using the magnetic susceptibility for the 

quantification of Fe3O4-NP opens the door to a simple in-situ tracing of Fe3O4-NP without sample 

preparation. This offers the possibility to conduct laboratory tests to investigate the detailed distribution of 

Fe3O4-NP in the biofilm. To shed light on the biosorption of Fe3O4-NP in the batch experiments, a proper 

mass balance was established for t = 18 h by means of MSB. According to Equation 4-1, the initial Fe 

mass mFe t = 0 h consisted of four fractions, see Table 4-2. 

Table 4-2: Mass balance of the batch experiments for the biofilm size fractions of 100 - 250 µm, 250 - 500 µm and 500 - 800 µm 

(duplicates) using c0(Fe) = 200 mg/L and c(TSS) = 2 g/L. By means of MSB, a detailed Fe mass balance is feasible according to 

Equation 4-1. 

biofilm size 

Fe mass 

100 - 250 µm 250 - 500 µm 500 - 800 µm 

(mg Fe) (mg Fe) (mg Fe) 

mFe t = 0 h 6.39 6.39 5.77 5.77 6.20 6.20 

mFe sample t = 18 h 4.03 4.07 3.29 3.34 3.74 3.79 

mFe supernatan t = 18 h 1.70 1.71 1.13 1.15 1.46 1.50 

mFe biosorption t = 18 h 0.14 0.14 0.11 0.11 0.15 0.15 

mFe losses t = 18 h 0.52 0.47 1.24 1.17 0.86 0.77 

losses (t = 18 h) 8.1 % 7.3 % 21.5 % 20.2 % 13.8 % 12.5 % 

 

The fractions for Fe3O4-NP described as Fe mass located in the samples (mFe sample t = 18 h) and in the 

supernatant (mFe supernatan t = 18 h) were subtracted from the initial Fe mass. The losses (mFe losses t = 18 h) for all 

batches were relatively low; < 22 %, indicating a good mass balance closure which was reproducible 

(duplicates). The biosorption of Fe3O4-NP in the settled granular biofilm (mFe biosorption t = 18 h) was overall 

very low. Only 1.9 % of the initially added Fe, corresponding to 140 µg Fe was recovered in the settled 

granular biofilm of the size fraction of 250 - 500 µm. For 100 - 250 µm and 500-800 µm the values were 

slightly higher with 2.2 % and 2.4 %, respectively, but they were still lower than expected. Equation 4-2 

defines the biosorption (mFe biosorption t = 18 h) to consist of Fe3O4-NP attached on the biofilm (mFe granular biofilm t = 

18 h) and being loosely bound and located in the interspace within the granular biofilm (mFe interspace t = 18 h). In 

order to separate those two portions, the biofilm was rinsed to remove the loose Fe3O4-NP in the 

interspace. The results revealed that 11 - 18 µg Fe, corresponding to 9.3 - 13.6 % of the total biosorption 
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(mFe biosorption t = 18 h), were still attached to the granular biofilm after rinsing. Consequently, the major part of 

the attached Fe3O4-NP was loosely bound or located in the interspace of the suspended granular biofilm. 

The presented results emphasize that there was no pronounced interaction between granular biofilm and 

the PVA coated Fe3O4-NP. The attachment of Fe3O4-NP can be described as reversible in this case. This 

might be due to steric repulsion and stabilization by the organic functionalization (PVA) of the used 

Fe3O4-NP, which were slightly negatively charged in the experimental environment. A possible 

electrostatic repulsion was created by the partly negatively charged granular biofilm. As other studies 

reported (Gu et al. 2014), the limited interaction could also be explained by the compact multilayer 

structure of the granular biofilm (de Kreuk et al. 2007), which could have hindered the biosorption of 

Fe3O4-NP. Summarizing, the Fe3O4-NP were only removed by 5 - 35 % and Fe3O4-NP partly attached to 

suspended particulate OM in the water phase. These results indicate that granular biofilm has a higher risk 

potential to contribute to the release of Fe3O4-NP from WWT systems compared to flocculent biofilm.  

4.3.4 Parameters influencing the biosorption of Fe3O4-NP to granular biofilms 

To improve the understanding about the processes driving the biosorption, experiments varying the initial 

Fe concentrations and TSS concentrations were conducted and presented in Figure 4-8. The results show 

that the granular biofilm size fraction had a low impact on the total biosorption of Fe3O4-NP (Figure 4-8, 

A) 

 

Figure 4-8: Parameters which influence the total biosorption of Fe3O4-NP in the granular biofilm: (A) batches with varying 

granular biofilm size fractions (c(TSS) = 2 g/L) and an initial concentration of Fe3O4-NP of c0(Fe) = 200 mg/L, (B) batches with a 

granular size fraction of 250 - 500 µm (c(TSS) = 2 g/L) and c0(Fe) of 100; 200 and 1000 mg/L. 

For all size fractions the total biosorption (mFe biosorption t = 18 h - not rinsed) differed only slightly between 

0.11 mg Fe and 0.15 mg Fe. The maximum biosorption found was 1.9 µg Fe/mg TSS (biofilm size 

fraction of 500-800 µm, TSS = 2 g/L, exposure concentration 200 mg/L Fe). 
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This is contrary to the removal efficiency of Fe3O4-NP (see Figure 4-6), which wrongly suggests that there 

might be a difference in biosorption of Fe3O4-NP between the different granular size fractions. The size 

fraction of 250 - 500 µm has the highest OM release and highest removal, but the biosorption is as low as 

those for the other size fractions. Consequently, the Fe3O4-NP which were removed from the water phase 

did not necessarily end up sorbed to the granular biofilm. We assume that Fe3O4-NP were attached to 

particulate OM just above the settled granular biofilm in the water phase, as described above. Those 

Fe3O4-NP were covered neither by the measurement in the supernatant nor by the measurement of the 

granular biofilm. The particulate OM can serve as vehicle for Fe3O4-NP and can increase their mobility in 

the system. Figure 4-6, B presents variation of initial concentrations of Fe3O4-NP in the batch experiments 

with 250 - 500 µm sized granular biofilm. There was a positive linear correlation between c0(Fe) and the 

biosorption. According to a model calculation, the granular biofilm surface can be loaded only to < 1 % 

with Fe3O4-NP assuming a monolayer of 200 nm sized Fe3O4-NP and spherical granular biofilm with an 

average diameter of 375 µm. This calculation led to the assumption that a small part of Fe3O4-NP 

interacted with the biofilm (still providing free adsorption sides), and was removed from the supernatant 

not only by electrostatic mechanisms. A more complete picture can be given by the influence of c(TSS) on 

the biosorption by Figure 4-9.  

 

Figure 4-9: Biosorption in batches with a granular biofilm size fraction of 250 - 500 µm and c0(Fe) of 100 mg/L (averaged data 

from batches in duplicates). 

By increasing the TSS by a factor of 5, the total biosorption was enhanced by approx. factor 5 as well 

(positive correlation). However, the biosorption of 1.6 µg Fe/mg TSS of the batch experiment with c(TSS) 

= 10 g/L was comparable with the one of the batch employing c(TSS) = 2 g/L being 1.4 µg Fe/mg TSS. 

Those results give indications that physical co-sedimentation contributed to a higher extend to the removal 

of Fe3O4-NP from the supernatant than other interactions with the granular biofilm such as adsorption. To 

a certain extent, the presented results for Fe3O4-NP with a magnetite core can be transferred to other ENP 
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with similar particle surface properties based on the knowledge that the core material has a minor 

influence on the fate of ENP (Lowry et al. 2012). Further experiments should focus on the transferability 

of the presented results to other ENP and on the application of the magnetic susceptibility to investigate 

the behavior of different coated Fe3O4-NP in bioreactors for WWT. 

 

4.4 Summary 

 Magnetic susceptibility represents a valuable method for the investigation of the fate of Fe3O4-NP 

in real biofilm systems. The magnetic susceptibility provides a simple approach for the in-situ 

quantification of Fe3O4-NP in the water phase and in the biofilm matrix with a high precision 

(error < 2 %). 

 

 The changes in the chemistry of the water matrix, especially OM concentrations, are an important 

factor to consider when investigating the removal efficiency of Fe3O4-NP from the water phase. 

The removal of Fe3O4-NP from the water phase was rather low (5 - 35 %) compared to other 

studies conducting batch experiments (removal up to 100 %), see Table 2-1. Fe3O4-NP were 

stabilized by dissolved and particulate OM in the water phase, which was released by the granular 

biofilms itself during the batch experiment. 

 

 A detailed mass balance confirmed that the biosorption of Fe3O4-NP to the granular biofilms was 

low. Less than 2.4 % of the initially added Fe3O4-NP were associated with the biofilms after 18 h 

exposure time. The maximum biosorption found was 1.9 µg Fe/mg TSS (for an exposure 

concentration of 200 mg/L, exposure load 96 µg Fe/mg TSS).  

 

 Fe3O4-NP seemed to be loosely bound to the granular biofilm and desorption occurred after 

rinsing. The hampered interaction of Fe3O4-NP with the biofilm was a result of the smooth surface 

and compact physical structure of the granular biofilms. 

 

 Indications are given that physical co-sedimentation was a predominant removal process of Fe3O4-

NP in granular biofilm systems under the assumption that granular biofilms still provide free 

sorption sides. 
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5 INFLUENCE OF THE PARTICLE SIZE AND 

SURFACE FUNCTIONALIZATION OF Fe3O4-NP ON 

INTERACTIONS WITH BIOFILMS* 

 

*
This chapter has been published in Acta Biomaterialia (2016), volume 31: 167-177 in collaboration with 

F. Ranzinger, S. Lackner, V. Grande, A. Baniodeh, A. Powell, H. Horn and G. Guthausen. 

 

 

 

 

5.1 Introduction 

The interactions and transport of ENP in the biofilm system are directly related to the biofilm’s physical 

structure and composition. This is of major importance for technical, and environmental systems with 

respect to local diffusive and convective transport of compounds (solutes and particles) within biofilms 

(Flemming and Wingender 2010). Different imaging techniques, such as confocal laser scanning 

microscopy (CLSM), optical coherence tomography (OCT), and MRI, have significantly contributed to 

the understanding of biofilm structure and functionality (Herrling et al. 2015b, Manz et al. 2005, 

Morgenroth and Milferstedt 2009, Neu et al. 2010, Ramanan et al. 2013, Seymour et al. 2004b). 

Commonly applied techniques to investigate the mass transport of certain componds into biofilms, such as 

micro electrodes (limited to certain substances e.g.  pH, O2, NO3
-
) (De Beer et al. 1994b, Wasche et al. 

2002) are invasive to the biofilm structure and consequently, the measured mass transfer in disturbed. 

CLSM techniques offer the possibility to investigate the biofilm structure and its components, however, 

specific staining agents are necessary and only selective visualization is feasible (Staudt et al. 2004, 

Wagner et al. 2009).  

1
H-MRI is particularly suitable for non-destructive and in-situ biofilm investigations with spatial 

resolution of a few tens of µm (Morgenroth and Milferstedt 2009, Ramanan et al. 2013). In particular, 

various NMR parameters can be exploited to generate dedicated contrast in the images, which is not 

restricted simply to the 
1
H spin density. Often, longitudinal (T1) and transverse relaxation (T2) times of 

1
H 

nuclei are exploited for tailoring the contrast with the aim to characterize biofilm structure, which is 

crucial to better understand the interactions with ENP. Pure water exhibits relatively long T2 relaxation 

times in the range of seconds, whereas T2 of water inside biofilms is reduced to values about 100 ms 
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(Codd et al. 2011, Vogt et al. 2013). In this context, MRI represents the ideal tool to study the interactions 

between ENP and undisturbed biofilm systems. A perquisite for this is the paramagnetic properties of the 

target ENP, such as iron based ENP (Fe3O4-NP) serving as contrast agents. Those contrast agents 

(relaxation agents) determine the image contrast by paramagnetic relaxation enhancement (PRE) (Bertini 

et al. 2001, Callaghan 1991). PRE is caused by hyperfine relaxation caused by paramagnetic centers such 

as iron ions (Fe
3+

 and Fe
2+

) (Ito et al. 2005). For more information on PRE, please see section 3.1.2 in this 

dissertation.  

So far, it has been shown that MRI contrast agents enhance the contrast between bulk water and biofilm 

(Guthausen et al. 2015, Manz et al. 2003, Seymour et al. 2004a). Also the spatial distribution and 

adsorption of heavy metal ions in alginate was investigated (Nestle and Kimmich 1996). Of particular 

interest is the fate of heavy metals and nanomaterials in the environment, which can be estimated by the 

penetration of contrast agents into biofilms. The investigation of transport and immobilization in the 

biofilm by the concentration maps based on T1 and T2 values in homogenous and monoculture biofilms 

has been explored in 2D (Phoenix and Holmes 2008, Phoenix et al. 2008, Phoenix et al. 2009, Ramanan et 

al. 2013) and 3D (Bartacek et al. 2009). Most of the studies focus on heavy metal ions or molecular 

relaxation agents in combination with monoculture biofilms. However, the interactions between 

differently sized and functionalized Fe3O4-NP and multispecies biofilms have not been studied yet. 

This chapter focuses on the interactions of differently sized and functionalized Fe3O4-NP with fluffy 

biofilms (similar to biofilm systems as used in chapter 6) in static batch experiments. Here, the transport 

of ENP in the biofilm system was mainly diffusion dominated. Insights into transport processes and 

biosorption were obtained by the visualization of Fe3O4-NP. The main goals of this chapter were to: 

 Investigate the biofilm structure and its contrast generation in MRI images. 

 Visualize the biosorption of different Fe3O4-NP within the biofilm matrix with respect to their 

particle size and surface functionalization.  

 Assess the reversibility of the biosorption of Fe3O4-NP to the fluffy biofilm.  
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5.2 Materials and Methods 

5.2.1 Biofilm cultivation 

A laboratory scale moving bed biofilm reactor (MBBR) (volume V = 1 L) was operated over 90 days with 

a plastic carrier material, type K1 (AnoxKaldnes AB, Sweden). This K1 carrier (polyethylene, length: 9.2 

mm, height: 7 mm) is cylindrical, has 4 combs, and a specific surface area of 500 m
2
/m

3 
(see Figure 5-1, 

A). The MBBR was continuously fed with acetate (1485 mg/L) as main substrate to grow heterogeneous, 

mixed culture biofilms on the carrier material (for the composition of the substrate, please see Table 6-1). 

The reactor was continuously aerated with pressurized air to guarantee mixing and sufficient oxygen 

supply. The cultivated K1 carriers were stored in tap water at 4°C before the experiment to minimize 

biological activity and no visible growth was observed during experiment (no substrate available). 

 

Figure 5-1: Heterotrophic biofilm on carrier material type K1 (AnoxKaldness. Sweden). (A) carrier material (9.2 mm length and 

7 mm height) with biofilm. (B) the biofilm carrier  is fixed with a rubber band in the MRI sample holder. (C) schematic of the 

experimental set-up: horizontal layers indicate the orientation of the measured axial slices (here: exemplary for 3 out of 8). 

5.2.2 Contrast Agents: preparation and characterization  

Fe3O4-NP serving as MRI contrast agents with different size, surface functionalization, and paramagnetic 

centers were applied (Table 5-1). In this case, suspensions of different super paramagnetic iron oxide 

nanoparticles (SPION) have been used: iron oxide composite particles (iron oxide core, dextran or starch 

shell) with different surface functionalizations and particle diameters (20 nm and 80 nm) (product name: 

nanomag®-D-spio and BNF-Dextran, micromod Partikeltechnologie GmbH, Rostock, Germany). Fe3O4-

NP are known as predominantly T2 contrast agents. The paramagnetic relaxation enhancement (PRE) was 

quantified from T1-weighted and T2-weighted images at 200 MHz for different contrast agent 

concentrations, leading relaxation rates as function of concentration. A linear regression finally revealed 

the relaxivities r1 and r2. r1 and r2 relaxivities of the different contrast agents in ultrapure water (Milli-Q, 

Merck Millipore, Billerica, Massachusetts, USA) were measured at concentrations of 0 - 137 mg/L Fe 

(BNF particles), 0 - 120 mg/L Fe (nanomag® particles) for r1 and 0 - 13.7 mg/L Fe (BNF particles), 0 - 12 

(A) (B) (C)
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mg/L Fe (nanomag® particles) for r2. For more specific information on the relaxivity of MRI contrast 

agents, please see section 3.2 and consult textbooks (Bertini et al. 2001). 

The zeta potential of the Fe3O4-NP was measured using dynamic light scattering and laser DOPPLER 

anemometry, respectively ((n = 10), refractive index for iron oxide: 2.42; adsorption coefficient: 0.01, 

Zetasizer Nano ZS, Malvern Instruments, Worcestershire, United Kingdom). 

Table 5-1: Properties of the applied MRI contrast agents (Fe3O4-NP). The relaxivity was measured at 200 MHz at concentrations 

of 0 - 137 mg/L Fe (BNF particles), 0 - 120 mg/L Fe (nanomag® particles) for r1 and 0 - 13.7 mg/L Fe (BNF particles), 0 - 12 

mg/L Fe (nanomag® particles) for r2.  

