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Abstract
The heterogeneous physicochemical properties of biofilm and extracellular polymeric
substances (EPS) play an important role in deciding the fate of transport of nanoparticles in
subsurface. However, contrasting results have been observed for the mobility of different
nanoparticle transport in porous media coated with biofilms. Also, no comparative studies
have been done linking the effect of biofilms on colloidal stability and mobility of colloids to
date.
Laboratory scale experiments were conducted to obtain insights into different ways bacterial
biofilms and EPS can influence the transport of nanoparticles in porous media. Using
complementary experimental approaches, we investigated (1) the effect of microbial EPS on
the colloidal stability of nanoparticles, (2a.) the transport of uncoated colloidal nanoparticles
in biofilm and EPS-coated porous media, (2b.) the transport of EPS-coated colloidal
nanoparticles in uncoated porous media (2c), the combined transport of EPS-coated colloids
in biofilm and EPS-coated porous media, and finally (3) the remobilization of deposited
colloidal nanoparticles by EPS. Laboratory synthesized hematite nanoparticles (HNP) and
Bacillus subtilis 168 (DSM 402) were used as nanoparticles and biofilm forming bacterium
respectively.
To study the effect of EPS on the colloidal stability, HNP were amended with three increasing
concentrations of EPS (20, 200 and 500 mg/l carbon) resulting in carbon:iron ratios 1:5, 2:1
and 5:1, respectively. The zeta potential (ZP), the shift in isoelectric point and the change in
the critical coagulation concentration (CCC) for NaCl and CaCl2 showed formation of
colloidally stable organo-mineral colloids at higher concentrations of EPS (200 mg/l and 500
mg/l of carbon, HNP2:1, HNP 5:1). However, lower concentrations of EPS (20 mg/l carbon,
HNP 1:5) resulted into aggregation of HNP.
The transport of uncoated and EPS-coated HNP colloids at environmental pH was studied
with closed flow columns experiments in three different synthetic porous media, i.e.,
uncoated, biofilm-coated, and EPS-coated glass beads. No drastic change was observed in the
pH and the electrical conductivity of the system during the transport experiments. However, a
constant amount of organic matter and bacterial cells were continuously released from the
porous media coatings.
In the first scenario, positively charged uncoated HNP were immobile and retained in
uncoated-glass bead porous media. Contrary, a mobile fraction of negatively charged HNP
was observed in biofilms and EPS-coated porous media. The charge reversal of HNP during
transport is due to adsorption of organic matter released from the coatings forming organomineral associations of HNP and components of the biofilm or EPS.
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Transport of EPS-coated HNP in coated and uncoated porous media highlighted the role of
colloidal stability in transport under saturated conditions. A mobile fraction of colloidally
stable EPS-coated HNP (HNP 2:1 and HNP 5:1) persists in all three porous media due to
electro-steric repulsion between like charged surfaces. However, colloidally unstable EPScoated HNP (HNP 1:5) are immobile in uncoated and EPS-coated porous media.
Interestingly, in biofilm-coated porous media, a fraction of colloidally unstable EPS-coated
HNP (HNP 1:5) were transformed to colloidally stable nanoparticles (|ZP|>20 mV) and were
mobile. This transformation in colloidal stability may be due to the excess organic matter
released from the biofilm-coated surfaces conferring colloidal stability.
Last, the remobilization studies with EPS solutions showed desorption of HNP previously
retained in the uncoated porous media. This was attribute to the strong affinity of EPS to HNP
resulting in the formation of negatively charged organo-mineral EPS-HNP colloids.
In conclusion, biofilms and EPS influences mobility of HNP where normally HNP would be
immobile in absence of biofilms. This study highlights the significance of biofilms and EPS
in the transformation of nanoparticles to form organo mineral colloids and influencing
colloidal stability and transport of nanoparticles. Such transformations will also have
environmental implication on colloid facilitated transport of contaminants, which are
associated with HNP.
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Zusammenfassung
Mikrobielle Biofilme sind aufgrund ihrer vielfältigen Interaktionen mit mobilen Kolloiden
und mit immobilen Oberflächen und den daraus entstehenden organo-mineralischen
Verbindungen von sehr großer Bedeutung für den Transport von anorganischen Kolloiden
durch den porösen Untergrund. In dieser Arbeit wurden Experimente auf Laborskala
durchgeführt, um die verschiedenen Möglichkeiten zu untersuchen, wie mikrobielle Biofilme
und extrazelluläre polymere Substanzen (EPS) den Transport von Nanopartikeln durch poröse
Medien beeinflussen. Mit komplementären experimentellen Ansätzen wurde dabei (1) der
Effekt von mikrobiellen EPS auf die Kolloidstabilität von Nanopartikeln, (2a.) der Transport
von EPS-freien Nanopartikeln durch Biofilm-beschichtete und EPS-beschichtete poröse
Medien, (2b.) der Transport von EPS-beschichteten Nanopartikeln durch ein unbeschichtetes
poröses Medium, (2c.) der Transport von EPS-beschichteten Kolloiden durch Biofilm- und
EPS-beschichteten porösen Medien und (3) die Remobilisierung von abgelagerten Kolloiden
durch EPS untersucht. Dafür wurden synthetischer Hämatit als Nanopartikel (HNP) und
Bacillus subtilis 168 (DSM 402) als Biofilm-produzierende Mikroorganismen ausgewählt.
In den Untersuchungen des EPS-Effekts auf die Kolloidstabilität wurden HNP mit drei EPSKonzentrationen (50, 200, 500 mg C/l) behandelt. Das entsprach EPS:HNP-Verhältnissen von
1:5 (HNP 1:5), 2:1 (HNP 2:1) beziehungsweise 5:1 (HNP 5:1). Die jeweiligen Zeta-Potentiale
(ZP)