Fe3O4-NP product 

name 

diameter 

dp 

surface 

coating 

zeta 

potential 

applied 

concentration 

relaxivity 

r1 

relaxivity 

r2 

  (nm)  (mV) (mg/L) (L/(mg·s)) (L/(mg·s)) 

BNFDex 

d80nm 

BNF-

Dextran 

80  dextran  5 ± 5 25.6 0.0021 0.2046 

BNFStarch 

d80nm 

BNF-

Dextran 

80  starch 4 ± 4 25.6 0.0024 0.4585 

Dexd20nm nanomag®-

D-spio 

20 dextran  -1 ± 3 145.8 0.0027 0.2274 

DexCOOH 

d20nm 

nanomag®-

D-spio 

20 dextran-

COOH 

-22 ± 8 29.2 0.0178 1.4989 

 

5.2.3 Experimental setup and procedure 

Prior to the MRI experiments, K1 biofilm carriers were rinsed with tap water to remove residual substrate 

and easily detachable particulate organic and inorganic matter attached to the biofilm. In the following, the 

entire biofilm-carrier-system is defined as the unit of biofilm, carrier material and surrounding bulk water 

in the sample holder serving a batch vessel (see Figure 5-1, B). Prior to the measurement, a comb of the 

biofilm carrier was marked to identify the position of the K1 carrier later in the MRI images. A single 

biofilm carrier was then fixed with a rubber band in a MRI sample holder (serving as batch vessel) made 

of Teflon, PVC (polyvinyl chloride), and ceramics. The sample holder was completely filled with tap 

water (Vsample holder = 2 mL) to maintain the biofilm’s structure and provide space for the diffusive 

distribution of the Fe3O4-NP (contrast agents) in the bulk water. Biofilm-carrier-systems used for the 

experiments were first imaged without contrast agent. In long-term exposure experiments, biofilm carriers 

were stored at 4°C in 2 mL suspensions of different Fe3O4-NP (for applied concentrations, see Table 5-1) 
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for 14 days. The biofilm carriers were imaged by directly inserting them into the sample holder filled with 

the suspension of Fe3O4-NP used before for the exposure. To determine the reversibility of the attachment 

of Fe3O4-NP to the biofilm, the biofilm carriers were removed from the sample holder and rinsed with 100 

mL of tap water before imaging the biofilm-carrier-systems again, now with tap water as surrounding 

medium.  

5.2.4 MRI methods and sequence parameters 

The experiments were performed on a 200 MHz tomograph (Bruker Avance 200 SWB, Bruker BioSpin 

GmbH, Rheinstetten, Germany). The superconducting magnet with a 150 mm vertical bore had a 

magnetic-flux density B0 of 4.7 T. The Bruker gradient system micro2.5 was used with a 
1
H-NMR bird-

cage (25 mm inner diameter). Pulse sequences were applied as provided by Bruker within Paravision 4.0. 

The 90° radiofrequency block pulse was 45 µs at 0 dB. A sinc-pulse of 1 ms excited the magnetization (14 

dB attenuation). For refocusing, a bandwidth matched sinc-pulse of 0.749 ms (5.5 dB attenuation) was 

applied. Relaxation measurements of each Fe3O4-NP were realized for PRE determination using a multi-

slice multi-echo sequence (MSME) (Callaghan 1991 / 1993, Kimmich 1997). Data was processed within 

ParaVision® 4.0 (Bruker BioSpin GmbH, Karlsruhe, Germany) and via self-written scripts in Matlab® 

(version R2012a, Matlab Works Inc.; Natick, Massachusetts, USA). Slice selection was achieved by 

selective rf-pulses combined with a slice selection gradient. 2D images of the selected slices were 

obtained by the application of read and phase encoding. The K1 carriers were placed into the sample 

holder with the symmetry axis along B0||z. The measured slices with a slice thickness of 0.8 mm (n = 8), 

exemplarily indicated by horizontal planes in Figure 5-1 C were orientated in the xy-plane and measured 

from bottom (1
st
 slice) to top (8

th
 slice). Each slice had a thickness of 0.8 mm; the interslice distance was 

chosen to 0.2 mm. For further information on the principles of MRI and the contrast generation in MRI 

images, please refer to textbooks (Callaghan 1991, Kimmich 1997) and chapter 3 of this dissertation. 

To find optimal image contrast for the heterogeneous biofilms, a MRI parameter study was performed. 

The repetition time TR and the echo time τE were varied respectively. A set of parameters was fixed to 

compare images with opposite contrast for different biofilms and the differently composed Fe3O4-NP, see 

Table 5-2. In addition to predominantly T1- and T2-weighted images, proton density (PD-weighted) images 

were measured as well. Because of the long TR for T2-weighted and proton density images, their resolution 

and number of averages were reduced compared to those used in T1-weighted images, leading to a suitable 

overall measurement time while retaining an acceptable image quality. The MRI sequence parameters 

define the image contrast: Roughly speaking, in T1-weighted images the biofilm appears bright and the 

bulk water dark on a conventional intensity based color scale. The opposite applies to T2-weighted images, 

where the biofilm appears dark and the bulk water is bright. In PD images the bulk appears bright, and the 
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biofilm was barely recognizable (low contrast). For more detailed information, please refer to chapter 

3.2.2 in this dissertation. 

Table 5-2: MRI parameters for the acquisition of MRI images: three types of MRI measurements were performed to achieve 

different image contrast. 

acquisition parameter T1-weighted 

image 

 

T2-weighted 

image 

proton density (PD) 

image 

TR (ms) 800 10000 10000 

τE (ms) 4.5 50 3.2 

number of averages 20 4 4 

matrix (pixel) 256
 
x 256 128

 
x 128 128

 
x 128 

field of view (mm) 17 x 17, 19.5 x 19.5 17 x 17, 19.5 x 19.5 17 x 17, 19.5 x 19.5 

spatial resolution (µm) 66 x 66, 76 x 76 133 x 133, 152 x 152 133 x 133, 152 x 152 

slice thickness (mm) 0.8 0.8 0.8 

interslice distance (mm) 0.2 0.2 0.2 

number of slices 8 8 8 

measurement time 1 h 8 min 16 s 1 h 25 min 20 s 1 h 25 min 20 s 

 

5.2.5 Image analysis and visualization  

The pre-processed MRI data was segmented within Matlab® version R2012a. The pixel intensity 

distribution is presented in form of histograms. The individual combs of the biofilm carriers were 

manually cropped from the T1-, T2-weighted and PD images (all 8 slices) to remove the influence of the 

surroundings outside the biofilm carrier. A script calculates the intensity distribution by pixel counting. 

Manually selected thresholds define segmentation classes. A classification of the pixel intensity is 

introduced correspondingly, for example, to biofilm (compact and fluffy parts), carrier material and bulk 

water in images of biofilm carriers without contrast agents. As this step includes a subjective 

interpretation and rating, the segmentation should be understood as indicator rather than as an unalterable 

quantification of the images. In case of the presence of contrast agents, classes for carrier material, 

contrast agent occurrence, and bulk water were defined. As several slices were measured in the MSME, 

the slice wise analysis allowed the profiling of those segmentation classes also as a function of carrier 

height. 
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5.3 Results and Discussion 

5.3.1 Characterization of the pure biofilm 

In a first step, the image contrast generated by the pure biofilm needs to be examined, to later understand 

the changes in the image contrast caused by Fe3O4-NP. Furthermore, information about the biofilm 

structure is needed for the comprehensive interpretation of the images, since the mass transfer is directly 

related to biofilm structure (Ramanan et al. 2013) and transport of ENP into the biofilm matrix.  

Concerning the image contrast (Figure 5-2); the used fluffy biofilms usually appear bright in T1- and dark 

in T2-weighted images, respectively. The bulk water shows the opposite contrast: it appears dark in T1- and 

bright in T2-weighted images, respectively. The solid carrier material shows no signal (black) as also 

shown in chapter 3.2.2. For more detailed information please refer to chapter 3. In Figure 5-2, the 

investigated biofilms appear to be fluffy and heterogeneous and cover the inner phase of the carrier 

material. Surprisingly, it was observed that the contrast of the heterogeneous biofilm in the images has 

changed with time after the removal from the moving bed biofilm reactor (MBBR): Figure 5-2 shows T1- 

and T2-weighted images for three biofilm-carrier-systems measured at different times after their removal 

from the MBBR. The biofilm becomes brighter T1-weighted images and darker in T2-weighted images 

compared to the bulk water with increasing time after removal. This correlation is attributed to the 

different interactions and mobility of water molecules in the biofilm matrix, leading to different relaxation 

times. The biofilm shown in Figure 5-2, C (22 days after removal from MBBR) has most likely a more 

compact biofilm structure than the biofilms depicted in A and B, and therefore, exhibits smaller overall T1 

and T2 relaxation times. The increased compactness of the biofilm may be the result of a change in 

structure, e.g., in the composition and physical structure of extracellular polymeric substances (EPS) 

which serve as protective matrix for the bacteria. Furthermore, it has to be considered that there was no 

substrate available during the storage of the biofilm (no biological activity assumed) and, therefore, the 

structure of the EPS might be compacted. The acquired PD images are not shown at this point because the 

biofilm cannot be distinguished from the bulk water as shown in chapter 3.2.2 and in Figure 5-5 A. 
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Figure 5-2: MRI T1- and T2-weighted images of different biofilm-carrier-systems without contrast agents (no Fe3O4-NP) 

measured at different times after removal from the MBBR (A - C). The image contrast differs with amount and heterogeneity of 

the biofilms even though they were cultivated in the same bioreactor. Blurred lines in T1-weighted image (A) were due to 

motional artefacts. The histogram of the image indicated with “H” is shown in Figure 5-3.  

 

Figure 5-3 presents the histogram of the T2-weighted image of the biofilm-carrier-system after 18 days of 

removal from MBBR (indicated by “H”). The histogram of the pixel intensities (related to image 

brightness) shows two main peaks, one referring to the carrier material with lowest pixel intensities (up to 

a value of 26), and one for the bulk water with high pixel intensities (from value 183). Between these 

peaks the contribution of the biofilm can be found. Compact and fluffy biofilm parts (as seen in the 

images) were distinguished in the histogram by manually setting a threshold (at value 107).  

 

Figure 5-3: Histogram and segmentation classes (mean of all 8 slices, thresholds at 26, 107, 183) of the T2-weighted image of the 

biofilm-carrier-system indicated with “H” (after 18 d of removal from MBBR, Figure 5-2). The pixel intensity is directly related 

to the brightness in the images. 
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The image quantification allows the monitoring of changes of these segmentation classes along the carrier 

height (Figure 5-4): As expected the portion representing the carrier material stays constant, whereas the 

biofilm and the bulk water portions vary strongly (dashed lines indicate the mean values). These 

deviations derived from the inclined carrier material which led to different local flow conditions in the 

MBBR and caused heterogeneous biofilm structures, compactness, and coverages. It is likely that different 

microorganisms within the biofilm additionally increased the heterogeneity of the biofilm. In summary, 

the biofilm structure and compactness determine the initial image contrast, which will later to be 

compared to the contrast generated by the added contrast agents (Fe3O4-NP). 

 

Figure 5-4: Variation of the segmentation classes (obtained by histogram in Figure 5-3) over the carrier height of a biofilm (in 

absence of Fe3O4-NP). Dashed lines indicate mean values of the single profiles of the segmentation classes. 

 

5.3.2 Visualization of Fe3O4-NP in the biofilm matrix 

The question about the behavior and mobility of pollutants, such as, ENP in the environment, and 

especially their interaction with biological systems is in the focus of recent scientific literature (Delay and 

Frimmel 2012, Lowry et al. 2010, Nowack and Bucheli 2007). One approach to address this question is 

the spatial observation of differently sized and functionalized ENP, here Fe3O4-NP, in real biofilms by 

means of MRI. In the following, the achieved results represent the first step towards the non-invasive and 

in-situ observation of ENP within the undisturbed biofilm matrix.  

To emphasize the contrast generated by Fe3O4-NP in the biofilm system, an example for BNFDexd80nm 

(particle characterization given in Table 5-1) is demonstrated in the following. Especially in PD images 

the biosorption of Fe3O4-NP can easily be visualized due to drastic changes in the contrast, as the pure 

biofilm does not generate any contrast in the images (Figure 5-5 A). By subfigures B, it is emphasized that 
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BNFDexd80nm have a strong affinity to the biofilm’s surface, which turns darkish by attachment of 

BNFDexd80nm. The BNFDexd80nm were homogenously suspended in the bulk water and approached 

the biofilm surface mainly by diffusion. BNFDexd80nm favorably attached onto the biofilm surface and 

outer layers possibly by an entrapment in EPS (Brar et al. 2010, Limbach et al. 2008). No full penetration 

can microscopically be observed by the images. The impact of the biosorption on the biological activity of 

the biofilms still remains unclear at this point and needs further investigations. Besides the attachment of 

Fe3O4-NP to the biofilm surface, these images demonstrate the suitability of Fe3O4-NP for the direct 

imaging of the biofilm surface. Usually, the attachment of different ENP to biofilms (or single 

microorganisms) and other kinds of biomass, such as activated sludge, is imaged by electron microscopy 

(Fabrega et al. 2009b, Schwegmann et al. 2010) or fluorescent microscopy (Kiser et al. 2010). However, 

those imaging techniques have certain disadvantages, such as invasiveness to the biofilms and limited 

field of view to the biomass (e.g. field of view in electron microscopy is on the nm to µm scale). For 

further information on biofilm imaging, please see section 3.2.2 and 3.2.3 in this dissertation. 

Interestingly, a concentration gradient of BNFDexd80nm along the carrier height was observed in the 

exposure experiments as pictured by PD images at 2 mm and 7 mm carrier height, see Figure 5-5, B. This 

observation applies to all Fe3O4-NP used in chapter 5. 

 

Figure 5-5: PD images of a pure biofilm (A) and a biofilm at a carrier height of 2 mm and 7 mm of the long-term experiment 

after injection of BNFDexd80nm (Fe3O4-NP). Areas containing a “high” or “low” amount of BNFDexd80nm were identified in 

the images (B) and distinguished in the histogram (C) (mean value of all 8 slices, thresholds: 20, 107, 183). 

The histogram (C) emphasizes in accordance with the PD images (B) that there were regions in the 

biofilm containing different amounts (“high”/”low”) of BNFDexd80nm. Therefore, manual thresholds 

were set at values of 20, 107 and 183 to distinguish these fractions. Compared to the histogram in Figure 

5-3, the pixel intensities are remarkably shifted to lower values due to the darkish regions exhibited by the 

added BNFDexd80nm. Figure 5-6 depicts that BNFDexd80nm mainly sorbed to the upper biofilm carrier 

parts starting from 4 mm as demonstrated in the profiles of the fractions of “high” and “low” amounts of 

(B) (C)

50 100 150 200 250
0

100

200

300

400

 

fr
e

q
u

e
n

c
y
 (

-)

pixel intensity (-)

 
 
 
 

carrier material
Fe3O4-NP „high“
Fe3O4-NP „low“
bulk water

0

(A)

2 mm

7 mm



Chapter 5. Influence of particle properties 

 

59 

 

BNFDexd80. This can be explained by the restricted diffusive transport of BNFDexd80nm into the 

biofilm matrix, as it was lying on the bottom of a batch vessel for 14 days of exposure under stagnating 

conditions. Fe3O4-NP have a low self-diffusion coefficient compared to smaller more diffusive water 

compounds as e.g. substrates (Peulen and Wilkinson 2011). Therefore, the distribution in the biofilm 

system might not be homogenous. The presently used spatial resolution of 66 µm allows the investigation 

of the structure of the biofilms and the biosorption of Fe3O4-NP, but cannot reveal the molecular 

interaction mechanisms. With the help of the images, not only indications for the fate of Fe3O4-NP, but 

also for the mass transport of potential substrates are given. From the mass transport point of view, tracing 

such contrast agents in biofilms can also be an approach to gain information about mass transfer of 

substrates, even though they are much smaller than the used Fe3O4-NP (e.g. Glucose has a molecular 

diameter of ~1 nm). However, the mass transfer depends on a variety of parameters, such as e.g. the 

biofilm structure, biological activity and the interaction processes. Further experimental work using 

different kinds of contrast agents should be done.  

 

Figure 5-6: Segmentation classes along the carrier height in the biofilm-carrier-system. The segmentation class of water is larger 

in the middle of the carrier. The concentration of BNFDexd80nm (Fe3O4-NP) depends on the carrier height as indicated by the 

two fractions with “high” and “low” concentrations of Fe3O4-NP. 

 

5.3.3 Biosorption and immobilization of Fe3O4-NP in the biofilm 

Five kinds of Fe3O4-NP were investigated in long-term experiments to characterize their interactions and 

penetration into fluffy biofilms, as this is a recent research need with respect of the fate of ENP in the 

environment (Gottschalk et al. 2013b, Westerhoff et al. 2013). For all Fe3O4-NP the same iron 

concentration (to achieve a comparable contrast) was injected to achieve comparable image contrast 

(Table 5-1), consequently the particle number varied. The biofilms were stored for 14 days in a suspension 

of Fe3O4-NP, were then imaged and afterwards rinsed to assess the reversibility of the attachment. This 
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was done under stagnating conditions. Consequently, diffusion of Fe3O4-NP into the biofilm was the lone 

transport mechanism. 

Figure 5-7 presents the results of the long-term exposure experiments for all used Fe3O4-NP. The majority 

of Fe3O4-NP sorbed onto the biofilm, as visible by negligible changes in signal intensity in the bulk water 

(outside the biofilm carrier) before and after rinsing (where the bulk water was replaced by fresh Fe3O4-

NP free water). The image contrast of the PD images (for BNFStarchd80nm, BNFDexd80nm and 

Dexd20nm) and the T1-weighted image (for DexCOOHd20nm) did not change after rinsing, which was 

also proved by histograms (data not shown). This highlights the high affinity of the investigated Fe3O4-NP 

to the biofilm surface. 

Fe3O4-NP in Fe3O4-NP suspension after rinsing 

BNFStarchd80nm   

BNFDexd80nm  

 

 

 

Dexd20nm  

 

 

 

DexCOOHd20nm   

Figure 5-7: PD images (for BNFStarchd80nm, BNFDexd80nm and Dexd20nm) and T1-weighted images (for DexCOOHd20nm) 

of long-term experiments for all Fe3O4-NP used: the biofilm carriers were stored in an aqueous contrast agent solution for 14 days 

(first column) and rinsed afterwards (second column) to investigate the reversibility of the sorption of Fe3O4-NP. Biofilms can 

slightly change their physical structure (detachment) after rinsing. 
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Generally, all types of Fe3O4-NP sorbed to the biofilm surface and outer biofilm layers, as mentioned 

earlier. However, the penetration depth of the used Fe3O4-NP differed: Dexd20nm showed a more 

homogeneous and deeper penetration into the biofilm than BNFDexd80nm as well as BNFStarch80nm. 

Therefore, differences in effective particle size of the Fe3O4-NP of the same chemical composition might 

lead to the limited penetration into the biofilm matrix. This effect has also been shown by other studies. 

The particle size and small self-diffusion coefficients lead to a lower mobility in the biofilm system 

(Peulen and Wilkinson 2011). In this context, the results underline that the type of Fe3O4-NP, as well as 

the structure of the biofilm, are relevant parameters to take into consideration when looking at the 

interactions of Fe3O4-NP with biofilms.  

It seems that the particle surface functionalization had a minor impact on the interaction and penetration 

depth of Fe3O4-NP into the biofilm matrix: there are no visible differences in the penetration depth 

between BNFDexd80nm and BNFStarch80nm (particle diameter of 80 nm) as well as between Dexd20nm 

and DexCOOHd20nm (particle diameter of 20 nm). Moreover, the zeta potential was found to have no 

significant impact in this case, as DexCOOHd20nm exhibits a more negative zeta potential compared to 

Dexd20nm (see Table 5-1) and no visible differences in the penetration depth can be noted. Very 

surprisingly, the immobilization of all Fe3O4-NP was irreversible over the investigated exposure time (of 

14 days), comparing the MRI images in Figure 5-7 before and after rinsing. By rinsing the fluffy biofilms, 

some changes in the biofilms’ physical structure occurred, which were visible in PD and T1-weighted 

images, however, the image contrast was maintained. To gain more quantitatively information, future 

work should focus on data processing and image analysis to determine e.g. biofilm thickness, penetration 

depths or concentration maps of Fe3O4-NP within the biofilm matrix. The presented results contribute to a 

better understanding of interactions and transport of differently composed ENP in heterogeneous biofilm 

systems. The images allow general assumptions about the biofilm heterogeneity, structure and transport 

properties, which are needed for the estimation of mass transport of substrates and particles. The 

irreversible biosorption of ENP might represent a key factor in their distribution and transport in the 

natural environment, where biofilms are ubiquitous (Costerton et al. 1995).  

5.4 Summary 

 MRI proved to be an elucidating approach to investigate the interaction of differently sized and 

functionalized Fe3O4-NP within heterotrophic biofilm systems. MRI acquisition parameters were 

optimized for T1- and T2-weighted as well as PD images exhibiting a good contrast for the biofilm 

and Fe3O4-NP.  
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 The structure of the biofilm, being partly fluffy and more compact, was distinguished by NMR 

relaxation parameters which determine the image contrast in T1- and T2-weighted and PD images. 

This gives indications about transport processes and permeability for dissolved and particulate 

water compounds into the biofilm matrix.  

 The investigated Fe3O4-NP has a strong affinity to the biofilm surface and the attachment occurred 

quickly. Fe3O4-NP mainly sorbed to the biofilm surface and outer layers, but no full penetration 

could be observed.  

 The influence of the particle size on the interactions with biofilms was visualized: smaller Fe3O4-

NP (20 nm diameter) penetrated deeper into the biofilm matrix than bigger ones (80 nm diameter). 

Moreover, all Fe3O4-NP used were irreversibly immobilized within the biofilm matrix. This 

immobilization might be a key factor for the fate and eco-toxicity of Fe3O4-NP in natural and 

technical systems.  

 Despite the particle size, the particle surface functionalization and the resulting zeta potential had 

a minor influence on the biosorption and penetration depth of Fe3O4-NP into the biofilm in this 

case.  
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6 INFLUENCE OF THE EXPOSURE TIME ON 

INTERACTIONS OF Fe3O4-NP WITH BIOFILMS* 

 

*
This chapter has been published in Science of the Total Environment (2016), volume 544: 722-729 in 

collaboration with S. Lackner, O. Tatti, G. Guthausen, M. Delay, M. Franzreb and H. Horn. 

 

 

 

 

6.1 Introduction 

When ENP enter into WWTP, their removal from the water phase is driven by the interactions with the 

biomass in the biological treatment step (Brar et al. 2010, Kiser et al. 2010), as stated in the introduction 

of this dissertation (chapter 1). Modelled and measured concentrations of ENP in WWTP effluents were 

summarized in Gottschalk et al. (2013) stating that their concentrations are in the range of a few ng/L up 

to 5 µg/L. However, the detailed characteristics for the removal and biosorption of ENP are still unclear. 

Recent studies show that the removal of different ENP is influenced by a complex framework of 

parameters, e.g. type of biomass (flocculent sludge or granular sludge (Gu et al. 2014)) and experimental 

setup, as well as type of bioreactor (e.g. batch experiments (Kaegi et al. 2013, Rottman et al. 2012), 

sequencing batch reactors (Wang et al. 2012, Yang et al. 2015), membrane bioreactors (Tan et al. 2015) 

or pilot WWTP (Hou et al. 2013, Kaegi et al. 2011)).  

Apart from conventional activated sludge systems which are mostly used for removal experiments of 

ENP, moving bed biofilm reactors (MBBR) might be used where the biomass is organized in form of 

biofilms attached to plastic carrier materials (McQuarrie and Boltz 2011, Odegaard 2006, Odegaard et al. 

1994, Wessman et al. 2004). In this context, it has recently been stated that biofilms in general serve as 

efficient “sponges” for ENP, but efforts to elucidate the fundamental mechanisms driving the interactions 

of ENP and biofilms are still at an early stage (Ikuma et al., 2015). Especially for newer WWT 

technologies employing biofilms, research is needed to evaluate if the mentioned “sponge-like” behavior 

for ENP can be transferred to different types of biofilms. Most studies investigate the interactions of ENP 

with monoculture biofilms for simplification (Jing et al. 2014, Wirth et al. 2012). However, only few 

studies use real multispecies natural or technical biofilms (Battin et al. 2009, Fabrega et al. 2011). To the 

authors´ knowledge, there is no study addressing the fate of ENP in heterotrophic biofilm systems in a 
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MBBR. The behavior of ENP entering MBBR is still uncertain and needs to be investigated to evaluate 

the risk potential for the release of ENP into the environment.  

In this chapter, Fe3O4-NP with silica coating were employed to assess their pathways and interactions with 

biofilms in continuous flow systems, such as flow cells and MBBR. Fe3O4-NP were utilized as model 

nanoparticle allowing simple quantification due to their magnetism via the magnetic susceptibility as 

shown in chapter 4  (Herrling et al. 2015a). Single biofilm carriers were exposed to Fe3O4-NP at short 

contact times (5 min); complementary Fe3O4-NP were introduced into a MBBR and observed for 27 d to 

investigate the interactions at different time scales. The main goals of this chapter were to:  

 Investigate the biosorption of Fe3O4-NP onto heterotrophic biofilms in flow cell experiments at 

short contact times.  

 Investigate the removal and biosorption of Fe3O4-NP during MBBR operation over 27 days.  

 Establish a detailed mass balance for Fe3O4-NP to get insights into the time and concentration 

dependent biosorption in the biofilm matrix. 

 Visualize the local biosorption of Fe3O4-NP in the biofilm matrix by MRI. 

 

6.2 Materials and Methods 

6.2.1 MBBR operation and biofilm characterization 

A laboratory scale MBBR (VMBBR = 700 ml) filled with K1 polyethylene carrier material of 9.2 mm length 

and 7 mm height (AnoxKaldnes AB, Sweden) with a filling ratio of 25 % using 110 plastic carriers was 

operated for 6 months (Figure 6-1, C). The carrier material (Figure 6-1, A) had a specific surface area of 

500 m
2
/m

3
. In this chapter, the same type of biofilm carrier has been used as in chapter 5 and 7. The 

reactor was fed with acetate (1485 mg/L) as sole substrate for the cultivation of heterotrophic biofilms, see 

Table 6-1. 
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Table 6-1: Substrate composition for the cultivation of heterotrophic biofilms in MBBR. 

substrate compound concentration (mg/L) 

CH3COONa 3·H20 1485 

K2HPO4 52 

NH4CL 183 

FeSO4 7·H2O 8 

MgSO4 7·H2O 10 

CaCl2 2·H2O 12 

trace elements 0.01 mL added to 1 L of substrate 

trace element composition concentration (mg/L) 

H3BO3 100  

CoCl2 6·H2O 100 

CuSO4 5·H2O 30 

FeCl3 4·H2O 870 

MnCl2 4·H2O 135 

MoNa2 2·H2O 80 

ZnSO4 7·H2O 100 

KI 30 

NiSO4 70 

 

The hydraulic retention time (HTR) for biofilm cultivation (3 months) was set to 15 h, and then stepwise 

reduced to 5 h for the Fe3O4-NP exposure experiments. Thorough mixing and oxygen saturation was 

guaranteed by aeration with pressurized air. The pH value was set to 8 - 9 by dosing acidic water (0.014 % 

HCl solution). The electrical conductivity (~1500 µS/cm) remained stable over the whole experiment. 

During reactor operation, the soluble chemical oxygen demand (COD, filtered with 0.45 µm filter) using 

tests kits (LCK 414, HACH LANGE GmbH, Düsseldorf, Germany) was monitored. The amount of 

biomass attached to the carriers was quantified by determining the total suspended solid content (TSS) 

using 5 carriers. Biofilms were imaged using a stereomicroscope (Stereomicroscope SMT, Rathenow, 

Germany). 
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Figure 6-1: (A) heterotrophic biofilm cultivated on a plastic carrier with a diameter of 9 mm (K1, AnoxKaldnes, Sweden). (B) 

experimental setup of the flow cell where biofilm carriers are placed and exposed to different concentrations of Fe3O4-NP while 

the HRT was kept constant (flow direction from bottom to top indicated by the arrow). (C) MBBR with biofilm carriers mixed by 

aeration (no Fe3O4-NP addition). 

6.2.2 Fe3O4-NP: preparation and characterization via MSB 

Suspensions of Fe3O4-NP (MagPrep25 silica magnetic nanoparticles, cstock(Fe) = 35 g/L, Merck KGaA, 

Darmstadt, Germany) with a primary particle size of 25 nm were used. Fe3O4-NP consist of a magnetite 

core (Fe3O4) and a silica shell which prevented oxidation or release of iron ions. The core and shell are 

expected to be stable over the whole experiment. Prior to the experiments, Fe3O4-NP suspensions were 

diluted in ultrapure water (Milli-Q, Merck Millipore, Billerica, Massachusetts, USA), mechanically 

mixed, treated in ultrasonic bath (1 h), and settled for 20 h. Then, the stable decanted supernatant was 

diluted to the desired concentration of Fe3O4-NP (c(Fe) = 200; 400; 1000 mg/L). The concentration of 

Fe3O4-NP in the liquid phase and adsorbed in the biofilms was determined based on their magnetic 

property using a magnetic susceptibility balance (MSB) for magnetic susceptibility measurement (𝜒) 

(Sherwood Scientific, Cambridge, England, detection limit of  𝜒𝑉 𝑚𝑖𝑛 = 0.13·10
-6

 (SI units) provided by 

the manufacturer). To calculate the concentration of Fe3O4-NP (here, with silica coating), the magnetic 

susceptibility was correlated with their iron concentration (Figure 6-2) determined by inductively coupled 

plasma optical emission spectrometry (ICP-OES, Varian VistaPro, Agilent Technologies, Santa Clara, 

USA; calibration limit for Fe: 10 µg/L; after aqua regia digestion). ICP-OES has a high precision for Fe 

of 0.05 % (detection limit: 10 µg Fe). The MSB enables the in-situ detection of Fe3O4-NP and requires no 

sample preparation. To obtain reproducible results the 𝜒V (n = 3) was directly measured after sampling. 

For measurements of Fe3O4-NP in the liquid phase, 200 µL of the sample were pipetted into a MSB glass 

sample tube (sample height in the tube (I) = 2.5 cm)) and inserted into the MSB (measurement time = 60 

s). For the quantification of the Fe3O4-NP sorbed to the biofilm (mixed phase system (solid-liquid)) the 

biofilm had to be removed from the carrier material prior to the measurement. Therefore, single carriers 

were stored for 12 h in NaOH solution (0.2 g/L; Sigma-Aldrich, Taufkirchen, Germany). The carrier 
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material was then removed from the vessel and the magnetic susceptibility of the suspended biofilm was 

quantified using the MSB as described above. For further information about the theory and precision of 

the magnetic susceptibility, please refer to the chapter 3.1 and to Herrling et al. 2015a. 

 

For the basic characterization of Fe3O4-NP, the particle size (hydrodynamic diameter) was measured by 

dynamic light scattering and laser DOPPLER anemometry (Zetasizer Nano ZS, Malvern Instruments 

GmbH, Herrenberg, Germany). As refraction index (RI) and absorption (Abs.) for the measurement, 

values of iron oxide were used (RI = 2.420, Abs.= 0.010). Furthermore, zeta potential was measured with 

a combination of laser DOPPLER electrophoresis and phase analysis light scattering (M3-PALS), applying 

the Smoluchowski equation using the same device. The measurements were done in ultrapure water, 

because the matrix effects of the substrate disturbed the measurement. Fe3O4-NP have a particle size of 87 

± 20 nm (at c(Fe) = 4.4 mg/L), indicating that they tend to form agglomerates. The point of zero charge (c 

(Fe) = 4.4 mg/L) was between a pH value of 5-6. In the relevant pH range for MBBR operation (pH value 

8 - 9) Fe3O4-NP had a zeta potential of ~ -20 mV. 

 

Figure 6-2: Correlation of the magnetic volume susceptibility (χv) (y-value) of Fe3O4-NP coated with silica determined via MSB 

with the Fe concentration (c(Fe), x-value) measured via ICP-OES. Standard deviations (n = 3) are too small to be seen in this 

graph. The working range was 4.4 mg/L Fe - 1762 mg/L Fe. Linear fit of a calibration curve resulted in a correlation coefficient of 

0.9867, which reflects the good quality of the linear correlation. 

6.2.3 Flow cell experiment and mass balance 

Flow cell (FC) experiments were conducted using a transparent plastic tube serving as flow cell (VFC was 

7.8 mL to10.7 mL depending on the number of carriers inserted (nblank carrier and nbiofilm carrier). The FC was 

connected to a peristaltic pump (REGLO Digital MS-4/12, ISMATEC, Germany), see Figure 6-1, B. The 

desired number of carriers was placed into the flow cell directly at the bottom inlet. The inner crosses of 

the carriers were aligned to reduce flow resistance. Prior to the experiments, the FC system was pre-
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conditioned with a Fe3O4-NP suspension (c(Fe) = 1000 mg/L) which was recirculated for 2 h. The 

experimental series were conducted in triplicates (except tube-1000 and 3bio-400 (duplicates)) varying the 

number of biofilm carriers and the injection concentration (cpulse injection(Fe), Vinjection FC = 1 mL), see Table 

6-2. 