und

Verschiebungen

des

isoelektrischen

Punkts

und

der

kritischen

Koagulationskonzentration (CCC) unter Zugabe von NaCl und CaCl2 deuteten auf die
Bildung von stabilen organo-mineralischen Kolloiden in den HNP 2:1- und HNP 5:1Behandlungen hin. Geringere EPS-Konzentrationen (HNP 1:5) begünstigten jedoch eine
Aggregation der HNP.
Mittels Kreislauf-Säulenexperimenten wurde der Transport von unbeschichteten und EPSbeschichteten HNP bei bodentypischen pH-Bedingungen in drei künstlichen porösen Medien
untersucht (unbeschichtete, Biofilm-beschichtete und EPS-beschichtete Glaskugeln). Es
wurden keine drastischen Änderungen im pH-Wert und der elektrischen Leitfähigkeit
während der Transportexperimente festgestellt. Allerdings wurde eine konstante Menge an
organischer Substanz und Bakterienzellen kontinuierlich aus den Glaskugelbeschichtungen
freigesetzt. Positiv geladene, unbeschichtete HNP wurden durch die unbeschichteten
Glaskugeln zurückgehalten und dadurch immobilisiert. Im Gegensatz dazu wurde eine mobile
Fraktion von negativ geladenen HNP in den Experimenten mit Biofilm- und EPSbeschichteten Glasperlen beobachtet. Die aus den Beschichtungen freigesetzten organischen
Substanzen adsorbierten dabei an den HNP, was in einer Umkehrung der Netto-
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Oberflächenladung und damit zur Bildung von negativ geladenen, organo-mineralischen HNP
resultierte.
Die Mobilität von EPS-beschichteten HNP sowohl in beschichteten als auch in
unbeschichteten porösen Medien unterstrich die Bedeutung der Kolloidstabilität für den
Transport unter wassergesättigten Bedingungen. Durch elektrostatische Abstoßungskräfte
zwischen gleichgeladenen Oberflächen war eine Fraktion von stabilen, EPS-beschichteten
HNP (HNP 2:1 und HNP 5:1) dauerhaft mobil in den drei untersuchten porösen Medien. Im
Gegensatz dazu waren instabile, EPS-beschichtete HNP (HNP 1:5) immobil in
unbeschichteten und EPS-beschichteten porösen Medien. Diese instabilen HNP waren jedoch
teilweise mobil im porösen Biofilm-beschichteten Medium, da ein Teil dieser Partikel zu
stabilen Kolloiden umgewandelt wurde (|ZP| > 20 mV). Diese Änderung in der kolloidalen
Stabilität könnte aus dem Überschuss an organischen Substanzen resultieren, welche von den
Biofilm-beschichteten Oberflächen freigesetzt wurden.
Die Experimente bezüglich der Remobilisierung von HNP durch EPS-haltige Lösungen
zeigten eine Desorption von HNP, welche vorher an unbeschichteten Glaskugeln
zurückgehalten wurden. Diese Beobachtung wird mit der hohen Affinität von EPS für HNP
erklärt, was zur Bildung von negativ geladenen, organo-mineralischen EPS-HNP-Kolloiden
führte.
Schlussfolgernd beeinflussen Biofilme und EPS die Mobilität von HNP. Diese HNP wären
immobil bei Absenz von Biofilmen. Diese Arbeit unterstreicht damit die Signifikanz von
Biofilmen und EPS hinsichtlich der Transformation von Nanopartikeln zu organomineralischen Kolloiden, was deren kolloidale Stabilität und damit ihr Transportverhalten
bestimmt. Solche Transformationen haben demnach ebenfalls eine Umweltrelevanz
hinsichtlich des kolloid-gekoppelten Transports von Kontaminanten.
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1 Introduction
1.1 Colloids and nanoparticles
Colloids and nanoparticles have been present on the earth for billions of years.
However, recently they have been a subject of intense research due to easy synthesis
and multiple uses. Colloidal particles are defined as particles smaller than 1 µm in at
least one dimension with a high specific surface area (10-800 m2/g) (Hochella, 2008;
Kretzschmar & Schafer, 2005; Theng & Yuan, 2009). Nanoparticles are a subset of
colloidal particles and are defined as particles smaller than 100 nm in at least one
dimension (Figure 1.1). Particles with size smaller than 100 nm in one, two or three
dimensions are classified as nanofilms, nanorods and nanominerals respectively
(Hochella, 2008). Minerals that exist only in nano size range are termed nanominerals
(example: ferrihydrite) while; mineral nanoparticles are minerals that also exist in
larger sizes (Hochella, 2008).
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Figure 1.1 Size chart for nanoparticles and colloids (Modified from Christian et al. (2008))
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For colloids and nanoparticles, size matters the most. Various properties like
chemical, optical, thermodynamic vary as a function of size. Due to the extremely
small size and similarity in the composition to the soil matrix, natural colloids exhibit
a high mobility in the environment (Mccarthy & Zachara, 1989). They are also more
reactive than their larger counterpart due to a larger surface area (Waychunas &
Zhang, 2009). This effect is even more pronounced for particles smaller 10 nm. The
surfaces of the colloids contain a high proportion of functional groups, which enable
sorption to various heavy metals, organic pollutants and nutrients. The colloids thus
constitute an important carrier phase for metal/contaminant transport in the
environment. This is termed as colloid facilitated transport. The transport of colloids
and nanoparticles in the environment has been studied with different objectives such
as its effect on the transport of engineered nanoparticles in environment (G. Chen et
al., 2012; K. L. Chen & Elimelech, 2008; Jiang et al., 2012; Mitzel & Tufenkji, 2014),
waste-water treatment management (Khaydarov & Gapurova, 2010; Nashaat 2013),
groundwater contamination (Baumann, 2010; Lanphere et al., 2014) and also
remediation purposes (Fu et al., 2014).
1.2 Natural colloids
Natural colloids are ubiquitous in soil and aquatic environments. A large fraction of
minerals occurs as nanoparticles in the environment (Christian et al., 2008). They
generally consist of clay minerals, mineral precipitates (e.g. Fe, Al, Mn or Si oxides
and hydroxides, carbonates, phosphates) and organic biopolymers (e.g. humic acid
fulvic acid and extracellular polymers) (Table 1.1). The concentration of natural
colloids depends mainly on the environment they are formed and present in.
The colloids are generally formed by biotic, abiotic processes or anthropogenic
process. In fact, the rates of biotic mineralization are higher than abiotic factors
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(Lüttge et al., 2005). Erosion by wind, dust, water currents are few of the abiotic
process documented for formation of colloids (Hochella, 2008). In acid mine drainage
systems, iron nanoparticles are known to be precipitated as nanoscale iron hydroxides
/oxides /oxyhydroxides. This due to the high solubility of oxygen, low solubility of
iron, and faster oxidation kinetics that leads to rapid precipitation of nanoparticles
(Banfield & Zhang, 2001).
Table 1.1 Categorization of colloids (modified from (Christian et al., 2008))
Natural colloids
Inorganic colloids

Organic colloids
Macromolecules

Silicates
Mica
Kaolinite
Montmorillonite
Oxides/hydroxides of Fe, Mn
and Al
Carbonates
Phosphates
Metal sulfides

Humic acids
Fulvic acids
Extracellular polymeric
substances
Polysaccharides
Proteins
Cellular debris
Coal/black carbon
Bio-colloids
Bacteria
Viruses

Engineered nanoparticles
Polymers
Polystyrene latex particles
Surfactants
Dyes and pigments
Metals (Au,Ag, Fe, Zero
valent Fe)
Metal oxides (oxides of Ti,
Zn, Zr, Ce)
Fullerenes
Quantum dots
Functionalized materials

fungi

Colloids of Fe, Al and trace metals are also formed by the natural mixing of acidic,
sulphate-rich acid mine drainage water with near-neutral surface waters (Zänker et al.,
2002). Moreover, hydrothermal vents are considered to be “nanoparticle factories” in
marine environments as since they lead to formation of polymetallic sulphide
nanoparticles (Yucel et al., 2011). Biotic factors mainly include bio-mineralization by
microorganisms. Microorganisms lead to bio-mineralization either to prevent itself
from toxicity of the metals or as storage granules for micronutrients. Microorganism
can also accumulate metal cations, which then combine with anions (carbonate,
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phosphate, silicate) from the surrounding medium to form a variety of nanosized
minerals (Labrenz et al., 2000). Lastly, anthropogenic activities such as waste
combustion or wear and tear of man-made products can also lead to formation of
colloids.
1.3 Engineered nanoparticles
Engineered nanoparticles have many applications in diverse consumer products such
as personal-care products, food storage containers, cleaning supplies, bandages, and
clothing. Increased use of nanoparticle containing products has resulted in an increase
in released of engineered nanoparticles into the environment. Many studies are
focused to study the implications of such nanoparticles introduced into the
environment (Eg: (Braydich-Stolle et al., 2009; Gwinn & Vallyathan, 2006; Soni et
al., 2015; Wagner et al., 2014)).
Apart from used in manufactured products, certain nanoparticles are deliberately
introduced into the environment. Silver, TiO2, and ZnO2 and carbon nanotubes
nanoparticles have antimicrobial properties and are used in drinking water treatments
(Gehrke et al., 2015). Also, zero valent iron is used for remediation of contaminants
due to their high reactivity to heavy metal and organic pollutants (Fu et al., 2014).
1.4 Colloidal stabilization of nanoparticles
An important property of colloids is their aggregation, which also plays an important
role in transport of colloids. A colloidal system consists of a dispersing medium and a
dispersed colloidal phase. The dispersing medium can be gas, liquid or a solid.
However, in soil and aquatic environments, the medium is mainly water while the
nanoparticles can be inorganic or organic or a mixture of both (MacKay & Gschwend,
2001). When dispersed in a medium, nanoparticle either aggregate or remain as single
particles (The latter state is called “colloidal stable”). Colloidal stabilization depends
4