Table 6-2: Summary of flow cell (FC) experiments with varying numbers of blank (nblank carrier) and of biofilm carriers (nblank 

carrier). All experiments were conducted in triplicates (except tube-1000 and 3bio-400 (duplicates)). cpulse injection(Fe) is the 

concentration of the pulse injection and mFe enty FC corresponds to the total iron mass of the pulse. cFC (Fe) is the calculated 

exposure concentration in the flow cell. mFe loading FC represents calculated loading of Fe3O4-NP per carrier assuming that the 

Fe3O4-NP sorb homogenously to all biofilm carriers. 

experiment nblank carrier nbiofilm carrier cpulse injection(Fe) mFe enty FC cFC (Fe) mFe loading FC 

- - (mg/L) (µg Fe) (mg/L) (µg Fe/carrier) 

tube-1000 - - 1000 946 88 - 

10blank-1000 10 - 1000 946 105 - 

10bio-1000 - 10 1000 946 123 95 

3bio-1000 7 3 1000 1080 138 360 

3bio-400 7 3 400 381 49 127 

3bio-200 7 3 200 201 26 67 

 

For the experiments, demineralized water was pumped through the system with flow velocities of 1.7 

mm/s to 2.3 mm/s without recirculation (from bottom to top). The HRT was kept constant (~1.3 min). To 

start the experiment, Fe3O4-NP suspensions (cpulse injection(Fe) = 200; 400; 1000 mg/L) were injected as a 

pulse into the system and the demineralized water was continuously pumped through as eluent. The 

concentration of Fe3O4-NP was measured manually at the outlet (n = 3) via MSB by collecting the total 

eluent in sampling vessels. At the end of each flow cell experiment (~ 5 min of perfusion until detection of 

pure water as eluent) a mass balance for Fe3O4-NP was established accordingly by  

mFe entry FC = mFe outlet FC + mFe sediment FC + mFe biosorption FC + mFe losses FC. Equation 6-1 

The total mass of iron added to the flow cell system (mFe entry FC) equals the Fe3O4-NP passing the flow cell 

(mFe outlet FC), plus Fe3O4-NP which settled during the experiment (mFe sediment FC) on the tube connector 

(indicated in Figure 6-1, B), plus the portion of Fe3O4-NP which sorbed to the biofilm (mFe biosorption FC). 

Within this study, the term biosorption is used as the sum of all sorption processes of ENP (chemical and 

physical sorption processes and bio uptake) to the biofilms according to Kiser et al. (2010). The losses 
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described by mFe losses FC are attributed to the experimental procedure or due to loosing Fe3O4-NP by 

opening-up the flow cell system. 

6.2.4 MBBR experiment and mass balance 

A continuous flow experiment was conducted in the MBBR to investigate the effect of the real water 

matrix on the fate and biosorption of Fe3O4-NP (Table 6-3). 

Table 6-3: The MBBR (VMBBR = 700 mL) was operated with 110 biofilm carriers (nbiofilm carrier) at a HRT of 5 h (inlet flow rate 

130-160 mL/h). The iron mass added to the MBBR was mFe entry MBBR = 100 mg Fe. cMBBR(Fe) is the calculated exposure 

concentration and mFe loading MBBR is the loading of Fe3O4-NP per carrier assuming that all Fe3O4-NP (mFe entry MBBR) homogenously 

sorb to all biofilm carriers. 

experiment nbiofilm carrier mFe entry MBBR cMBBR(Fe) mFe loading MBBR 

- (mg Fe) (mg/L) (µg Fe/carrier) 

MBBR 110 100 150 940 

 

The original reactor liquid was sieved to remove particulate matter (13.6 µm precision sieve), and used as 

water matrix for the experiment. The exposure concentration (cMBBR(Fe)) was in the same concentration 

range as the ones used for the flow cell experiments(cFC(Fe)). The loading of Fe3O4-NP per carrier (mFe 

loading MBBR), assuming that all Fe3O4-NP homogenously sorb to all biofilm carriers in the MBBR without 

reaching saturation, was 3 - 14 times higher than for the flow cell experiments (compare Table 6-2 and 

Table 6-3). This was defined due to the increased complexity of the system (MBBR) where more 

uncertainties and losses for the recovery of Fe3O4-NP were expected. To start a MBBR experiment, the 

stock solution of Fe3O4-NP (cinjection MBBR(Fe) = 35 g/L) of Vinjection MBBR = 3 mL was directly added into the 

MBBR reactor vessel while aeration was on to ensure thorough mixing. During the MBBR experiment 

samples of 5 mL were taken for the magnetic susceptibility measurements (n = 3), positioning a 

conventional syringe 6 cm below the water surface of the MBBR after 5 min settling time (no aeration). 

Samples from the MBBR liquid were taken every 15 min starting from 80 min and from 4 h each hour, 

and starting from 20 h once per day for 27 days. The concentration of Fe3O4-NP was measured manually 

by the MSB (n = 3). Biofilm carriers were imaged using a stereomicroscope upfront the magnetic 

susceptibility measurement for the quantification of Fe3O4-NP sorbed to the biofilm matrix. To trace the 

distribution of the Fe3O4-NP a mass balance was established over the operation period of 0-5 h, 0-18 h and 

0-24 h according to equation Equation 6-2. After 24 h of operation time, Fe3O4-NP were completely 

washed out of the MBBR. 
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mFe entry MBBR = mFe outlet MBBR + mFe liquid MBBR + mFe biosorption MBBR · nbiofilm carrier + 

mFe sampling MBBR + mFe losses MBBR. 

Equation 6-2 

 

The initially added mass of Fe (mFe entry MBBR) can be described as the sum of mass of Fe leaving the MBBR 

via the outlet (mFe outlet MBBR), plus the Fe mass still being in the MBBR liquid (mFe liquid MBBR), plus Fe3O4-

NP sorbed to the biofilm carriers (mFe biosorption MBBR), and plus the Fe mass which was removed from the 

MBBR by the sampling routine (mFe sampling MBBR). The Fe mass which could not be recovered during the 

experiment is summarized in the term mFe losses MBBR. 

6.2.5 MRI methods 

To support the quantitative results obtained by magnetic susceptibility, biofilm carriers were imaged using 

MRI for non-invasive visualization of the biosorption of Fe3O4-NP in the biofilm. Prior to MRI, the 

carriers where shaken overhead (30 rpm, for 12 h) in Fe3O4-NP solutions (V = 30 mL) of c(Fe) = 90 mg/L 

and c(Fe) = 350 mg/L, which are in the same exposure concentration range as the flow cell and MBBR 

experiments. Fe3O4-NP serve as contrast agents in MRI. The influence of Fe3O4-NP on the relaxation 

properties (T1 relaxation) of 
1
H nuclei (mainly in water molecules) in the biofilm was investigated using a 

high-field (200 MHz) MRI tomograph (Bruker Avance 200 SWB, Bruker BioSpin GmbH, Rheinstetten, 

Germany). The single carriers were placed into the tomograph with tap water as surrounding medium 

using an in-house sample holder. The superconducting magnet had a magnetic-flux density B0 of 4.7 T 

and a 150 mm vertical bore. The Bruker gradient system micro2.5 was used with a 
1
H-NMR bird-cage (25 

mm inner diameter). The images were taken applying a modified multi-slice multi-echo sequence 

(MSME). For the acquisition parameter, please see Table 6-4. Please consult text books for the principles 

of MRI (Callaghan 1991, Kimmich 1997) and chapter 3 in this dissertation for further information on the 

imaging of biofilms and Fe3O4-NP. 
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Table 6-4: MRI acquisition parameters for the visualization (T1-weighted images) of Fe3O4-NP within the biofilm matrix. 

acquisition parameter value 

TR (s)  0.8 

τE (ms) 4.5 

number of averages 20 

matrix (pixel) 256 x 256 

field of view (mm) 15 x 15 

spatial resolution (µm) 58 x 58 

slice thickness (mm) 0.8 

interslice distance (mm)  0.2 

number of slices 8 

slice orientation axial 

measurement time 1 h 8 min 16 s 

 

6.3 Results and Discussion 

6.3.1 Flow cell experiments: biosorption of Fe3O4-NP at short contact times 

To investigate the behavior of Fe3O4-NP in a simplified experimental environment, series of flow cell 

experiments were performed using demineralized water as eluent (Table 6-2). The investigated 

heterotrophic biofilms were light brownish and exhibited fluffy and open structures (see Figure 6-1). 

However, no detachment of biofilm layers was observed in the flow cell experiments, in which biofilms 

were exposed to Fe3O4-NP for a short time period. The applied concentrations of Fe3O4-NP were higher 

than the expected environmental concentrations for nanomaterials (Gottschalk et al. 2013b) to better 

identify the driving forces and their distribution. Figure 6-3, A presents the mass balance of the 

normalized Fe mass (mFe norm) for the flow cell experiments according to Equation 6-1 with a good mass 

balance closure of 4 - 30 %. The amount of biofilm in one single carrier was stable (86 ± 5 mg TSS/carrier 

(n = 5)), contributing to low variability of the data.  
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Figure 6-3: (A) Mass balance for mFe in the different flow cell (FC) experiments (see Table 6-2). The experiments were 

conducted in triplicates (except tube-1000 and 3bio-400 (duplicates)). Here, mFe outlet defines the Fe3O4-NP passing the flow cell 

by the effluent, mFe sediment are the settled Fe3O4-NP during the flow cell experiment and mFe biosorption represents Fe3O4-NP sorbed 

on all biofilm carriers. The portion of mFe losses (4 - 30 %) indicates that a reliable mass balance closure is achieved. (B) biosorption 

per carrier in experiments with 3 biofilm carriers and varying concentrations of Fe3O4-NP. 

A positive effect of the blank carrier material on the stability of Fe3O4-NP is highlighted by the 

comparison of the empty tube (tube-1000) and assembled with 10 blank carriers (10blank-1000). The 

lower Fe3O4-NP retention in the flow cell filled with blank carrier compared to the one without carrier 

material, is shown by less sedimentation (mFe sediment)
 
and more efficient transport of Fe3O4-NP through the 

flow cell to the outlet (mFe outlet). The better mixing kept Fe3O4-NP in suspension. Comparing 10blank-

1000 and 10bio-1000 the stabilizing effect of the biofilm on Fe3O4-NP was evident from the increased 

portion of Fe3O4-NP in the outlet, and decreased portion of settled Fe3O4-NP. It is assumed that dissolved 

and particulate organic matter (OM) which was likely released from the biofilm matrix (i.e. EPS) 

stabilized the Fe3O4-NP in the flow cell. Results of chapter 4 (Figure 4-4) showed that biomass from a 

WWTP is able to release OM, which stabilized Fe3O4-NP in the bulk liquid. OM is known for its ability to 

coat the surface of ENP, leading to steric as well as electrostatic stabilization (Delay et al. 2011, Zhang et 

al. 2009).  

It was observed that the portion for mFe outlet was high (up to 65 % of input Fe3O4-NP) for all flow cell 

experiments, indicating that the transport of Fe3O4-NP was favored. The mass balance gives evidence on 

biosorption of Fe3O4-NP by biofilms (mFe biosorption). Possible mechanisms for the attachment might be 

electrostatic attraction due to the negatively charged biofilm and sorption (chemisorption and physical 

sorption), as well as entrapment of Fe3O4-NP in the open and heterogeneous structures of the biofilm (Brar 

et al. 2010, Ikuma et al. 2015). In the presented mass balance, mFe biosorp represents the total biosorption in 

all biofilm carriers used in the experiments (either 3 or 10) being aware of the fact that there was no 

1
0
b
la

n
k-

1
0
0
0

tu
b
e
-1

0
0
0

1
0
b
io

-1
0
0
0

3
b
io

-1
0
0
0

1
0
b
io

-1
0
0
0

3
b
io

-1
0
0
0

0

200

400

600

800

1000

1200

 

mFe losses

m
F

e
 (

µ
g

 F
e

)

3
b
io

-4
0
0

3
b
io

-2
0
0

mFe biosorption

mFe sediment

mFe outlet

(A)

20

3
b
io

-2
0
0

3
b
io

-4
0
0

m
F

e
 b

io
s
o

rp
ti
o

n
/c

a
rr

ie
r 

(µ
g

 F
e

)

(B)

0

10

30

40

50



Chapter 6: Influence of exposure time 

 

73 

 

preferential biosorption found on the biofilm carriers located at the entrance of the flow cell. By 

decreasing the number of biofilm carriers (from 10 to 3) providing lower biofilm surface areas (comparing 

3bio-1000 and 10bio-1000), the total biosorption was reduced by 13 %.  

Figure 6-3, B shows the correlation between the pulse injection concentration of Fe3O4-NP and the 

biosorption per carrier. There is a positive correlation for the experiments with 3 biofilm carriers. This 

positive correlation indicates that the biofilms might still provide free sorption sites and saturation has not 

yet been reached. Being aware of the limited data set, future experiments should focus on sorption rate 

experiments. However, the gained results demonstrate that the total biosorption per carrier was rather low 

compared to the input Fe3O4-NP (see Table 6-2). Loadings of Fe3O4-NP of  <5 µg Fe per carrier (for mFe 

entry FC = 201 and 381 µg Fe) and ~40 µg Fe per carrier (for mFe entry FC = 1080 µg Fe) were found. This 

highlights that transport of Fe3O4-NP in the surrounding bulk liquid was more dominant than the sorption 

to the biofilm in this case. Therefore, at short contact times in a time scale of minutes, the interaction of 

Fe3O4-NP and the fluffy biofilms is only weakly defined. Due to the measured particle size of Fe3O4-NP 

(~85 nm), cellular penetration and uptake can most likely be excluded (Peulen and Wilkinson 2011). As 

the particle surface of ENP has a higher impact on the behavior in suspension than the core material 

(Lowry et al. 2012), the observed behavior in biofilm systems can be transferred to other ENP with 

comparable surface properties and sizes to a certain extent. 

6.3.2 Fe3O4-NP in MBBR: fate and biosorption at long contact times 

To investigate the behavior of Fe3O4-NP under more realistic conditions, a lab-scale MBBR experiment 

was performed (Table 6-3). Here, complex hydraulic conditions due to the movement of the carriers 

(Herrling et al. 2015b) and a close to real waste water chemistry are expected to influence the fate of the 

Fe3O4-NP. The detailed distribution of Fe3O4-NP during MBBR operation is shown by a mass balance 

after 5 h, 18 h, and 24 h after injection according to Equation 6-2. From 24 h no change in the 

concentration of Fe3O4-NP in the MBBR liquid as well as in the biosorption was detected. Therefore, the 

mass balance focuses on the time period of 0-24 h. The mass balance enables to appoint possible 

interactions between the Fe3O4-NP and the biofilms (Figure 6-4): surprisingly, Fe3O4-NP were mainly 

washed out of the MBBR instead of being retained in the biofilms by biosorption. Over an operation time 

of 0 - 24 h the portion of Fe3O4-NP released by the MBBR increased from 13 to 57 % (mFe outlet MBBR) 

emphasizing its low retention capacity. This result is supported by the decrease of Fe3O4-NP in the bulk 

liquid (mFe liquid) of the MBBR. Fe3O4-NP were efficiently removed to 98 % from the liquid after 24 h of 

operation time. However, the Fe3O4-NP did not necessarily end up sorbed in the biofilms as the portion for 

the biosorption (mFe biosorption) decreased from 17 % to 0.5 %. This is contrary to the findings in other WWT 
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systems were the majority of ENP is accumulated in the biomass, e.g. 90 % of Ag-NP in a pilot WWT 

plant (Kaegi et al. 2011) or 78 % of TiO-NP in a lab scale WWT system (Gartiser et al. 2014). 

A negligible portion of the Fe3O4-NP was removed by sampling (mFe sampling MBBR) not affecting the mass 

balance result. We are aware of the losses (mFe losses) being higher than in the flow cell experiments due to 

the increased complexity of the system. However, after 24 h, 60% of Fe3O4-NP could be recovered and the 

temporal trend of the data gives insights into the fate of Fe3O4-NP in technical biofilm systems. This mass 

balance gap is slightly higher as the ones reported for other mass balances of ENP in bioreactors for WWT 

(e.g. 18 % balance gap) (Gartiser et al. 2014). 

 

Figure 6-4: Mass balance of the MBBR experiment after 5 h, 18 h and 24 h: mFe outlet represents the portion of Fe3O4-NP 

transported through the outlet of the MBBR, mFe liquid is the portion of Fe3O4-NP suspended in the MBBR bulk liquid, mFe biosorp 

corresponds to Fe3O4-NP attached to the biofilms, mFe sampling represents the Fe3O4-NP which were removed by sampling and mFe 

losses are the Fe3O4-NP which could not be recovered. Fe3O4-NP were determined using magnetic susceptibility (n = 3). 