on the force balance of attractive and repulsive forces in between the individual
particles. The colloidal stability of nanoparticles in a medium is controlled by three
major mechanisms: electrostatic stabilization, steric stabilization and electrosteric
stabilization.
1.4.1 Electrostatic stabilization
In electrostatic stabilization, the attractive van der Waals forces are counterbalanced
by the repulsive Coulomb forces acting between the charged colloidal particles. When
a charged surface of the nanoparticles is suspended in a medium, a layer of counter
ions and the solvent molecules is formed around the particles, called a stern layer. The
stern layer causes repulsion of like charges according to coulomb's law preventing
aggregation of nanoparticles (Hiemenz & Rajagopalan, 1997).
1.4.2 Steric stabilization
High molecular weight polymers sorb on the surfaces of minerals forming layers 10 to
20 nm in thickness (Grasso et al., 2002; K. Li & Chen, 2012). The adsorbed polymers
can extend out from the surface into solution, and may rearrange their position on the
surfaces in response to the environment. The configuration and osmotic effect and the
volume restriction by the polymers result in steric forces (Hiemenz & Rajagopalan,
1997; Tadros, 2006).
1.4.3 Electrosteric stabilization
More recently, Fritz et al. (2002) described electrosteric stabilization for charged
polymers which includes both; electrostatic stabilization by charged ions and steric
stabilization by polymer brushes (Fritz et al., 2002).
1.5 The DLVO and EDLVO theory
The interactions between the colloidal particles and their aggregation behavior is
described by Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. This theory
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defines the net surface interaction energy between colloids (Israelachvili, 1982). The
aggregation kinetics of colloids (polymer coated and uncoated) has been commonly
interpreted using the DLVO theory by many researchers (K. L. Chen & Elimelech,
2007; K. L. Chen et al., 2006; Di Marco et al., 2007; Hu et al., 2010; Huynh & Chen,
2011). According to the DLVO theory, the net surface interaction energy is equal to
the sum of the inter-actions between electrical double layer (EDL) and van der Waals
forces, which vary with the separation distance between colloids.
Classical DLVO assumes the particle surfaces are chemically inert (Perni et al.,
2014). However, most mineral nanoparticles and organic polymers have a chemically
active surface. Hence simple implementation of DLVO theory is often inadequate to
describe the interfacial interactions of colloidal solutions. Recently, the Extended
DLVO (EDLVO) has been used to explain the interaction between the colloidal
particles using acid-base and steric interactions (Huang, 2012; K. Li & Chen, 2012;
Romero-Cano et al., 2001). Lewis acid–base (AB) interaction account for hydrogen
bonding on approach of nanoparticles and the suspending medium. Based on the
hydrophobic/hydrophilic property of nanoparticles and the suspending medium, these
interactions could be attractive (hydrophobic attraction) or repulsive (hydrophilic
repulsion or hydration effects), and can be up to 10–100 orders of magnitude higher
than electrostatic or van der Waals interactions (Azeredo et al., 1999). Similarly, the
steric force can also be attractive or repulsive based on the charge, concentration and
the configuration of the polymers (Grasso et al., 2002; Tadros, 2006). However,
Huynh and Chen (2011) have shown that steric forces dominate the interaction of
colloids only if the adsorbed layer thickness is larger than the Debye length. Flat
adsorbing molecules show a weak steric hindrance while molecules that extend from
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the surface show a strong steric hindrance (Huynh & Chen, 2011; Philippe &
Schaumann, 2014).
1.6 Transport of colloids in the porous media
The transport of colloids and nanoparticles mainly depend on the stability and
mobility of the colloids and its interactions with the surrounding milieu (Mccarthy &
Zachara, 1989). A few factors are identified based on the physical, chemical and
biological processes/interactions between the colloids and its surrounding (Figure 1.2)
(Kretzschmar & Schafer, 2005; Mccarthy & Zachara, 1989). Particularly, colloidal
stability/ the aggregation-deposition of the colloids at the given environmental
conditions dominants the transport of the colloids.
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Figure 1.2 Physical, chemical and biological factors affecting the transport of colloids in the porous
media

The rate of aggregation and deposition are controlled by the balance between
attractive van der Waals force and electrostatic force (attractive or repulsive,
depending on surface charge) acting upon colloid–colloid and colloid–porous media
surface collisions. Thus, colloids with opposite charge than the porous media are
more likely to deposit in the porous media. While, colloids with similar charge as the
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porous media are easily mobile due to repulsion between like charge. However, other
factors such as screening of surface charges with ions, presences of organic polymers
can affect the repulsive forces resulting in aggregation.
1.7 Implication for colloid transport
As mentioned earlier, nanoparticles act as transport vectors that can sorb
contaminants and carry them through porous media over long distances. Colloidal
transport plays an important role in solubility and mobility of pollutants like heavy
metals, radionuclides, polycyclic aromatic hydrocarbons and trace metals (Kaste et
al., 2006; Kretzschmar & Schafer, 2005; MacKay & Gschwend, 2001; Novikov et al.,
2006; Totsche et al., 2007). Mineral nanoparticles are also used for various
bioremediation processes to degrade or immobilize contaminations. For example,
stabilized zero-valent iron nanoparticles have been studied for immobilization of
Cr(VI) in water (Xu & Zhao, 2007).
Transport of bio-colloids has also received a considerable attention due to its direct
implication on human health. Many studies focus on transport of pathogenic
microorganisms in the subsurface and in ground water (G. Chen & Walker, 2012;
Fontes et al., 1991; Herbold-Paschke et al., 1991; Matthess et al., 1988; Nevers &
Boehm, 2011; Redman et al., 2001; Zhao et al., 2014). Bio-colloids also play a role in
transport of contaminants (Francis et al., 1998; Pang et al., 2005) and bioremediation
of contaminant sites (Allard & Neilson, 1997; Ebihara & Bishop, 2002; Wilson &
Jones, 1993). Additionally, extracellular polymeric substances (EPS) act as organic
colloids and are mobile in the porous media. They also have a high sorption to heavy
metals and organic pollutants and can mobilization of contaminants in the porous
media (J. H. Chen et al., 1995). The transport of bio-colloids is more complicated than
the inorganic colloidal transport due to the presence of living microorganism which
8

more susceptible to factors such as physical straining or filtration (Keller & Auset,
2007).
1.8 Bacterial biofilm
Biofilms are communities of surface associated microorganism encased in selfproduced extracellular matrix (Vlamakis et al., 2013). Biofilms are found on almost
all natural and artificial surfaces including the soil and the rock surfaces, stone
monuments, murals, water pipes, sewage treatment plans and also human teeth
(Costerton et al., 1987; Hall-Stoodley et al., 2004). The thickness and the composition
of the biofilm vary with the environmental conditions and the nutrients present (HallStoodley et al., 2004).
Spores

Organic
matter

Extracellular
matrix

motile
cells

conditioning stage
and formation of monolayer

micro-colony

matured biofilm and
biofilm dispersal

Figure 1.3 Formation and development of Bacillus subtilis 168 (DSM 402) biofilm (Vlamakis et al.,
2013)

The formation of a biofilm starts with the “conditioning stage”, where a single
bacterium makes the first contact to the surface (Figure 1.3). Most bacterium have a
net negative surface potential which makes it unfavorable to attach on many mineral
surfaces which are also negatively charged. Bacterium secrets a condition film
composed of extracellular polymers, which makes it favorable for adhesion on the
mineral surface. This is followed by the formation of a monolayer of bacteria, which
progresses to a micro-colony with multi-layer cells, ultimately forming a matured
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biofilm. Environmental changes such as pH, temperature, ionic conditions, flow
velocity of the air/solute the biofilm is in contact with, results in mechanical stress.
This leads to detachment of cells, EPS or organic matter from time to time (O'Toole et
al., 2000; Vlamakis et al., 2013). The detached components of the biofilm are termed
as bio-colloids (cells) and organic colloids (EPS/organic matter) of microbial origin
(Cullimore, 2010; Keller & Auset, 2007).
1.9 Extracellular polymeric substances
EPS are a physicochemically complex highly hydrated gel-like matrix of interlinked
charged polymers, which surround cells in biofilm (Hall-Stoodley et al., 2004; Spath
et al., 1998). They play a vital role in maintaining the structural integrity of biofilm,
protection from environmental factors, sequestration and degradation of harmful
compounds and nutrition (Flemming & Wingender, 2010). EPS consist a mixture of
polysaccharides, proteins, lipids, lipopolysaccharides, glycolipids, peptides and
nucleic acids; which surrounds microbial cells (Bazaka et al., 2011; Flemming &
Wingender, 2010; Hall-Stoodley et al., 2004; Marvasi et al., 2010; Spath et al., 1998).
The chemical composition, the charge and number of linkages between adjacent
polymer chains of the EPS depends on the genetics of the microorganism and the
environment in which they are synthesized and vary from bacterium to bacterium
(Marvasi et al., 2010; Wang et al., 2012). EPS exists in various forms. It can occur as
cell bound which is tightly bound to the cell surfaces, as free EPS that is loosely
associated with the bacteria (Flemming & Wingender, 2010; Omoike & Chorover,
2004) or as free dissolved organic matter (Bhaskar & Bhosle, 2005). The cell-bound
EPS are closely associated with the bacterial cells. It helps in formation of a distinct
cell structure and protects the bacteria from environmental elements. The cell-bound
EPS are released only after bacterial lysis (Bazaka et al., 2011). In contrast, the free
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EPS are loosely associated with the bacterial cell and mitigates bacterial attachment to
mineral surfaces by conditioning them (Bazaka et al., 2011; Omoike & Chorover,
2004).
EPS are synthesized by the biofilms for multiple functions. They mainly serve in
attachment of bacteria to mineral surfaces or as signaling molecules. They also are
used as energy and nutrient reserves and can serve as enzymes. EPS are known to
play an important role in various geochemical processes such as bio mineralization
(Miot et al., 2009), bioleaching (Kinzler et al., 2003; Sand & Gehrke, 2006), and
heavy metal accumulation (Fang et al., 2011; Tourney & Ngwenya, 2014; Wei et al.,
2011). Due to its complex structure and heterogonous composition, it is not possible
to determine the exact composition of EPS. Hence, EPS are relatively poorly studied
with respect to the matrix composition in natural environments (Marvasi et al., 2010).
1.10 Biofilms in porous media
Accumulation of nutrients and large surface area provide favorable condition for the
growth of micro colonies and bacterial biofilms in soils. A great deal of research is
focused on the biofilm in the subsurface porous media (Rittmann, 1993), although the
focus of study has been varied. These include detection of subsurface biofilms
(Burmolle et al., 2007; Kirkland et al., 2015), biofilm barriers for bioremediation
(Cunningham et al., 2003), change in the physical properties of porous media (Brydie
et al., 2005; Cunningham et al., 1991) and transport of colloids (Coombs et al., 2010;
Kone et al., 2014; Strathmann et al., 2007).
Biofilm are a potential sink for various colloidal nanoparticles due to their high
sorption to different mineral surfaces (Spath et al., 1998). Biofilm also aid in the
biotransformation of colloids and contaminants and degradation of colloidal
nanoparticles and the contaminants associated with it. Moreover, biofilm can also
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affect the architecture and the hydrodynamic properties of the soil matrix (Coombs et
al., 2010). For example: Levan a polysaccharide secreted by Paenibacillus (formerly
Bacillus) polymyxa CF43 found in the rhizosphere of wheat leads to aggregation of
soil in the roots of the plant (Marvasi et al., 2010). The thickness and the type of
biofilm growth (patchy/complete) can have a significant impact on the porosity and
permeability of fractures and the porous media (Cunningham et al., 1991). Biofilm are
filamentous and hence can divide the pores space into smaller pore spaces (Brydie et
al., 2005; Coombs et al., 2010). Older biofilm (Mitzel & Tufenkji, 2014), excessive
growth of biofilm (Cunningham et al., 1991; Taylor & Jaffe, 1990; Thullner et al.,
2002), increased trapping and sequestering of harmful mineral nanoparticles (Hama,
1997) or transport of bio-colloids (Coombs et al., 2010) can further reduce the internal
pore size or cause clogging of the porous media.
1.11 Influence of biofilms on nanoparticle transport: Complex interaction
between the nanoparticles and porous media
The fate and mobility of nanoparticles in the environment will depend not only on the
physical and chemical character of the nanoparticle, but also on the characteristics of
the receiving environment (K. L. Chen & Elimelech, 2008; Saleh et al., 2008). Under
favorable conditions, biofilm flourish and can cover the surfaces of the rocks/porous
media thus changing the surface properties of the host rock/porous media. Moreover,
the heterogeneity in the chemical and physical properties of the biofilm and EPS can
also alter the transport of colloidal nanoparticles by deposition of nanoparticles,
transformation by various microbial processes or remobilization.
To study the holistic influence of biofilms on transport of nanoparticles three
situations must be considered (Figure 1.4)
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1. Biofilm present on the porous media: Biofilms can change the surface
properties of the porous media
2. EPS/organic matter from biofilms can sorb on the surface of nanoparticles:
EPS/organic matter alter charge and hydrophobicity of nanoparticles
3. A combination of 1 and 2. Both porous media and nanoparticles are coated
with biofilm/EPS.

Biofilms/EPS on the porous media

EPS on the nanoparticles
Nanoparticles

Environmental
condition

Nanoparticles

Biofilm

Retained

Mobile

Literature
survey

Biofilsm/EPS on the porous media
and EPS on nanoparticles

Retained/mobile
(contrasting results)

Retained ?

Nanoparticles

Biofilm

Retained ?

Mobile ?

Mobile ?