To find answers for the extensive washout of Fe3O4-NP, a closer look on the biofilms is needed. Figure 

6-5 presents the temporal development of the concentration of Fe3O4-NP in the bulk liquid of the MBBR 

and the simultaneous biosorption of Fe3O4-NP per biofilm carrier. Contrary to other studies with sampling 

intervals of several days (Wang et al. 2012), in this work samples were taken more frequently. This 

reveals that Fe3O4-NP in the bulk liquid were removed very quickly from the wastewater within the first 

hour and completely removed within 24 h. After 1 min contact time, the biosorption in the MBBR reached 

~40 µg Fe per carrier (mFe biosorption/carrier), similar to the results of the flow cell experiment 3bio-100 

(Figure 6-3). This finding highlights that flow cell experiments can help to improve the understanding of 

the behavior of Fe3O4-NP in biofilm based reactors, such as MBBR systems, even though the general 

hydrodynamic conditions are different. 
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An unexpected trend occurred in the time resolved biosorption per carrier which could not be revealed by 

the mass balance. The biosorption first increased until 3 h after the injection of Fe3O4-NP and decreased 

again reaching a low and stable level from 24 h to 27 days (mFe biosorp<10 µg Fe per carrier). The maximum 

biosorption of Fe3O4-NP per carrier was 273 µg Fe corresponding to 3.2 µg Fe/mg TSS. Stereomicroscope 

pictures (Figure 6-6) visualize the biosorption of Fe3O4-NP on and in the biofilms (becoming dark 

brownish).  

 

Figure 6-5: Temporal development of the concentration of Fe3O4-NP in the MBBR bulk liquid (squares) and simultaneous 

biosorption (dots) during MBBR operation up to 648 h (27 d ). Please note that the x-axis (changing scale increments) and y-axis 

have breaks. Gray dots refer to stereoscopic images in Figure 6-6. 

The decrease of the measured biosorption per carrier starting at 3 h (Figure 6-5) can be explained by the 

detachment of biofilm parts which were loaded with Fe3O4-NP. Such a loss of biofilm might occur due to 

mechanical as well as metabolic stress. The bacteria in the biofilm parts with Fe3O4-NP can locally be 

affected by lower substrate supply causing the biofilm structure to collapse and finally detach. Similar 

effects were found by Jing et al. (2014) where outer biofilm layers in monoculture biofilms were detached 

after exposure to CeO-NP as a self-protecting mechanism. However, as only outer biofilm layers might be 

affected, the biological activity stayed stable during the MBBR experiment as monitoring by the COD 

turnover; the effluent COD remained constant indicating no measurable toxic effect of Fe3O4-NP (see 

Appendix Figure A- 1). Other nanomaterials were also reported to have a low impact on COD removal in 

sequencing batch reactors (Wang et al. 2012) and laboratory-scale activated sludge system (Otero-

Gonzalez et al. 2015). Compared to activated sludge systems (Kiser et al. 2010) and membrane 

bioreactors (Tan et al. 2015), where nanomaterials are mostly retained by sorption to the biomass (up to > 

98 %); in the presented MBBR with heterotrophic biofilms a major portion of Fe3O4-NP was released via 

outlet. This is due to the stabilization of Fe3O4-NP by OM in the bulk liquid followed by washout and due 

to the detachment of biofilm parts loaded with Fe3O4-NP from the carriers and subsequent washout. The 
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extensive washout found is not in accordance with other studies employing continuous flow WWT 

systems as e.g. by Limbach et al. (2008) where only 6% of input CeO-NP exit a model WWTP. To avoid 

further transport into the environment, Fe3O4-NP retention in this case will depend on the efficiency of 

post settling or other solid retention systems such as filtration as suggested by other studies (Wang et al. 

2012, Westerhoff et al. 2013). 

 

Figure 6-6: Stereomicroscopic images of the biofilm carrier before and after exposure to Fe3O4-NP. Images refer to gray data 

points (dots) in Figure 6-5. 

In conclusion, the exposure time is of subordinated relevance for the interaction of Fe3O4-NP with the 

biofilm system as the biosorption occurred quickly (within minutes, see also chapter 5) and the transport 

of Fe3O4-NP in the bulk water was generally dominant. However, the time scale of observation has to be 

considered when looking at the long-term effects of the exposure (e.g. biofilm detachment, desorption 

etc.).  

6.3.3 Visualization of biosorption 

For the detailed visualization of the biosorption of Fe3O4-NP in the biofilm, MRI T1-weighted images 

(spatial resolution of 66 µm) were taken after the exposure to different iron concentrations (c0(Fe) = 0 

mg/L, 90 mg/L and 350 mg/L), see Figure 6-7. MRI images give a deeper insight into the biosorption than 

stereoscopic images which only prove the visible attachment (Figure 6-7). In particular, the advantage of 

this imaging technique is the possibility of non-invasive and in-situ observations of wet biological samples 

compared to other destructive imaging methods such as electron microscopy, which is often applied to 

prove the sorption of nanomaterial to biomass from WWT (Fabrega et al. 2009b, Limbach et al. 2008, 

Rottman et al. 2012). In Figure 6-7, the blank biofilm appears bright, and the bulk water dark gray due to 

the differences in their spin relaxation time T1 (left image). The carrier material appears completely black 

as no signal is exhibited. By the sorption of Fe3O4-NP to the biofilm (middle and right image), the biofilm 

becomes darker as the surrounding bulk water. Fe3O4-NP serve as contrast agents enabling their 

before
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visualization with MRI. Consequently, the image contrast is enhanced (see also other sections (3.2.3) and 

figures (Figure 5-5 and Figure 5-7) of this dissertation). 

 

Figure 6-7: MRI images (T1-weighted images) of a blank biofilm carrier and biofilm carriers exposed to Fe3O4-NP of 90 mg/L Fe 

and 350 mg/L Fe (left to right). The spatial resolution is 58 µm.  

 

Fe3O4-NP mainly attached to the surface and outer layers of the biofilm as also demonstrated for other 

types of Fe3O4-NP in chapter 5. The biofilm was not fully penetrated by Fe3O4-NP as suggested by the 

stereoscopic images. It seems that Fe3O4-NP were captured by the fluffy structures of the biofilm surface 

and that there was a transport limitation over the biofilm depth. This finding supports the assumption that 

EPS might have collapsed after the exposure of Fe3O4-NP contributing to the detachment of Fe3O4-NP 

loaded biofilm parts from the carrier material. Using electron microscopy, it has recently been shown that 

SiO2-NP and ZnO-NP can be structurally embedded and sorbed to the biofilm surface without necessarily 

disrupting the cell membranes (Hou et al. 2014, Sibag et al. 2015). This can explain why the removal of 

COD during the MBBR experiment remained constant and no measurable inhibition of the microbial 

activity took place (see Appendix Figure A- 1). Other studies also reported on changes in the biofilm 

structure after exposure to inorganic ENP: for example, increase and compression of EPS as a 

consequence of a protection mechanism (Hou et al. 2015) and reduction of the particle size of biomass 

(Yuan et al. 2015). In contrast, there are also studies available claiming no structural changes in the 

biofilm after exposure to ENP (Shang et al. 2015).  

The exposure to 350 mg/L Fe in visibly led to a higher biosorption in comparison to 90 mg/L Fe as the 

dark regions in the biofilm representing Fe3O4-NP expanded. This is in accordance with the mass balance 

of the flow cell experiments (Figure 6-3), which proved that there was a positive correlation between the 

concentration of Fe3O4-NP and the biosorption. These results lead to a better understanding of the fate of 

Fe3O4-NP in MBBR systems with heterotrophic biofilms and give indications about the general 

distribution of ENP in WWT systems. 
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6.4 Summary 

 The combination of the magnetic susceptibility and MRI is an excellent approach to elucidate the 

behavior of Fe3O4-NP in MBBR with biofilm carriers in detail. For example, it was seen that the 

removal of Fe3O4-NP by the biofilm used was remarkably lower than those of other studies found 

in literature.  

 

 The influence of the exposure time on the biosorption of Fe3O4-NP to fluffy biofilms was of 

subordinated relevance for the initial biosorption. The interaction as defined weakly: Fe3O4-NP 

sorbed quickly onto the biofilms within minutes and the transport of Fe3O4-NP was more 

dominant than the biosorption in the initial phase.  

 

 Transport of Fe3O4-NP was the predominant process in flow cells and MBBR, as both systems 

exhibit complex hydrodynamic conditions. This results in a low total biosorption. The maximum 

biosorption was 3.2 µg Fe/mg TSS in the MBBR (exposure concentration 150 mg/L Fe, exposure 

load 10.9 µg Fe/mg TSS) after the 3
rd

 hour of exposure time. 

 

 Besides the transport by fluid flow, the mobility of Fe3O4-NP in the bulk water was enhanced 

most likely by their stabilization with OM released by biofilm’s EPS (compare chapter 4). 

Therefore, most Fe3O4-NP exited the flow cell (up to 85 %) and the MBBR (57 %) via the 

effluent, emphasizing the low retention capacity of the used biofilm systems.  

 

 Fe3O4-NP sorbed mainly to the biofilm surface and no full penetration of the biofilm occurred. 

However, changes in the biofilm structure were observed after an exposure of 3 h in the MBBR: 

biofilm parts loaded with Fe3O4-NP detached and were washed out. However, the MBBR 

performance was maintained. 
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7 INLFUENCE OF THE BIOFILM STRUCTURE ON 

THE FLOW REGIME IN BIOFILM SYSTEMS* 

 

*
This chapter has been published in Biotechnology and Bioengineering (2015), volume 112(5): 1023-1032 

in collaboration with G. Guthausen, M. Wagner, S. Lackner and H. Horn. 

 

 

 

 

7.1 Introduction 

Besides traditional activated sludge systems, where the biomass is organized in the form of sludge flocks, 

special attention has also been paid to biofilm systems (Lazarova and Manem 1995). Biofilms attached to 

carrier materials are e.g. applied in moving bed biofilm reactors (MBBR) (Rusten et al. 1995). Among 

others, great advantages of this technology are the high biomass contents and smaller footprints leading to 

a more cost-efficient treatment (McQuarrie and Boltz 2011). The MBBR process requires thorough 

mechanical or hydrodynamic mixing where carriers are continuously circulated to facilitate sufficient 

mass transport to the biofilm growing on the carriers (Odegaard et al. 1994, Rusten et al. 2006). In order 

to maintain an equally distributed thickness of the biofilm by shear forces, turbulence in the reactor is 

essential (Odegaard 2006). Boltz and Daigger (2010) reported some uncertainties in reactor-scale 

hydrodynamics concerning the biofilm-bulk phase interaction and reactor design. Thus, the effect of 

biofilm structure and morphology in correlation with mass transport processes in MBBR must be 

understood in more detail.  

It is well known that the presence and structure of biofilms influence the local flow regime and transport 

of substrates into the biofilm (De Beer et al. 1994b, Flemming and Wingender 2010). The interaction 

between the biofilm matrix and the bulk phase is mainly driven by the interplay between diffusion and 

advection (Waesche et al. 2002). Apart from this predominant transport process (Stewart 2003), diffusion 

of substrates and nutrients plays a key role with respect to the metabolic activity, which usually is the 

limiting factor for the treatment of waste waters with biofilms (Boltz and Daigger 2010). The 

hydrodynamic conditions in the boundary layer at the biofilm surface directly influence reactor 

performance by driving the bulk-biofilm interaction. For the investigation of biofilm structure and 

functionality, imaging techniques have become indispensable. While traditional microscopy techniques 
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have limitations concerning in-situ observation and invasiveness (Neu et al. 2010), magnetic resonance 

imaging (MRI) has been proven to be an ideal tool for non-destructive and in-situ imaging of living 

biological samples with a strong potential in biofilm research. MRI is especially suitable for investigations 

of thick biofilms at the mm-scale or meso-scale (Morgenroth and Milferstedt 2009, Ramanan et al. 2013). 

Besides biofilm imaging, fluid flow around biofilm surfaces can be investigated qualitatively and 

quantitatively (Lewandowski et al. 1993) with the advantages of this method being without directional 

preference and able to record various parameters at the same time (Fukushima 1999). More recently, MRI 

methods were used to measure local flow velocities, shear stress and the impact of biofilm distribution, 

growth, and detachment on water flow fields surrounding biofilms growing in simple geometries such as 

tubes (Manz et al. 2003, 2005, Nott et al. 2005a, Seymour et al. 2004a, Wagner et al. 2010a). However, 

reality is often much more complex.  

Not only addressing the mass transport of substrates, but also with respect to the transport of particles 

within the biofilm system, the hydrodynamics are important to consider. When engineered nanoparticles 

(ENP) enter WWT systems, such as MBBR, their direct interaction with the biofilms present will 

determine their fate in the MBBR, but also potential mass flows into the environment. A perquisite for the 

interaction and attachment of ENP to biofilms, is their transport towards the biofilm surface in water phase 

(Ikuma et al. 2015). The transport of ENP depends among others on the particle size, particle shape, 

particle charge and on the hydrodynamics of the surrounding bulk water. The transport of ENP can also be 

related to agglomeration as well as sedimentation processes (Christian et al. 2008, Elimelech et al. 1995) 

which might also impact the fate of ENP in the biofilm system. In the following the main focus lies in the 

influence of the biofilm structure on the local flow field, which can indirectly give indications for the 

transport of ENP within the biofilm system. 

To get an insight into the driving forces for mass transport processes, flow velocity maps of blank and 

with biofilm cultivated carriers from WWT were measured. Due to the principle of relativity of motion, 

this approach can be used to investigate the interaction between biofilm and flow field. The main goals of 

this chapter were to: 

 Investigate the real structure of the biofilm on carrier materials used in WWT. 

 Quantify the flow regime in blank carrier materials compared to carriers with biofilms in three 

different orientations with respect to the main flow directions using 2D MRI flow velocity maps. 

 Correlate the biofilm structure and the surrounding flow field. 
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7.2 Materials and Methods 

7.2.1 Biofilm cultivation 

A laboratory scale nitrifying MBBR (Volume V = 1 L) was operated for more than 100 days with K1 

carrier material (AnoxKaldnes AB, Sweden) at a filling ratio of 40 %. The reactor with a hydraulic 

retention time of ~ 19 h was continuously fed with ammonium (500 mg-N L
-1

). The reactor was aerated 

with pressured air to ensure mixing, as well as oxygen saturation. The reactor reached almost complete 

nitrification with residual nitrite concentrations of 5 - 10 mg/L NO2
-
-N. The K1 carrier material is 

cylindrical with a cross inside and has a specific surface area of 500 m
2
/m

3
. The same biofilm systems are 

used in chapter 5 and 6, see Figure 6-1, A. For the MRI flow experiments, a single K1 carrier (9.2 mm 

length, 7 mm height) was taken and rinsed with tap water to remove remaining substrate and particulate 

matter prior to insertion into the MRI. Nitrifying biofilms were chosen for this experiment due to their 

stable structure. 

7.2.2 Experimental setup and procedure 

Blank K1 carriers and carriers with biofilm were separately placed into a silicon tube (inner diameter: 10 

mm, length: 40 cm) at laminar flow conditions. The tube was placed into the bird cage (diameter : 25 mm) 

of the tomograph described below. The tube was connected to a peristaltic pump (REGLO Digital MS-

4/12, ISMATEC, Germany) and tap water was pumped through from bottom to top without recirculation. 

For each of the selected scenarios (A - C) a new K1 with biofilm was used. Each carrier was placed in the 

experimental setup in three different orientations referring to the following scenarios depicted in Figure 

7-1: A. vertically for axial forced flow, B. in an angle of 20° to the z-axis and C. 90° rotated to the x-axis 

to achieve transverse flow through the carrier. The green layer (in xz direction for A and B, xy for C) and 

red layer (yz direction for A and B) indicate the defined slices of the MRI measurements. The experiment 

was conducted at three volumetric flow rates of 1, 2 and 3 ml/min, corresponding to mean flow velocities 

in axial direction of 0.21, 0.42 and 0.64 mm/s for each scenario A - C. 
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Figure 7-1: Scenarios (A – C): The biofilm carriers are oriented (A) vertically to the forced flow along z (sagittal images), (B) in 

an angle of 20° to the z-axis (sagittal images) and (C) 90° rotated to the x-axis to force transverse flow through the carrier (axial 

images). The measured slices are indicated as green (xz for (A) and (B), xy for (C)) and red (yz for (A) and (B)) layer. 