No research

No research

Figure 1.4 Influence of biofilms on nanoparticle transport

The first scenario i.e. the effect of biofilms present on the porous media on the
transport of nanoparticles has been studied since last decade with contrasting results
(Basnet et al., 2016; Golmohamadi et al., 2013; Jian-Zhou et al., 2015; Leon-Morales
et al., 2004; Lerner et al., 2012; Mitzel & Tufenkji, 2014; Tripathi et al., 2012). Most
studied engineered nanoparticles, e.g. zero valent iron, graphene, zinc sulfatefunctionalized polystyrene latex particles, titanium oxide, cerium oxide nanoparticles,
exhibit a retarded mobility in biofilm-coated porous media with the biofilm acting as
“traps” (collectors) for nanoparticles (Jian-Zhou et al., 2015; Kurlanda-Witek et al.,
2015; Tong et al., 2010; Tripathi et al., 2012). Retention of the nanoparticles in the
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biofilms is attributed to the binding affinity of nanoparticles to functional groups in
the biofilm EPS (Kurlanda-Witek et al., 2015), surface roughness of the biofilm (JianZhou et al., 2015) and interaction between the surface coating of the nanoparticles and
the biofilms (Tripathi et al., 2012). However, certain nanoparticles such as silver
nanoparticles coated with polyvinyls pyrrolidone (PVC), laponite are mobile in the
biofilm-coated porous media (Leon-Morales et al., 2004; Mitzel & Tufenkji, 2014;
Xiao & Wiesner, 2013). Factors such as hydrophobicity (Xiao & Wiesner, 2013),
steric repulsion by the polymer coating applied for maintaining colloidal stability
(Mitzel & Tufenkji, 2014) and colloidal stability of nanoparticles in different salt
solutions (Leon-Morales et al., 2004) have been credited to enhanced mobility of
nanoparticles.
For the second scenario, the effect of EPS present on the nanoparticles on transport
has not been studied so far. Transport, reactivity and bioavailability of nanoparticles
are broadly controlled by their colloidal stability (Hochella, 2008; Kimball et al.,
1995). The colloidal stability of nanoparticles depends on the environmental
conditions like pH, ionic strength, temperature, and presence of organic matter. A few
studied have shown the change in colloidal stability of fullerene, hematite and
magnetite nanoparticles on sorption of humic acids (K. L. Chen & Elimelech, 2007;
Hassellov & von der Kammer, 2008; Illes & Tombacz, 2006; Kretzschmar & Sticher,
1997; Mylon et al., 2004). Organic matter from bacteria such as EPS also have a high
affinity to mineral surfaces (Spath et al., 1998; Tourney & Ngwenya, 2014). When
released into the environment, EPS might potentially sorb to naturally occurring
mineral surfaces by various interactions such as ionic bonding, steric interaction,
dipole interaction, inner sphere complexation and hydrophobic bonding (Cao et al.,
2011). Due to the presence of various functional groups, EPS can also modify the
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charge and surface chemistry of the mineral (Cao et al., 2011; Jain et al., 2015) thus
altering the stability and aggregation kinetics. This can also result in new reactive
sites on the mineral surfaces. Bacterial EPS comprises a varied concentration of
proton-active functional groups charged as a function of pH (Tourney & Ngwenya,
2014). Moreover, high molecular polymers can exert steric stabilization on the
engineered nanoparticles on sorption (Kleshchanok & Lang, 2007). Hence, it is
reasonable to assume that EPS sorption on nanoparticles will affect the colloidal
stability and reactivity of EPS: nanoparticle association to other minerals or
contaminants. Yet, not much is known about the effect of EPS on the stability of
colloidal nanoparticles. Only few studies are available that report on the increase in
colloidal stability of silica, hematite, fullerene and acrylic latex particles in the
presence of alginate and gelatin, both components of EPS from algae (Abe et al.,
2011; K. L. Chen & Elimelech, 2008; K. L. Chen et al., 2006; Likos et al., 2000).
Also, the combined effect of biofilms/EPS present on the porous media and EPS
present on the nanoparticles has not been tested so far. However, Mitzel and Tufenkji
(2014) have reported a low retention of poly(vinylpyrrolidone) (PVP) stabilized silver
nanoparticles in biofilm-coated porous media due to steric repulsion between the
nanoparticles and the coated surfaces. However, EPS are a complex mixture of
polymers with both positive and negative charged functional groups and hence it is
difficult to predict the fate of nanoparticles in biofilm/EPS-coated porous media.
1.12 Aim and objectives of the work
The main aim of this study was to investigate the effect of biofilms on the transport of
colloids. To get a holistic view of the effect of biofilms on the transport of
nanoparticles, the three situations mentioned in section 1.9 were systematically
studied.
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1. Biofilm/EPS present on the porous media and bare nanoparticles
2. EPS present on the nanoparticles and bare porous media
3. Biofilm/EPS present on porous media and EPS sorbed on nanoparticles
Hematite nanoparticles were choosen as model natural colloids. Hematite are
commonly found iron oxides in soils, acid mine drainage and in river water. Hematite
nanoparticles (HNP) exhibit a large surface area and show a presence of surface
defects due which they are reactive towards other solution components. Moreover,
they are well-known mobile sorbents that transport various pollutants including heavy
metals (Kaste et al., 2006; Novikov et al., 2006), radionuclides (Simmons &
Neymark, 2012) and trace metals (Kretzschmar & Schafer, 2005) in soil and river
systems. Bacillus subtilis 168 (DSM 402) was used as a model for soil biofilm
forming microorganism. Though pure biofilms are not ideal representative of natural
biofilms, they offer an ease of reproducibility and are model for lab study.
As mentioned earlier, the effect of biofilm/EPS present on the porous media has been
studied before. However, the role of EPS in transport of colloids is not much studied.
Based on the literature survey we made the following hypothesis for the three
situations tested:
1. "Biofilm on the porous media will act as trap and reduce the mobility of
uncoated HNP, due to the electrostatic attraction between the positively
charged hematite and negatively charged biofilm surfaces"
2. "EPS can attach to HNP and can colloidally stabilize them, thus increase their
mobility in uncoated porous media under saturated condition.
3. “EPS-coated particles will experience enhanced mobility in biofilm/EPScoated porous media due to the presence of similar surface coating on the
porous media and nanoparticles."
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To test the hypothesis experiments were planned with the following objectives:
1

Synthesize and characterize colloidal hematite nanoparticles and isolate
and characterize EPS from Bacillus subtilis 168 (DSM 402)

2

Study the effect of biofilms/EPS present on the porous media on transport
of hematite nanoparticles

3

Determine the effect of increasing loadings of EPS on colloidal stability
of hematite nanoparticles

4

Determine the transport of EPS-coated hematite nanoparticles in uncoated
porous media

5

Determine the transport of EPS-coated hematite nanoparticles in
biofilm/EPS-coated porous media

6

Demonstrate remobilization of sorbed hematite nanoparticles by EPS

For the ease of writing this thesis, the experiments designed to achieve the above aims
were divide in to sections to separated batch experiments from column transport
experiments. Hence forth, the materials and methods and the results and discussion of
all the above aims are described in separate sections:

Section 1: Synthesis and characterization of Hematite nanoparticles and EPS from
Bacillus subtilis
Section 2: Colloidal stability and aggregation kinetics of HNP coated with EPS
Section 3: Closed-flow column transport experiments
A) Transport of uncoated HNP in uncoated, biofilm and EPS-coated porous
media
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B) EPS-coated HNP (HNP 5:1, HNP 2:1, HNP 1:5) in uncoated, biofilm
and EPS-coated porous media
C) Remobilization of HNP in uncoated porous media with EPS