 

7.2.3 MRI methods 

The experiments were performed on a 200 MHz MRI tomograph (Bruker Avance 200 SWB, Bruker 

BioSpin GmbH, Rheinstetten, Germany). The superconducting magnet had a magnetic-flux density B0 of 

4.7 T and a 150 mm vertical bore. The Bruker gradient system micro2.5 was used with a 
1
H-NMR bird-

cage (25 mm inner diameter). Nuclear magnetic resonance (NMR) pulse sequences were used as provided 

by Bruker within Paravision 4.0. The 90° radiofrequency block pulse was 45 µs at 0 dB. The shaped 

pulses, used in the imaging sequences, were sinc-pulses of 1 ms for excitation (14 dB attenuation). For 

refocusing, a bandwidth matched sinc-pulse of 0.749 ms (5.5 dB attenuation) was applied. The 2D, 

slightly T2 weighted proton density distribution and the displacements for flow velocity were measured by 

application of a multi-slice multi-echo sequence (MSME). Phase contrast imaging, flow encoding 

sequence (FLOW-PC) was also used. For MRI parameters please see Table 7-1. 
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Table 7-1: Acquisition parameters of MRI experiments to determine the flow in biofilm carriers. 

acquisition 

parameter 

method 

MSME FLOW-PC 

TR (ms) 1000 2000 

τE (ms) 3.229 13.440 

rare factor - 1 

number of averages 16 8 

matrix (pixel) 128 x 128 128 x 128 

field of view (mm) 14 x 14, 15 x 15, 17.5 x 15.7 14 x 14 

spatial resolution (µm) 103 x 103, 117 x 117, 137 x 137 103 x 103 

slice thickness (mm) 0.5 1 

inter slice distance (mm) 1 - 

slice orientation axial, sagittal, coronal axial, sagittal 

flow encoding direction - z 

measurement time 34 min 8 s 1 h 8 min 

 

Multi-slice, multi-echo imaging (MSME) 

The MSME sequence is one of the most common sequences in MRI (Callaghan 1991). A slice selection is 

realized by selective rf-pulses combined with a slice selection gradient, which is applicable in every 

spatial direction. 2D images of the selected slice were obtained by read and phase encoding. The sequence 

can also be used for time-of-flight experiments: In the case of the flow direction along z||B0, i.e. the axis of 

the magnetic field, the slice selection gradient is chosen also along z, resulting in an at least partial 

saturation of an axial slice. Later in the experiment, the detected slice is chosen to be either sagittal or 

coronal. Due to the previously excited axial slice, a saturation stripe will be observed in the detected slice, 

which reflects a possible shift of the volume elements according to the local flow velocities and the time 

between the measurements of the two slices. Concluding, flow will deform and displace the stripes. For 

laminar flow a parabolic shape can be observed. In case of multiple excited slices, the saturation stripes 

are aligned parallel without flow. The deformation and displacement of the saturation stripes is 

proportional to the local flow velocity in each pixel and the time passed between excitation and detection 

of the slices. Their intensity depends on the delay between the excitation of the axial slices and the 

detection of the sagittal slice  (Callaghan 1991, Kimmich 1997). In this study the slices were measured 
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successively from top to bottom, where the first measured slice appears in the lightest gray value and the 

last is the darkest.  

Flow phase contrast imaging (FLOW-PC) 

Velocities can also be measured via phase contrast flow imaging (Callaghan 1991, Callaghan and Xia 

1991, Kimmich 1997). Phase contrast flow imaging relies on the fact that the signal phase is sensitive to 

velocity of magnetization elements. Therefore, comparing images with and without a flow encoding 

gradient reveals a flow velocity image. In this study the flow velocity was measured in z-direction. 

FLOW-PC images directly provide flow velocity maps of axial flows. This method is commonly used for 

the investigation of flow fields around biofilms (Manz et al. 2003, Wagner et al. 2010a). The application 

of both flow measurement techniques (MSME and FLOW-PC) provides distinct information about the 

system: as the visualization of biofilms morphology and flow local velocity distributions as well as flow 

velocity maps. 

7.2.4 Digital image analysis and visualization  

The Fourier-transformed and pre-processed MRI data was analyzed with Matlab® version R2012a 

(Matlab Works Inc.; Natick, Massachusetts, US) for background suppression and flow velocity image 

visualization. Mean and maximum flow velocities were calculated for the defined regions of interest. 

These regions were set in between the carrier material including the biofilm for each section excluding 

regions outside of the carrier. For biomass quantification and further image processing, ImageJ (Rasband, 

W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 

1997-2014.) was used. Manual thresholding was applied to transform the MSME images into binary 

images. Out of binary data the biomass structural parameters of each section were calculated by pixel 

counting out of three images. 

 

7.3 Results and Discussion 

7.3.1 Flow regimes in blank carriers: effect of the geometrical orientations 

In the experiments, the biofilm carriers were fixed in three different geometrical positions into a tube 

(Figure 7-1) reflecting possible orientations of carriers moving inside a MBBR more or less freely, 

depending on filling degree and mixing intensity. The impact of carrier orientation relative to the 

surrounding fluid is still uncertain (McQuarrie and Boltz 2011), but crucial for better understanding of 
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mass transport processes. The set of MRI images shown in Figure 7-2 represents the different flow field 

scenarios of a blank K1 carrier. In Figure 7-2, the upper row presents the MSME images whereas the 

bottom row shows the FLOW-PC flow velocity maps of the scenarios A - C. It is important to stress that 

scenario C provides the xy plane compared to A and B where the xz plane is shown (compare Figure 7-1). 

In Figure 7-2 MSME and FLOW-PC measurements provide distinct information about the system. 

 

Figure 7-2: Scenarios (A - C) of the blank carrier measured at the green layer plane (see Figure 7-1). The overall flow is in z-

direction with a flow velocity of 0.64 mm/s. In the upper row (A.1, B.1, C.1) MSME images and in the bottom row (A.2, B.2, 

C.2) FLOW-PC images are illustrated. The color bar encodes the flow velocity in mm/s in FLOW-PC images. 

 In the MSME images (A.1, B.1 and C.1), a good contrast is achieved between the blank carrier and the 

surrounding water (grey scale encoding) mainly due to the different transverse relaxation times T2 of these 

two materials. The dark horizontal lines inside the carrier are the mentioned saturation stripes. During 

preparation the initial slice thickness of the MSME measurements was defined to be equal 0.5 mm. At the 

time of detection, some of the stripes expanded, the observed slice thickness correlates with the 

distribution of the local flow velocities at a specific location. In A.1 and B.1 the expected behavior for a 

laminar flow of a Newtonian fluid through a conduit according to the Hagen-Poiseuille law is observed. A 

parabolic flow velocity distribution is expected which is clearly visible in image A.1. In the case of C.1 

the fluid inside the carrier is stagnant. Due to the different upstream flow angles, the profiles in B.1 are 

distorted and obviously illustrate the change in the direction of the flow field due to the 20° angle of the 

carrier with respect to the z-axis. Light grey pixels in B.1 in-between the saturation stripes can be 

understood as in-flow artifacts. While images A.1, B.1 and C.1 give an intuitive insight into the flow 

A.1 B.1

B.2A.2

C.1

C.2
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fields, the FLOW-PC (A.2, B.2 and C.2) images show the flow velocity along the z-direction. Flow 

velocity profiles taken at the same position from both methods coincide well within the experimental 

precision. For further evaluation of local mean (𝑣̅) and maximum (𝑣𝑚𝑎𝑥) flow velocities shown in Table 

7-2, FLOW-PC data of A.2, B.2 and C.2 were used. The values refer to the two imaged sections of the 

carrier.  

Table 7-2: Mean (𝑣̅) and maximum (𝑣𝑚𝑎𝑥) flow velocities for the blank carriers (Figure 7-2) and the carriers with biofilm (Figure 

7-3) of the applied flow velocities in the tube of 0.21 mm/s and 0.42 mm/s and 0.64 mm/s (corresponding to the volumetric flow 

rates of 1, 2, 3 ml/min). The values were extracted from the FLOW-PC velocity maps of regions of interest between the carrier 

materials for the two imaged sections. Data was pre-processed setting a threshold for noise removal. 

 volumetric flow rates 

(ml/min) 

A.2 

blank 

A.4 

biofilm 

B.2 

blank 

B.4 

biofilm 

C.2 

blank 

C.4 

biofilm 

𝑣̅  

(mm/s) 

1 0.67 1.33 0.76 0.88 0.74 0.71 

2 1.24 2.71 1.39 1.57 1.30 1.32 

3 2.40 4.30 2.09 2.16 1.66 1.76 

𝑣𝑚𝑎𝑥 

(mm/s) 

1 1.67 4.32 1.69 4.45 2.64 2.58 

2 3.45 8.52 2.91 7.45 5.06 4.98 

3 5.20 14.02 4.98 9.41 6.79 6.95 

 

By the comparison of scenario A and B, 𝑣̅ in the blank carrier increases by around 10 % due to 

hydrodynamic pressure and reduction of the diameter. Scenario C was chosen as a model to analyze the 

transverse flow component of the surrounding local flow field when the carrier is oriented in an angle of 

90° to the flow direction. The fluid passes mainly through small regions at the sides of the carrier without 

being forced to flow through the carrier itself (C.1, C.2). Due to channeling in the side regions in scenario 

C; 𝑣𝑚𝑎𝑥 (3 ml/min) of the blank carrier (6.79 mm/s) is higher than in scenarios A (5.20 mm/s) and B (4.98 

mm/s), respectively. Nevertheless, the advective transport inside the carrier is limited. The regions of the 

highest flow velocities expand approximately 1 mm into the inner cavities of the carrier with a total height 

of 7.2 mm. This leads to restricted fluid exchange and to regions where very low fluid flow and thus 

stagnation occurs. As expected the mean flow velocity in the carrier increases corresponding to the 

volumetric flow rate (Table 7-2, A.2, B.2 and C.2). This has also been theoretically described in current 

literature by McQuarrie and Boltz (2011): the advection of water through the rotating carrier depends on 

the direction of flow and relative angle of the carrier to the main flow direction. Here, the measured data 

highlight that this impact emphasizes an engineering challenge of carrier design. 
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7.3.2 Flow regime in carriers with biofilm 

For effective waste water treatment, substrate transport should be possible towards the complete biofilm 

surface inside the carrier (Christensson and Welander 2004, Rusten et al. 1995). Thus, the biofilm 

morphology is an essential parameter. For carriers with biofilm, a detailed description of the biofilm 

morphology is required to understand the flow fields and vice versa. The local flow is modified by the 

biofilm structure creating narrow pathways and a reduction of the inner carrier diameter. These factors 

overlap with the effect of geometrical changes described in the previous paragraph. In Figure 7-3, MSME 

images (A.3, B.3 and C.3) show the carriers with biofilm.  

 

Figure 7-3: Scenarios (A - C) of carriers with biofilm measured at the green layer plane (see Figure 7-1). In MSME images (A.3, 

B.3 and C.3) white areas with high intensities indicate biofilms; black areas showing no signal represent tube and carrier material. 

Black lines in FLOW-PC images (A.4, B.4 and C.4) mark the biofilm superposed from MSME images. The color bar encodes the 

flow velocity in mm/s in FLOW-PC images. 

The biomass grew on the whole inner surface of the carriers but not visibly outside on external surfaces. 

This originates from enhanced shear stress, collisions with other carriers in the reactor, and subsequent 

abrasion of biofilm (Odegaard 2006). In A.3, B.3 and C.3 biofilm appear as light gray areas attached to the 

carrier material (black). The contrast is provided due to the quite different relaxation times of the 

materials: the polymeric carrier material has a short longitudinal relaxation time T1, but also a short 

transverse relaxation time T2 such that the magnetization is decayed before being refocused to an echo in 

MSME and FLOW-PC. Water exhibits a long T1 relaxation time in the order of 2 - 3 s, which is shortened 

A.3 B.3

B.4A.4

C.3

C.4
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in the biofilm. This also applies to the transverse relaxation time T2 in the biofilm. Despite a similar 
1
H 

spin density in water and biofilm containing up to 95 % water (Neu et al. 2010), a good contrast can be 

achieved by exploiting these relaxation differences. Thus, no contrast agents were needed to improve the 

contrast between biofilm and bulk liquid unlike other studies (Manz et al. 2003, Seymour et al. 2004a). 

The images have a maximum spatial resolution of 103 µm/pixel which is sufficient to analyze biofilm 

structure at the meso-scale.  

In the corresponding FLOW-PC images (A.4, B.4 and C.4) the biofilm/bulk interface is indicated as a 

black line. These lines are the result of the superposition of the MSME information of the biofilm surface 

position from binary MSME datasets and the FLOW-PC velocity maps. The transfer of the biofilm surface 

coordinates to flow velocity maps are in a good agreement with the surrounding flow field. The carrier in 

Figure 7-3, A.3 contains a relatively equal distributed biomass along the carrier height; in comparison, the 

biofilms in B.3 do have a more complex morphology. The images of these scenarios might suggest that 

the orientation of the carrier relative to the upstream flow had an impact on the biofilm morphology due to 

detachment. But the biofilm carriers were treated in the same way prior to the measurements. Biofilms 

were thoroughly rinsed with water to remove residual substrate and loose biofilm parts. No biofilm 

detachment was expected to happen during the flow experiments. These stable biofilm structures affect the 

local flow regime as summarized in Table 7-2: 𝑣̅ increased by a factor of 1 - 2.2 and 𝑣𝑚𝑎𝑥 by a factor of 1.9 

- 2.7 compared to the blank carrier in scenarios A and B. In the case of scenario B the increase of the 

mean flow velocities due to biofilm was around 10 % (B.2 and B.4 in figure 3 and 4) while in scenario A 

the values doubled. As the flowing water is forced through the carrier to different extent in the three 

scenarios, the reasons are the reduction of the cross section while keeping the overall flow rate constant, 

and the fact that the biofilm disturbed the symmetry of the flow system. This leads to disturbed flow 

constraints by the spatially heterogeneous biofilm structures (Manz et al. 2005, Wagner et al. 2010a). 

Furthermore, blocking and distraction of the primary flow due to biofilm structures which produce flow 

components in different directions are possible (Gjersing et al. 2005, Hornemann et al. 2009, Seymour et 

al. 2004a). The mentioned behavior can be found in the velocity histogram in Figure 7-4.  
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Figure 7-4: The histogram data in black refers to image A.2 of the blank carrier of Figure 7-2 and the histogram in gray refers to 

image A.4 of the carrier with biofilm from Figure 7-3. The distribution of the flow velocities of the blank carrier is broadened 

compared to the one of the biofilm loaded carrier. 

The distribution of the flow velocities of the blank carrier was compared to that of the biofilm loaded 

carrier. For image A.4 (𝑣̅(3ml/min) = 4.30 mm/s) the velocity distribution is broadened and differs from the 

histogram of the blank carrier in A.2 (𝑣̅(3ml/min) = 2.40 mm/s) because of enhanced surface effects caused by 

the biofilm. The same is valid for high velocities due to channeling as a consequence of the reduced 

biofilm-free space in the carrier. Focusing again on the flow velocity maps in Figure 7-3, as expected, the 

flow velocity has its highest values of 𝑣𝑚𝑎𝑥(3ml/min) = 14.02 mm/s for A and 9.41 mm/s for B at the 

centerline and drops towards the biofilm surface. Very low flow velocities (blue color scale) in the biofilm 

itself and stagnation were detected mainly in the outer regions and assumedly less dense parts of the 

biofilm, images A.4 and B.4. Manz et al. (2003) and others (Vogt et al. 2013) showed that there is no 

advective flow through biofilm cell clusters as long as they are not fractured (Stewart 2012) or patchy. In 

scenario C, the presence of the biofilm has almost no influence on the local flow field within the carrier as 

visible in image C.4. The flow regime is comparable with that of the blank carrier in figure 3, C.2. The 

mean flow velocities of 𝑣̅(3ml/min) = 1.66 mm/s (C.2) and 1.76 mm/s (C.4) slightly increased due to 

additional restrictions caused by the biofilm. This scenario represents the case where mass transfer and 

substrate availability will be extremely low in the center of the carrier and mainly driven by diffusion. As 

mass transfer in biofilms is driven by both advection and diffusion (De Beer et al. 1994a), the flow 

velocity maps can be divided into regions which have a high (A.4 and B.4) and a low (C.4) impact on 

mass transfer processes. Odegaard (2006) reported that substrate penetration into biofilms of e.g. ammonia 

is partly limited to < 100 µm. Hence the biofilm thickness plays a key role with respect to substrate supply 

as this study deals with thick and dense biofilms. These K1 biofilm carriers are typically applied for 

treatment of industrial and municipal waste water worldwide (Wessman et al. 2004). An optimization of 

the carriers can e.g. be achieved by modification of their height. While other studies showed that the 
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carrier size and shape do not influence the performance of a WWT plant (Odegaard et al. 2000), the 

results of this study emphasize that the carrier orientation and biofilm morphology are crucial for mass 

transport processes in µm-scale. Although the scenarios are only models for possible situation in a MBBR, 

the results show already the variety of flow fields in the carriers, which need to be statistically weighted 

for a thorough description of the overall behavior of mass transfer in such reactors. 