The effect of EPS coating on colloidal stability of hematite was studied by coating the
colloidal hematite particles with increasing concentrations of EPS, and measuring its
effect on the colloidal stability. Time-resolved dynamic light scattering experiments
were conducted on all the mixtures of EPS-hematite over a wide range of NaCl and
CaCl2 concentrations. Colloidal properties such as isoelectric point (pHIEP) and
critical coagulation concentration (CCC) were used to compare the effect of EPS on
the colloidal stability of HNP. The DLVO and EDLVO were used to explain the
results.
The transport of the colloids was studied using closed flow column experiments over
a period of 20 days till an equilibrium state of transport was achieved. Three porous
media: uncoated, biofilm-coated and EPS-coated were tested. In the closed flow
mode, the outflow solution is redirected to the columns via a mixing vessel after
passing through the porous medium. Thus, only the mobile fraction of the solute can
be exhaustively determined. Also, this type of column experiments allows a full
establishment of equilibrium, while at the same time conserving the total mass of the
system and minimizing experimental artifacts (Ritschel & Totsche, 2016a). The
mobility of the colloids was measured by monitoring the concentration in the mixing
vessel. The transport of the EPS:HNP suspensions was interpreted using Colloidal
filtration theory (CFT) model modified by Tufenkji and Elimelech (2004).
The results from this research will serve in understanding the transport of mineral
nanoparticles in water-saturated areas with high microbial biomass such as river/lake
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sediments, or events of water logging and epiphreatic zone with karst hydrogeology.
Such regions have reported existence of biofilms and EPS that can alter the transport
of colloidal geosorbents into groundwater (Brannen-Donnelly & Engel, 2015;
Farnleitner et al., 2005; Shabarova et al., 2014).
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2 Material and Methods
Section 1. Synthesis and characterization of hematite nanoparticles and EPS
from Bacillus subtilis
2.1 Synthesis of hematite nanoparticles
Hematite nanoparticles were synthesized by the method described by Sorum (1928).
The method involved the synthesis of hematite by transformation of ferrihydrite in
aqueous solution. Particles were synthesized by adding 400 ml of 1 M Fe(N03)3 into
boiling distilled water at a rate of 0.05 ml/min. The temperature was specifically kept
above 80°C to avoid co-precipitation of goethite. The suspension was cooled
overnight and washed with distilled water. Finally, the particles were purified by
dialysis (molecular weight cutoff: 1 kDa; Spectra/Por7, Spectrum Labs, USA) till the
electric conductivity of the water was around 2 μS/m. The concentrated hematite
nanoparticle stock suspension was then stored at 4°C.
2.2 Characterization of synthesized hematite nanoparticles
2.2.1 Structural characterization of hematite nanoparticles
The particle structure and purity of the synthesized HNP were described using X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) and Scanning
electron microscopy (SEM). Freeze dried HNP were used XRD and FTIR analysis.
For XRD, the X-ray diffractograms were obtained with D8 Advance DaVinci
diffractometer (Bruker AXS, Germany) using Cu Kα radiation (λ = 0.15418 nm) at 40
kV and 40 mA. The resultant diffractograms were compared with reference hematite
(Maslen et al., 1994) from The American Mineralogist Crystal Structure Database
(Downs & Hall-Wallace, 2003).
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Fourier-transform IR spectra were recorded with a Nicolet iS10 spectrometer
(Thermo Fisher Scientific, Germany). Freeze dried samples mixed with KBr were
pressed into pellets and measured in the transmission mode to obtain the resultant
spectra.
Particle morphology and size distribution were determined by a ULTRA plus field
emission scanning electron microscope (Zeiss, Germany). The samples were prepared
by placing a drop of hematite suspension on a silica plates and allowed to dry
overnight.
2.2.2 Colloidal characterization
The hydrodynamic diameter and the zeta potential of the colloidal HNP were
measured by dynamic light scattering (DLS) (Nano ZS, Malvern Instruments, UK).
2.2.3 Chemical characterization
The hematite concentration was measured as the total iron concentration by a
spectroscopic method using phenanthroline (Saywell & Cunningham, 1937). Prior to
the estimation of the iron concentration, the HNP were dissolved by protonation using
equal volumes of concentrated HCl.
2.3 EPS isolation and characterization
Free EPS were isolated from Bacillus subtilis 168 (DSM 402) by the method of
Omoike and Chorover (2004). Bacillus subtilis 168 (DSM 402) was grown to a
stationary phase in Luria-Bertani (LB) broth for 24 h at 150 rpm. The bacterial cells
were separated from the medium by centrifugation at 12,000 g, 4°C, 30 min. EPS
were precipitated from the supernatant solution by adding 3 volumes of cold ethanol
(4°C). This suspension was stored at -18°C for 24 h. The precipitated EPS were
eventually recovered by centrifugation at 12,000 g, 30 min, 4°C and dialyzed against
ultrapure water to remove ethanol and residual media components with water changed
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every 24 h for 4 days (molecular weight cutoff: 1 kDa; Spectra/Por7, Spectrum Labs,
USA). The EPS solution was stored at -20 °C.
Only the free EPS were isolated and used for the experiments. EPS were
characterized by the measuring its total carbon content, total proteins, total
carbohydrates, zeta potential and FTIR spectra. The total amount of EPS was
measured as its carbon content determined by CNS analyzer (Euro EA, Eurovector,
Italy). The protein concentrations were measured by Folin lowery method (Lowry et
al., 1951) and the carbohydrate concentrations were measured by the phenol-sulfuric
acid method (Dubois et al., 1956). The net charge on the EPS macromolecules was
measured by measuring the zeta potential by Malvern Nano ZS (Malvern Instruments,
UK). The FTIR spectra was recorded with a Nicolet iS10 spectrometer (Thermo
Fisher Scientific, Germany).
Section 2. Colloidal stability and aggregation kinetics of HNP coated with EPS
2.1 Coating of hematite nanoparticles with EPS
Three different mass ratio of carbon to iron (1:5, 2:1 and 5:1) were prepared by
adding different quantities of EPS solution (20, 200, 500 mg C, respectively) (pH 6.8)
to hematite solution. The final concentration of HNP was kept constant (100 mg/l of
Fe) in all the four mixtures. The pH was adjusted to approximate 7 (7.0-7.2) using
0.1M NaOH. The solutions were equilibrated for 2 h on a horizontal shaker at 100
rpm and EPS were allowed to adsorb on HNP.
2.2 Concentrations of EPS sorbed on hematite nanoparticles
The concentration of EPS sorbed on the hematite was estimated by centrifuging the
solutions at 10,000 rpm for 10 mins at 4°C. The supernatant and the precipitate were
analyzed for carbon and iron concentrations.
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2.3 Effect of pH on colloidal stability
The zeta potential of the four colloidal suspensions was monitored over a pH range of
1 to 12 (Malvern Nano ZS, Malvern Instruments, UK). The pH was adjusted using 0.1
M HCl and 0.1 M NaOH. Five measurements were made for each suspension. The
isoelectric point (pHIEP) was determined as the pH at which all the particles are
aggregated, and the zeta potential of the particles is zero (He et al., 2008).
2.4 Effect of salts on colloidal stability: colloidal aggregation kinetics
The aggregation kinetics of the particles was measured by conducting time resolved
dynamic light scattering experiments with increasing concentrations of monovalent
(NaCl) and divalent (CaCl2) salts. The concentration of colloids during the
experiment was kept constant (100 mg/l of Fe). The aggregation was initiated by
adding the salt solution to the HNP suspension in the cuvette. The cuvette was shaken
for dispersion and DLS measurements were started immediately (Malvern Nano ZS,
Malvern Instruments, UK). The hydrodynamic diameter was recorded at 21°C over a
period of 4000 sec (K. L. Chen et al., 2006). The aggregation of HNP suspensions
was tested for a battery of ionic strength (1–800 mM NaCl, 1-100 mM CaCl2) over
time.
2.5 Calculation of aggregation rate constant and attachment efficiency
The total interaction between the particles result from the balance of repulsive and
attractive forces. Two limiting regimes of aggregation have been described in
literature (Berg, 2010). When the repulsive forces between the particles are dominant,
the aggregation rate is limited by the time required to overcome the repulsive forces.
This is termed as reaction-limited aggregation (RLA) or slow aggregation. In contrast,
when the repulsive forces are negligible, the aggregation rate is limited by diffusion
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of particles. This is termed as diffusion-limited aggregation (DLA) or the fast
aggregation (Berg, 2010).
The stability ratio W is used to indicate the stability of the system and can be
calculated by monitoring the aggregation over time. W is defined as the ratio of the
aggregation rate constant in the fast regime to the aggregation rate constant in the
slow regime.

 





(2-1)

The attachment efficiency α is another measure to describe aggregation kinetics. It is
the reciprocal of stability ratio W.







(2-2)

When W=1, all the collisions result in to aggregation and DLA dominates. Vice versa,
if W>1, only a fraction of collisions leads to aggregation and RLA dominates. In our
experiments, the stability ratio for the HNP at different salt concentrations was
measured by monitoring the increase in the aggregate size (RH) with time using DLS.
The rate of increase in the radius of the aggregates (RH) over time (t) is proportional
to the number of particles present initially (n0) and the initial aggregation rate constant
(k)





  

(2-3)
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When n0 is kept constant in all the experiments, the calculation of W reduces to the
ratio of the rate constant in the rapid (kfast) aggregation to the rate constant in slow
aggregation (k) (Di Marco et al., 2007; He et al., 2008; Holthoff et al., 1996).



 
 






(2-4)

When number of particles are kept constant, the aggregation rate constant k
proportional to the slope of RH vs. time. The rate of increase in the RH was obtained
by determining the slope up to the point of initial stages of coagulation (0-200 s) for
each electrolyte concentration. W was calculated by normalizing the slope obtained
with different electrolyte solutions by the slope obtained by the fast aggregating
electrolyte (equation (2-3)) (K. L. Chen & Elimelech, 2006; He et al., 2008).
2.6 Modeling aggregation kinetics
DLVO theory is a simplified approach that accounts for attractive van der Waals and
repulsive electrostatic interactions. However, steric and hydrophobic forces dominate
high molecular weight polymers interactions (Grasso et al., 2002; Hiemenz &
Rajagopalan, 1997; Kleshchanok & Lang, 2007; Perni et al., 2014). EPS surfaces can
exert Lewis acid–base (AB) interaction when present in inert salt solutions (Liu et al.,
2000; Somasundaran, 2004). Furthermore, adhesion of biofilms to mineral surfaces
has been explained using EDLVO theory with acid base and steric interactions
(Azeredo et al., 1999). Hence EDLVO theory with hydrophobic and steric
interactions was also used to explain our observations.
Puertas and de las Nieves (1999) described the stability ratio in terms of total
interaction energy (or energy barrier) VT(H) by the following equation (Di Marco et
al., 2007)
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Here, H is the distance between the particle surfaces, β(H) is the hydrodynamic
correction factor (Overbeek, 1982), VT(H) is the total potential energy of interaction
and VA(H) is the potential energy of the van der Waals interaction.
2.6.1 DLVO interactions
The total interaction energy between the particles VT(H) is given by the equation,
        

(2-6)

Here   is the total potential energy of electrostatic double layer interactions.
The total potential energy of the van der Waals interaction is given by

 
   
 
   

 

    
  
   

(2-7)

Where A is the Hamaker constant of particles interacting in the water.
The total potential energy by electrostatic double layer interaction is given by
      

 





  

(2-8)

where  is given by


 
 

 



   

(2-9)

εo is the permittivity in vacuum, εr is the relative permittivity, KB is the Boltzmann
constant, T is the absolute temperature, Z is the valence of the electrolyte, κ is the
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Debye parameter, which depends on the ionic strength of the solution, ψd is the
diffusion potential related to and very close (in value) to the zeta potential (Di Marco
et al., 2007).
2.6.2 EDLVO interactions
2.6.2.1 Steric interactions
In the presence of steric forces, additional term is added to the total interaction energy
equation (2-6)

           

(2-10)

The steric interaction energy comprised of two energies the osmotic energy Vosm and
the elastic energy Velas

       

(2-11)

When the polymer brushes of the two parties overlap, osmotic pressure is built up due
to an increase in the concentration of the polymer resulting in repulsion between the
two particles.
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Here χ is the Flory-Huggins solvency parameter, ϕ2 is the volume fraction of the EPS
within the brush layer, δ is the thickness of the brush layer and v1 is the volume of one
solvent molecule.
When the two particles are at such a close distance (H=δ), some polymer molecules
undergo compression leading to loss of entropy for the polymers, which result, into
elastic repulsion between the two particles.
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(2-16)

 

  
 
 

 


  







 

 



Here Mw is the molecular weight of the EPS and ρ is the density of the EPS (RomeroCano et al., 2001)
2.6.2.2 Acid-base interactions
EPS sorption can also affect the surface electron acceptor and electron donor
properties. Hence, acid-base interaction can also contribute to the total interaction
energy. When acid-base interactions contribute to total energy, the acid-base
component is added to the total energy equation (2-6)
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(2-17)

The acid-base energy between two particles is given by

   



  



(2-18)

here is the decay length of the molecules of the liquid medium, and 
is the

polar free interaction energy between the particles at distance Ho which is the
minimum equilibrium distance due to Born repulsion which is 0.157 nm (K. Li &
Chen, 2012).
Table 2.1 Parameters used for the calculation of VT(H) by DLVO and EDLVO theories
Parameter
Hydrodynamic

Value
β(H)
  

correction factor
(Overbeek, 1982)
Debye parameter (Berg,

κ



 
   


    




 
  

2010)
Permittivity in vacuum

εo

8.854 × 10−12 F/m

Relative permittivity

εr

80.1

Absolute temperature

T

293 K

KB

1.3806×10-23 m2 kg s-2 K-1

R

8.3144

Boltzmann constant
Gas constant

J K−1 mol−1
Faraday constant

F

96485.3365 C mol−1

The derivation of equation (2-5) permits the comparison of predicted W values to the
experimental data of log W vs electrolyte concentration. Some values such as
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, the volume
Hamaker constant (A), Gibbs free energy of acid/base interaction (

fraction of the EPS with in the brush layer (ϕ2), the thickness of the brush layer (δ)
could not be derived independently. Hence these parameters were fitted to the
observed data using the Levenberg-Marquardt algorithm for local optimization
(Levenberg, 1944; Marquardt, 1963). The correlation between the fitting parameters
was also calculated. All the values used for different parameters are given in Table
2.1. Parameter uncertainty was calculated as the 95 % confidence interval.