7.3.3 Correlation of flow distribution and biomass distribution 

Until this point, only results only from two carrier sections in an xz plane of scenario A and B of a carrier 

were taken into account (see green layers in Figure 7-1). For a comprehensive interpretation the whole 

carrier has to be considered including the yz plane (additional red layer shown in Figure 7-1). The used 

biofilm carrier can be understood as an interconnected system of four sections in which the fluid/bulk 

liquid will be distributed unevenly. The flow distribution strongly depends on the amount of biofilm 

present in each section. Table 7-3 provides the biofilm morphology and structural parameters of each 

section of the measured layers in the xz and yz planes. To describe the biofilm morphology the maximum 

biofilm thickness of each biofilm, defined by the position of left and right in each section a and b was 

calculated. Complementary, Figure 7-5 explains how the biofilm influences the flow distribution in the 

carrier depending on biofilm thickness and occupation in each section. The results of the flow distribution 

of the total volumetric flow passing through the four carrier sections of scenarios A and B at volume flow 

rates of 1, 2 and 3 ml/min depending on the biomass occupation is summarized. The fractions of the total 

volumetric flow were calculated based on the flux density of the FLOW-PC 2D data. Due to the large 

stagnant areas scenario C was not taken into account.  
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Table 7-3: Biofilm morphologies shown in MSME images of the green (xz) and red (yz) layer of scenario A and B, see Figure 

7-1. The table presents of the data of biomass occupation, percentage of the area the biofilm covers in each section and the 

maximum biofilm thickness (Lmax_left/Lmax_right) of each biofilm in section a and b (n = 3), respectively. 

carrier 

section 

biomass 

occupation  

 

(mm
2
) 

coverage of 

section  

 

(%) 

max. biofilm 

thickness 

Lmax_left  

(mm) 

max. biofilm 

thickness 

Lmax_right 

(mm) 

image 

A.3 xz a 8.5 ± 0.26 28.0 1.1 ± 0 1.4 ± 0 

 

A.3 xz b 5.8 ± 0.29 20.6 0.9 ± 0.09 1.0 ± 0 

A.3 yz a 7.6 ± 0.21 25.4 0.8 ± 0.05 1.7 ± 0.05  

 

A.3 yz b 10.4 ± 0.26 40.0 1.3 ± 0.05 0.8 ± 0.05 

 

B.3 xz a 5.1 ± 0.82 18.7 1.2 ± 0.1 1.4 ± 0.09  

 

B.3 xz b 6.7 ± 0.77 

 

25.9 0.7 ± 0.09 1.8 ± 0.05 

B.3 yz a 5.2 ± 0.76 18.5 1.6 ± 0.1 0.6 ± 0.1  

 

B.3 yz b 4.6 ± 1.13 16.0 0.6 ± 0.05 

 

1.8 ± 0.14 

 

For scenario A the biomass occupation varies from 5.8 to 10.4 mm
2 
(see black columns in Figure 7-5).

 
The 

corresponding coverage of the total section is also delivered by Table 7-3 where the maximum is 40 % in 

A.3, yz plane, section b with the highest biomass occupation of 10.4 mm
2
. Accordingly, this plane 

corresponds to the lowest flow proportions of 12.3 - 15.6 % followed by A.3 xz a with 18.1 - 24.3 %. The 

biofilm of A.3 yz b reached a maximum biofilm thickness of 1.3 mm and a minimum channel width of 1.3 

mm, see Table 7-3. The data of the flow distribution in scenario A (Figure 7-5, upper graph) allows to 

observe that a high flow resistance is created in sections with high biomass occupation (A.3 yz b) or by 

biofilm with expanding structures (A.3 xz a). This leads to flow evasion through less covered sections and 
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in turn to increased flow velocities (A.3 xz b and A.3 yz a). One consequence might be a constant biofilm 

thickness in these less covered sections because of higher shear stress and in turn increased biofilm 

thickness in sections filled with higher biomass content because of flow velocity reduction.  

 

Figure 7-5: Correlation of flow fractions and biomass occupation for a whole carrier of scenarios A (above) and B (below): the 

path ways of the forced flow through the carrier is illustrated as percentage for each section a and b of the green and red layer 

(compare Table 7-3) with varying biomass occupation (indicated as black bars, values see right y-axis) measured for the three 

different volumetric flow rates (left y-axis). 

Due to flow velocities and high biomass content, the diffusion of solutes is probably additionally 

hampered, as diffusion limitation is commonly the limiting factor in biofilm systems with high biomass 

occupation (Boltz and Daigger 2010). In scenario B the influence of the biofilm morphology is even more 

pronounced. The biomass occupation varies only in the range of 4.6 to 6.7 mm
2
 but a huge difference 

exists between the flow distributions. The biofilm carriers in B.3 are characterized by narrow pathways 

having a minimum channel width of 1.1 mm (B.3 xz a) or 0.8 mm (B.3 xz b) restricting the fluid flow. 

This leads to the fact that B.3 yz a and B.3 yz b conduct around 70 % of the total volumetric flow rate by a 

biomass occupation of 5.2 and 4.6 mm
2
. As mentioned, the biofilm morphology drives the fluid flow by 

comparing the flow fractions mean values in sections B.3 xz a (16.9 %) and B.3 yz a (29.3 %): the sections 
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have a comparable amount of biomass but distinct flow fractions. This behavior can be explained by the 

distinct biofilm thickness Lmax_left and Lmax_right, see Table 7-3. In B.3 xz a narrow channel is created with 

maximum biofilm thicknesses of 1.2 mm and 1.4 mm. In comparison B.3 yz a shows more open structures 

with thicknesses of 1.6 mm and 0.6 mm and a minimum channel width of 1.5 mm. Consequently, biofilms 

are able to partially close sections of a carrier and block fluid flow. Important to state at this point is that 

there is no linear correlation between the biomass occupation and the percentage of the flow through the 

carrier sections. The unclear correlation between biomass occupation and percentage of flow through a 

carrier section in scenario A and B (Figure 7-5) can be explained by the presented biofilm morphologies 

where the maximum biofilm thickness and minimum channel width are influencing parameters. The data 

are consistent for the volume flow rates of 1, 2 and 3 ml/min. The presented data is valid for a defined 

measurement environment where the carrier material was fixed in the tube. In reality the biofilm carrier 

move randomly in the MBBR and might change their position relative to the upstream flow angle. To be 

closer to realistic conditions, the applied volumetric flow rates were kept low at 0.21 - 0.64 mm/s. The 

different flow regimes in the carrier sections have an impact on the local substrate supply. As commonly 

known the substrate supply is enhanced by the higher flow velocities by compression of the concentration 

boundary layer and higher advection, as experimentally shown in a biofilm carrier (Masic et al. 2010). 

Other studies conducted in tube reactors showed that blockage by biofilm growth (Manz et al. 2003) and 

metal deposition (Nott et al. 2005b) can also increase the mean flow velocities. Similar effects are found 

in the biofilm carriers; the bulk liquid flow in tubes cannot by-pass the blocked regions. The presented 

results can be a base for the progress of other research fields as reactor engineering and carrier design by 

predictive modeling. Simulations can be experimentally validated with the help of MRI measurement 

techniques (Pintelon et al. 2012, Seymour et al. 2007). In water technology MRI measurements can 

provide complementary data, as e.g. for biofouling of membranes (Creber et al. 2010). Furthermore CFD 

simulations can be used to verify the experimental MRI results and interpretations and vice versa, e.g. 

shown in a study about flow cell geometries (Dalitz et al. 2012). Additional research is still needed in 

MBBR biofilm hydrodynamics for a better understanding of mass transport and linking between the 

biofilm and reactor-scale.  

 

7.4 Summary 

 MRI represents the ideal tool to investigate the undistributed interactions between the biofilm and 

its surrounding flow field. It was visualized that the physical structure and morphology of the 
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biofilm has a crucial impact on the flow velocity in the bulk water. Results give indications for the 

mass transport of solutes and particulate compounds in the water matrix. 

 

 The orientation of the carrier to upstream flow angle was a dominant factor for the local flow 

velocities at the biofilm surface. A rotation of 20° of the blank carrier material caused ~10 % 

increase of the mean flow velocity in the bulk water. At the orientation of a 90° angle to the 

upstream flow direction, regions of stagnation were formed, where almost no fluid exchange was 

observed. Then, diffusion is the predominant transport process for fluids and its dissolved and 

particulate components. 

 

 Through the combination of MSME and FLOW-PC measurements, the influence of the biofilm 

structure on the local flow field was examined. The presence of the heterogeneous biofilm 

increased the local flow velocities in the inner face of the carrier up to factor 2 compared to the 

blank carrier. Therefore, the advective transport was increased. 

  

 Structural parameters of the biofilm (such as e.g. the biofilm thickness and biofilm occupation) 

gave indications for their surrounding local flow regime. However, there was no linear correlation 

between the fluid flow through the carrier and biomass occupation due to uneven flow evasion 

through open pathways. 
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8 EVALUATION OF THE USED METHODS 

8.1 Magnetic susceptibility balance 

This dissertation demonstrated, for the first time, the successful combination of MSB and MRI for the 

detailed investigation of the interactions between inorganic Fe3O4-NP and biofilm systems. This new 

analytical approach enabled the time resolved quantification and visualization of Fe3O4-NP within the 

biofilm matrix in an in-situ and non-invasive manner.  

The MSB has turned out to be a promising method to follow the distribution of Fe3O4-NP in 

heterogeneous biological systems. In this context, MSB has never been used before. In particular, specific 

data on the concentrations of Fe3O4-NP in the bulk water and in the biofilm matrix was obtained - 

independently from the water composition and biofilm matrix. The generated results in chapter 4 and 6 

provide reliable data on the biosorption of Fe3O4-NP and improve the general understanding of their 

distribution in biological systems, such as biofilms in WWT. This sensitive method satisfies specific needs 

for the quantification of Fe3O4-NP in complex samples and delivers replicable results (error < 2 %) at 

economic cost (purchase price < 20,000 €) compared to other methods for the quantification of Fe3O4-NP 

(e.g. atomic spectroscopy (~ 100,000 €)) by: 

 simple handling and fast (measurement time < 60 s) data acquisition 

 small sample volumes (10 - 200 µL) without sample preparation 

 in-situ und non-invasive measurement in liquid, solid and mixed phase (liquid-solid) samples 

 quantification of e.g. Fe3O4-NP down to 100 µg/L range, with the possibility to easily enrich the 

concentration by magnetic separation. 

The MSB overcomes certain analytical limitations for the quantification of inorganic Fe3O4-NP of more 

complicated and costlier analytical techniques, such as atomic spectroscopy where a chemical digestion of 

metallic ENP is needed (see section 3.1.2). Furthermore, the application of a MSB opens the door to 

investigate other ENP with magnetic properties (e.g. Cu-based NP). In this context, using ENP with a 

magnetic core and different surface coatings (e.g. Ag, TiO2, Ce and organic coatings) appears highly 

attractive to investigate the behavior of ENP in environmental samples and the impact of the particle 

surface coating (e.g. on toxicity, mobility and biosorption).  

8.2 Magnetic resonance imaging 

MRI is a high performance and multifaceted technique allowing the completely non-destructive and in-

situ 2D- and 3D-imaging of Fe3O4-NP within the biofilm matrix, while additional information, such as 
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water dynamics (diffusion and flow velocity measurements) can be acquired. Compared to MRI, other 

imaging techniques, such as electron microscopy and fluorescence microscopy are either destructive to the 

biofilm, do not reveal the real biofilm structure, or require special (e.g. fluorescent) ENP or dyes for the 

visualization of the ENP within the biofilm matrix. However, MRI exhibits very high purchase and 

maintenance costs and is limited in its spatial resolution. Using the currently available NMR hardware, a 

spatial resolution down to a few tens of µm is feasible, which is, so far, not sufficient to explore the 

cellular uptake of Fe3O4-NP. Advantageously, the relatively large field of view (in this dissertation up to 

20 mm x 20 mm) allows a representative overview on the whole biofilm sample. 

In chapter 4 and 6, the biosorption and immobilization of differently sized and functionalized Fe3O4-NP 

within fluffy biofilms was successfully visualized. The presented images are only phrasing local 

concentrations of Fe3O4-NP in the biofilm matrix by changes in the image contrast and do not give 

quantitatively information yet. However, perspectives for a more quantitative analysis are given by 

concentration maps of Fe3O4-NP. Those concentration maps would provide data on e.g. penetration, 

transport and wash out of Fe3O4-NP in the biofilm matrix. The acquired concentration maps would require 

intensive mathematical image processing for the interpretation of the data. Another possible application of 

MRI address the mass transport of contrast agents into the biofilm matrix using effective diffusion 

coefficients, as demonstrated by Ramanan et al. (2013) and Phoenix at al. (2008). This paves the way for 

the investigation of varieties of ENP (modified as MRI contrast agents) in the context of their 

environmental fate. 
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9 SUMMARY AND PERSPECTIVES 

9.1 Summary 

The aim of this dissertation was to examine the interactions of inorganic Fe3O4-NP with real biofilm 

systems. Exposure experiments were conducted to qualitatively and quantitatively characterize the 

biosorption and removal of Fe3O4-NP in batches, flow cells and in a lab-scale MBBR. The investigations 

focused on the influence of the following parameter:  

 chemistry of the water matrix, 

 particle size and surface functionalization and  

 exposure time  

on the interaction of Fe3O4-NP with two different types of biofilms (fluffy and compact structure). An 

overview of the conducted experiments is given in Table 1-1. From the achieved results, certain 

conclusions were compiled, which contribute to the current knowledge about the interaction processes 

(highlighted by frames in Figure 9-1).  

 

Figure 9-1: Graphical summery of the conclusions found in this dissertation (framed), which contribute to the known interaction 

processes between ENP and biofilms (summarized in 2.1.2). Numbers in this figure refer to environmental parameters and 

processes involved in the interactions between ENP and biofilms exhibiting different physical structures. Abbreviations: OM: 

organic matter, MO: microorganisms, EPS: extracellular polymeric substances, 𝐺⃗: force of gravity. The proportions in this figure 

are out of scale. 
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Within this dissertation, the summarizing term “biosorption” is used to describe all chemical and physical 

sorption processes for the attachment of ENP to biofilm. With the aim to trace the fate and biosorption of 

ENP in biofilm systems, no distinction between different interaction mechanisms in terms of molecular 

interactions or physical forces is compiled within this work. However, the indications for predominant 

interaction processes are given in the presented case studies. In the following, numbers in bold refer to 

Figure 9-1. 

9.1.1 Influence of water matrix 

Granular biofilms were exposed to Fe3O4-NP coated with PVA in series of batch experiments (chapter 4). 

The results obtained by MSB show that Fe3O4-NP were only removed by 5 - 35 % from the bulk water, 

which is significantly less compared to removal efficiencies found in the literature (see Table 2-1). This 

might be due to the stabilization of Fe3O4-NP by dissolved and particulate organic matter (OM) in the bulk 

water (5). OM was released by the biofilm matrix (EPS) itself (6.1) and correlated with the total 

suspended solid (TSS) concentration of the granular biofilms. The biofilm also released low amounts of 

ions, which thus did not have a significant influence on the removal of Fe3O4-NP from the bulk water in 

this case (6.1). Unexpectedly, the biosorption of the Fe3O4-NP onto the granular biofilms was low (only 

2.4 % of input Fe3O4-NP) and reversible as desorption after rinsing occurred (8). This can be attributed to 

the smooth and compact structure of the granular biofilms (6), which most likely hinders the interactions. 

The results suggest that the interactions of Fe3O4-NP with granular biofilms are hampered and instead of 

biosorption, other processes such as co-sedimentation (9) might be responsible for the desired removal of 

Fe3O4-NP from the bulk water.  

In conclusion, OM turned out to be a predominant parameter of the water matrix responsible for mass 

flows of Fe3O4-NP in granular biofilm systems. This finding can easily be transferred to other natural and 

technical biofilm systems due to the omnipresence of OM. The stabilizing effect of organic molecules 

from EPS on ENP in the bulk water has been demonstrated for freshwater biofilms as well (Kroll et al. 

2014). However, which specific organic molecules of EPS preferentially stabilize ENP and their impact 

on the degree of biosorption requires further research.  

9.1.2 Influence of particle properties 

To explore the influence of the particle properties on the degree of biosorption, fluffy biofilms were 

exposed to differently sized and functionalized Fe3O4-NP under static conditions (only diffusion 

dominated transport) (chapter 5). The visualization using MRI revealed that Fe3O4-NP mainly attached to 

the outer biofilm layers - independent of their particle  surface functionalization, i.e. organic molecules 

(dextran, starch or hydroxyl (chapter 5)) or inorganic shell (silica (chapter 6)). The attachment happened 
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quickly (within minutes) and no full penetration of the biofilm matrix was observed. Despite the particle 

surface, the particle size is a decisive parameter (10): smaller Fe3O4-NP (diameter of 20 nm) visibly 

penetrated deeper into the biofilm matrix than larger ones (80 nm). Interestingly, the surface 

functionalization of Fe3O4-NP did not significantly influence the penetration depth into the biofilm matrix. 

After an exposure of 14 days, all investigated Fe3O4-NP were irreversibly immobilized within the fluffy 

biofilm matrix (8) and no desorption occurred. 

In conclusion, these results imply that especially the particle size might be a key factor for the estimation 

of mass flows of Fe3O4-NP in biofilm systems. Most commercially available ENP form large particle 

agglomerates (>100 nm) in environmental water matrixes (Petosa et al. 2010, Zhang et al. 2008), 

therefore, the penetration of ENP into biofilms might be hampered approaching more realistic scenarios. 

Research on the combined effect of particle size and different organic molecules (OM/NOM) should 

provide more specific information about the trade-off between penetration into the biofilm and 

stabilization in the bulk.  

9.1.3 Influence of exposure time 

To study the influence of the exposure time on the interactions of silica coated Fe3O4-NP with fluffy 

biofilms, exposure experiments in continuous flow systems (flow cell and MBBR) were performed 

(chapter 6). Fe3O4-NP were quantified using MSB. The results prove that even at complex hydrodynamic 

conditions, Fe3O4-NP were stabilized in the bulk water by OM and, therefore, their transport was 

enhanced (5.1). Due to the enhanced transport and hampered interaction of Fe3O4-NP with biofilm in the 

flow field, the exposure time was of minor influence. The results demonstrate that in both systems, flow 

cells and in a MBBR, 57 - 65 % of the input Fe3O4-NP were transported through the effluent. 

Consequently, the retention capacity of the used biofilm systems was poor. Only 16.6 % of the input 

Fe3O4-NP sorbed onto the biofilms. However, the biosorption of Fe3O4-NP happened quickly within 

minutes. After 3 h of exposure in the MBBR, detachment of the outer biofilm parts loaded with Fe3O4-NP 

has occurred and led to further washout of Fe3O4-NP (7).  

In conclusion, the exposure time is of subordinated relevance for the initial interaction of Fe3O4-NP with 

the biofilm system as the biosorption occurred quickly and the transport of Fe3O4-NP in the bulk water 

was dominant. However, the time scale of observation has to be considered when looking at the long-term 

effects of the exposure (e.g. biofilm detachment, desorption etc.). Concerning WWT systems, these 

findings are of great importance: the retention of ENP is not guaranteed by the biofilm system and might 

therefore depend on other water treatment steps (see section 9.2.2). 
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9.1.4 Influence of biofilm structure on flow field 

To estimate the transport of Fe3O4-NP to the biofilm surface - being a perquisite for their interaction (2) - 

the flow field in a carrier based biofilm was investigated (in absence of Fe3O4-NP) in chapter 7. The 

results obtained by MRI demonstrate that the biofilm structure had a significant influence on the 

surrounding flow velocities on the µm to mm scale. In carrier sections with a high biofilm occupation the 

flow resistance is increased, e.g. flow velocities are significantly decreased and stagnation can occur in 

narrow pathways created by the biofilm. Thereby, the biofilm thickness and coverage of the biofilm are 

important factors to consider. Depending on the orientation of the carrier to the flow field, this effect leads 

to flow evasion through less biofilm covered sections. Those sections experience higher flow velocities 

and the possible risk of biofilm detachment. Nevertheless, there was no clear correlation between biofilm 

coverage and flow ratio. Within the biofilm matrix only diffusion dominates the transport of fluids.  

In conclusion, the biofilm structure determines the local flow regimes and therefore, the diffusive and 

advective transport of ENP which is critical for their fate in biofilm systems. A closer look into this topic 

is needed by further investigations involving ENP, such as Fe3O4-NP serving as MRI contrast agents. 
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9.2 Evaluation and perspectives 

9.2.1 Influence of biofilm structure 

The biofilm’s physical structure is a predominant parameter for the fate of Fe3O4-NP in biofilm systems. 

To gain quantitative information about the biosorption, the concentration of Fe3O4-NP in two different 

types of biofilms (compact and fluffy structure) was measured using MSB (chapter 4 and 6). Figure 9-2 

depicts a graphical summery of the influence of the biofilm structure on the fate of Fe3O4-NP based on the 

conducted experiments. 

 

Figure 9-2: Graphical summary: influence of the biofilm structure (fluffy or compact) on the behavior and biosorption of ENP 

(Fe3O4-NP) in biofilm systems elucidated within this dissertation. This figure is complementary to Figure 9-1 and Figure 2-2. The 

proportions of the figure are out of scale. 

The results achieved in chapter 4 highlight that the interactions with Fe3O4-NP were hampered by a 

smooth surface and compact biofilm structure (e.g. granular biofilms). The attachment of Fe3O4-NP was 

reversible (desorption occurred) and most of the Fe3O4-NP were loosely bound to the surface of the 

compact biofilm. In turn, this was related to a low biosorption: the maximum biosorption for biofilms with 

compact structures was 1.9 µg Fe/mg TSS (at an exposure load of 96 µg Fe/mg TSS) after 18 h of 

exposure time in a closed batch system (chapter 4). Reasons for the low biosorption might be the 

stabilization of Fe3O4-NP by OM and the enhanced transport in the flowing bulk water, as mentioned 

earlier. This gives indications that co-sedimentation processes are favored. In future experiments, the 

loading of Fe3O4-NP for the investigated biofilms should be confirmed by sorption models. 

In comparison, in biofilms exhibiting a fluffy structure the biosorption of Fe3O4-NP was irreversible and 

no desorption occurred under the investigated experimental conditions unlike the compact biofilms. The 

fluffy biofilm surface might favor an interaction by the entrapment of Fe3O4-NP in EPS leading to a 

higher (Gu et al. 2014) and more persistent biosorption. The maximum biosorption was 3.2 µg Fe/mg TSS 
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(at an exposure load of 10.9 µg Fe/mg TSS) after 3 h of exposure in a continuous flow system (MBBR, 

HRT ~ 5 h). In spite of the irreversible attachment, Fe3O4-NP gained mobility by the detachment of outer 

biofilm parts loaded with Fe3O4-NP after 3 h of exposure time (MBBR). However, the fate of the Fe3O4-

NP in detached biofilm parts remains unclear, e.g. sedimentation might be favored. 

9.2.2 Indications for the fate of ENP in WWT 

Within this dissertation, in particular the retention capacity of the investigated biofilms systems was rather 

low and transport of Fe3O4-NP was favored. Being aware that the maximum concentrations of Fe3O4-NP 

in the compact and fluffy biofilms (1.9 and 3.6 µg Fe/mg TSS, respectively) cannot directly be transferred 

to other experimental conditions, they are in the same concentration range as those of other inorganic ENP 

in the literature (for different kinds of biomass): In sequencing batch reactors, a maximum concentrations 

of 10 µg Ag/mg TSS for Ag-NP after 177 days of operation (HRT of 10 h) (Yang et al. 2015) and 13.2 µg 

Ti/mg TSS for TiO2-NP (HRT of 10 h) (Kiser et al. 2009) were reported. In a membrane bioreactor a 

maximum concentration of 28 µg Ag/mg MLSS (mixed liquor suspended solids) for Ag-NP after 285 d of 

operation (HRT of 16 h) (Yuan et al. 2015) was found. Nevertheless, also far lower biosolid 

concentrations of inorganic ENP (up to three orders of magnitude) have been reported by Gottschalk et al. 

2013b. Due to the high variability, the need of strategies to control the release of ENP from WWT systems 

employing biofilms is emphasized. Assuming the transport processes to be favored in the biological 

treatment step and that detachment of ENP loaded biofilm parts can occur, the retention of ENP will 

depend on the efficiency of post settling (e.g. excess sludge system) or other separation processes such as 

filtration and membranes (Wang et al. 2012, Westerhoff et al. 2013, Zhang et al. 2008).  

Additionally, the reversibility of the biosorption is a relevant factor to bear in mind for the estimation of 

mass flows of ENP in the environment. As the biomass from WWT is still disposed in landfills and 

applied to agricultural soils (Blaser et al. 2008, Brar et al. 2010), their release into the environment might 

be mitigated. The results lead to the conclusion that the investigation of the structure of the used biofilm 

systems (surface and inner structure) might help to estimate the degree and reversibility of the biosorption 

in a particular scenario.  

9.2.3 Loose ends 

 As demonstrated in this work, only minimal success was achieved in removing ENP from the 

water phase by various biofilm systems. Striking differences were seen in the degree of 

biosorption and immobilization of ENP in compact or fluffy biofilms structures. How do other 
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biofilm structures, such as streamers influence the biosorption of ENP in realistic water matrices? 

Results would give information about the environmental behavior of ENP. 

 

 MRI was used to visualize the degree of penetration and immobilization of ENP within the 

biofilm matrix in a non-invasive and non-destructive manner. However, the interactions observed 

in this dissertation were on the µm to mm scale and did not consider interactions with single cells. 

Can the immobilization be correlated with the nano-specific toxicity in real biofilm systems? How 

is the penetration affected by specific organic molecules of EPS? 

 

 The flow regime in real biofilm systems was determined (without ENP addition) highlighting that 

the biofilm structure drives the flow velocities. The next step would be to link the biofilm 

surrounding local flow field with advective and diffusive transport of ENP. How stable is the 

biosorption in a complex flow field, especially concerning desorption of ENP and changes in the 

biofilm structure? 
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APPENDIX 

A.1 Theory of paramagnetic relaxation enhancement 

To better understand PRE it is divided into two contributions in the most simple model: the interactions 

between the paramagnetic species with directly bound water molecules (inner sphere relaxation 

enhancement) and interactions with unbound or nearby diffusive water molecules (outer sphere relaxation 

enhancement). The paramagnetic relaxation (
1

𝑇𝑖
)
p
is the sum of the contributions by the outer sphere 

(
1

𝑇𝑖
)
OS

 and the inner sphere relaxation (
1

𝑇𝑖
)
IS

 . 

(
1

𝑇𝑖
)
p

= (
1

𝑇𝑖
)
OS

+ (
1

𝑇𝑖
)
IS

     Equation A.1-1 

Both phenomena are described in diverse theories and equations (Bertini et al. 2001, Bloembergen 1957, 

Freed 1978, Solomon 1955). The inner sphere relaxation attributes to the hyperfine interactions between 

the electrons of the contrast agents and the protons (nuclei) by dipole and other spin interactions. 

Generally, the contribution by the inner sphere relaxation depends on the molar concentration of the 

paramagnetic compound cp in mg/L, the number of coordinated water molecules at paramagnetic ion p, the 

relaxation time of the inner sphere bound water molecules (T1 M in s) and their mean residence time τM in s 

for chemical exchange mainly related to T1.  

(
1

𝑇1
)
IS

 =  
𝑐p

55.6
·

1

𝑇1 M+𝜏M
  Equation A.1-2 

The more paramagnetic centers and the more bonded water molecules having a short residence time in a 

contrast agent, the stronger the inner sphere contribution will be resulting in a shortened T1. T1 M is 

influenced by the molecular rotational correlation time τR which is describes the rotational molecular 

tumbling time of the whole molecule. Molecular tumbling causes local magnetic field fluctuations suitable 

to enhance T1 and T2 relaxation times. The higher the molecular size and the more immobilized the 

contrast agent is, the lager τR will be. In addition, the correlation time of chemical exchange of the water 

molecules play a major role. 

Summarizing, the mechanisms for the inner sphere relaxation depend on large number of interactions and 

time scales as often described by Solomon and Bloembergen equations (Bloembergen 1957) where T1 M is 

further categorized by dipole-dipole interactions (interaction proton and electron dipole) and scalar 

interactions (exchange interaction between proton and electron spins as well as Curie contribution). For 
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more specific information please consult textbooks and review articles (Bertini et al. 2001, Bottrill et al. 

2006, Laurent et al. 2007). 

The outer sphere relaxation is based mainly on the interaction of nearby diffusing or loosely bound water 

molecules near the paramagnetic molecules. The outer sphere relaxation is a more complex and not well 

understood and describable phenomenon of dynamics and diffusion. Generally, this process depends on 

the electronic relaxation time of the paramagnetic ion and the translational diffusion correlation time τD. τD 

is defined by 
𝑑2

𝐷
 depending on the sum of diffusion coefficients D in m

2
/s for the water molecules and 

paramagnetic center and their closest distance to each other d in m. Consequently, the proximity of the 

water molecules to the paramagnetic ion is important to consider as well as the correlation between 𝜏𝐷, 

temperature and viscosity. For nanoparticles as MRI contrast agents the outer sphere relaxation is 

dominant as no direct binding site for water molecules are available (Bertini et al. 2001, Caravan et al. 

1999, Laurent et al. 2008). 

 

A.2 DLVO theory 

From the thermodynamic point of view, the DLVO theory helps to understand the total interaction 

energies between particles when approaching other particles or solid surfaces. The total interaction energy 

between two particles is the sum of the electrostatic repulsion energy (double layer force and born force) 

and or VAN-DER-WAALS forces as a function of the distance between two particles or a particle and a solid 

surface. DLVO basically describes that the repulsive forces are high and attractive forces are low when 

particles are far away from each other. The closer the particles are approaching each other overcoming a 

the energy barrier – the higher the attractive forces and aggregation occurs (Derjaguin and Landau 1941, 

Israelachvili 2010). 
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A.3 COD concentration during MBBR operation 

 

Figure A- 1: COD concentration during the MBBR experiment (operation time after addition of silica coated Fe3O4-NP). 
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NOMENCLATURE 

 

Abbreviations 

CLSM  confocal laser scanning microscopy 

EMNP  engineered magnetic nanoparticle 

ENP  engineered nanoparticle 

EPS  extracelluar polymeric substances 

FID  free induction decay 

FLOW-PC  flow phase contrast sequence 

FT  fourier transform 

HA  humic acid 

ICP-OES  inductively coupled atomic emission spectroscopy  

IS  inner sphere relaxation 

MBBR  moving bed biofilm reactor 

MBR  membrane bioreactor 

MO  microorganisms 

MRI  magnetic resonance imaging 

MS  magnetic susceptibility 

MSB  magnetic susceptibility balance 

MSME  multi slice multi echo sequence 

NMR  nuclear magnetic resonance 

NOM  natural organic matter 

rf  radio frequency 

NP  nanoparticle 

ob (index)  observed 

I  spin 

OECD  Organisation for Economic Cooperation and Development  

OS  outer sphere relxation 

OCT  optical coherence tomography 

p (index)  paramagentic 

PCZ  point of zero charge 

PVA  polyvingyl alcohol 

PRE  paramagnetic relaxation enhancement 
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RI  refrective index 

SBR  sequencing batch reactor 

SPION  super paramagnetic iron oxide nanoparticles 

TOF  time of flight experiment 

w (index)  water 

WWT  wastewater treatment 

WWTP  wastewater treatment plant 

   

Mathematical symbols 

B0 T static magnetic field amplitude 

B1 T high frequency magnetic field amplitude 

c kg/L concentration 

C - MSB constant 

cp kg/L concentration of paramagnetic compound 

D m
2
/s self diffusion coefficient 

d m distance 

ddiff m thickness of the GOUY-CHAPMAN layer 

dST m thickness of the STERN layer 

ΔE J energy  diffrence 

G T/m amplitude of spatial gradient  

Gph T/m frequency encoding gradient 

Gr T/m phase encoding gradient 

Gs T/m slice selection gradient 

ħ J·s  reduced planck's constant (6.626/2· ·10
-34

 J·s) 

IMSB m height in sample tube (MSB) 

L m biofilm thickness 

M A/m magentization 

M0 A/m magnetization in thermal equilibrium 

mi  kg mass of a substance i 

Mx,y,z A/m components of the magnetization 

N - number of nuclei 

R m
3
/kg reading signal sample (MSB) for mass magnetic susceptibility 

r m position vector 

R0 m
3
/kg reading signal of empty sample tube (MSB) for mass magnetic susceptibility 
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ri L/(mg·s) relaxivity (i = 1, 2) 

T K temperature 

t s time 

T1 s longitudinal relaxation time 

T1 M s relaxation time of the inner sphere bound water molecules 

T2 s transversal relaxation time 

T2, eff s effective transversal relaxation time 

TR s repetition time in NMR pulse sequence 

V m
3
 volume 

𝑉̇ m
3
/s volumetric flow rate 

𝑣̅  m/s mean flow velocity 

𝑣x, 𝑣y, 𝑣z m/s flow velocity in x, y, z direction 

x, y, z m cartesian coordinates 

   

Greek symbols 

µ A·m
2
 magnetic moment 

µ0̅̅ ̅ H/m inductive constant (MSB) 

µ0 N/A
2
 magnetic field constant 

γ 1/(T·s)  gyromagnetic ratio for 
1
H: 2.675x10

8
 1/(T·s) 

ζ V zeta potential 

ρ  kg/m
3
 density of a substance 

ρPD moles/m
3
 spin density 

τC s correlation time 

τD s translational diffusion correlation time 

τE s echo time in NMR pulse sequence 

τM s residence time 

τR s rotational correlation time 

φ ° angle of magnetization 

χM m
3
/kg mass magnetic susceptibility 

χv - volume magnetic susceptibility 

ω0 rad/s larmor frequency at B0 

ω1 rad/s angular frency at B1 

Δω  rad/s line width 
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Formula  

y = β0 + β1·x 

 

 linear fit 

β0: intercept 

β1: slope 

𝑥̅; 𝑦̅  
average value, mean 


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n

i
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n

x
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1
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n
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1
 

R
2
  coefficient of determination 

   

Units 

A  amphere 

g  gram 

H  henry 

J  joule 

K  kelvin 

m  meter 

N  newton 

rad  radian 

s  second 

T  tesla 

V  volt 
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Band 50: Markus Delay: Dynamische versus statische Elutionsversuche – Ein Beitrag zur Beurteilung der 
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Band 56: Angela Klüpfel: Nanofiltration bei der Aufbereitung von Trink- und Schwimmbeckenwasser –
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nebenprodukte im Aufbereitungszyklus von Schwimmbeckenwasser – Schwerpunkt stickstoffhaltige 
Verbindungen, 2012, 195 S., 20,00 €. 
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organismen – Nutzungs- und Gefährdungspotentiale, 2013, 149 S., 20,00 €. 
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