Section 3. Closed-flow column transport experiments
A) Transport of uncoated HNP in uncoated, biofilm and EPS-coated porous
media
B) Transport of EPS-coated HNP (HNP 5:1, HNP 2:1, HNP 1:5) in uncoated,
biofilm and EPS-coated porous media
C) Remobilization of HNP in uncoated porous media with EPS
2.1 Transport experiments: Closed flow column system
Closed flow column systems described by Totsche (2001) and Ritschel and Totsche
(2016a) were used to study the transport of nanoparticles. Three different porous
media namely, 1: Uncoated 2: EPS-coated 3: Biofilm-coated were studied in
duplicated for the transport of four different HNP 1: Uncoated, 2: EPS-coated 1:5, 3:
EPS-coated 2:1 and 4: EPS-coated 5:1. Thus, total 24 columns were set up.
2.2 Column set up: Closed flow column system
The working of a closed flow column involves transport of the solute from the mixing
vessel through the column against the gravity. In the close flow mode, the column
effluent is redirected into the column via the mixing vessel. The solute in the mixing
vessel is continuously monitored until an equilibrium concentration is achieved. Thus,
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only the mobile fraction of the solute can be exhaustively determined. Also, this type
of column experiments allows a full establishment of equilibrium, while at the same
time conserving the total mass of the system and minimizing experimental artifacts
(Ritschel & Totsche, 2016a, 2016b; Totsche, 2001).

3-way valve
Glass column
with
porous media
Mixing
vessel

Waste
collector

Figure 2.1 Closed flow column setup

The detailed column set up is given in Figure 2.1. Glass columns (L=0.01 m,
I.D.=0.04 m,) with stainless steel capping at the two ends were connected to the
mixing vessel (DURAN® Laboratory Bottle, with GL 45 thread, Duran, Germany)
with Pharmed ®-tubes (Ismatec, Germany). Flow was driven vertically against
gravity by a peristaltic pump (Ismatec Reglo Digital MS-2/12, Germany). An
additional waste collector was added to collect the waste solutions for washing off
solutions after the tracer study or after coating with biofilm. The flow of the solution
could be diverted to the waste collector using a 3-way valve. The entire setup was
sterilized by autoclaving and assembled under a clean bench to ensure sterility
(Figure 2.2).
Glass beads (∅= 2.5 mm) (Borosilicate SiLibeads, SiLi GmbH, Germany) were used
as the porous media. The bulk density and porosity of the porous medium was 1.35
and 0.48 g/cm3, respectively. The glass beads were sterilized by autoclaving prior
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packing into the columns. All the columns were placed under a clean bench during the
entire period of the experiments. The columns were saturated with deionized water at
flow rate of 0.5 PV/day.

    
  
   



  

    

Figure 2.2 Closed flow columns under a clean bench

2.3 Coating of porous media with biofilm and EPS
Three different porous media were studied 1. Uncoated glass beads 2. Biofilm-coated
glass beads 3. EPS-coated glass beads, for the transport of HNP. The Bacillus subtilis
168 (DSM 402) bacterial culture was grown and maintained on sterile LB (VWR,
USA) agar slants. To maintain the osmotic pressure for the bacteria and EPS, all the
columns were conditioned by equilibrating with 10mM NaCl before coating with
biofilms or EPS. Uncoated glass beads columns were also conditioned with 10 mM
NaCl to maintain similar condition.
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2.3.1 Biofilm coating on the porous media
The biofilm and EPS coating on the porous media was done as reported in literature
(Lerner et al., 2012; Tong et al., 2010; Tripathi et al., 2012). A single colony of 16 h
old Bacillus subtilis 168 (DSM 402) culture was inoculated into a diluted LB broth (4
g/l) and incubated for 16 h at 150 rpm. This preculture (1 ml) was later inoculated into
100 ml diluted LB broth (4 g/l), which was fed to columns for two days at a flow rate
of 1 PV/day (Lerner et al., 2012; Tripathi et al., 2012). The flow direction was
switched between upward flow and downward flow every 8 h to ensure equal
distribution of biofilm at both ends of the column (Tong et al., 2010). After the
biofilm formation, unattached cells, residual media, and EPS were removed by
flushing sterile 10 mM NaCl through the columns at a flow rate of 3 PV/day. This
was continued until a steady value of cells and dissolved organic carbon (DOC) was
reached in the outflow solutions. The viable bacteria were measured using plating
technique, and DOC was measured using a DOC/TOC analyzer (Analytic Jena multi
N/C 2100s, Germany).
2.3.2 EPS coating on the porous media
For EPS-coated columns, the porous media was coated by the same procedure as
biofilm coating. Columns equilibrated with 10 mM NaCl were coated with 100 mg/l
EPS. After the coating procedure, sterile 10 mM NaCl was flushed through the
columns to remove unattached residual EPS till constant values of dissolved organic
carbon (DOC) was reached in the outflow. DOC was measured using DOC/TOC
analyzer (Analytic Jena multi N/C 2100s, Germany). The mixing vessel was
monitored for bacterial cells and contamination in all the columns, using plating
techniques.
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2.4 Characterization of the porous media: coated and uncoated
New columns were set up, and the beads were coated by the same procedure as
described above. Beads were then harvested for characterization of the porous media.
2.4.1 Measurement of surface charge
The streaming potential of the glass beads (uncoated, biofilm and EPS-coated) was
measured using an Electrokinetic Analyzer (Anton Paar, Austria) (Tripathi et al.,
2012). When an electrolyte is passed through a charged porous media under a
pressure gradient, a streaming potential is generated. The streaming potential is used
to measure the surface charge of larger particles.
Coated and uncoated glass beads were packed into the measuring cell and the
streaming potential was measured at 1mM NaCl. The streaming potential is
determined by measuring the current developed by passing an electrolyte solution
over the charged surface at different pressures. The electrolyte disturbs the
distribution of ions near the surface of the charged surface generating a potential
difference (Abaza, 1966). Due to the large size of the glass beads, high bulk porosity
and low the flow resistance, sufficient pressure difference could not be attained. Thus,
the values measured were lower than expected. Hence, the results were reconfirmed
using glass plates made from the same material (borosilicate). The glass plates were
coated with biofilm and EPS and analyzed for the streaming potential. Possible loss of
coating due to measurement procedure was also monitored by continuous analysis of
total organic carbon (TOC/DOC analyzer, Analytic Jena multi N/C 2100s. Germany).
2.4.2 Visualization of the coatings
The biofilms on the glass beads were visualized using confocal laser scanning
microscopy (CLSM) (Zeiss LSM 510 META, Germany), and scanning electron
microscopy (SEM) (ultra plus field emission scanning electron microscopy, Zeiss,
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Germany). Around 10 beads from each of the three different sections of the columns
(top 3 cm, middle 4 cm, and bottom 3cm) were harvested and analyzed for the
coatings.
For SEM imaging, the glass beads were fixed on the SEM holders coated with double
sided tape and allowed to dry overnight. For CLSM imaging, Chamber slides
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(Lab- Tek, USA) slide boxes were used. The samples were placed in the chambers
and fixed with 2.5% (v/v) formaldehyde (Sigma-Aldrich, USA) and stained
simultaneously with 1 mg/l ethidium bromide (Sigma-Aldrich, USA) and 75 mg/l
calcofluor white (Sigma-Aldrich, USA) for 20 min (Shih & Huang, 2002). The
samples were then immersed in saline and observed using CLSM. The bacterial cells
were viewed using 514 nm laser to excite ethidium bromide giving red fluorescence,
and the EPS was visualized using 405 nm laser exciting calcofluor white emitting
blue fluorescence.
2.4.3 Measurement of the coating thickness
The distribution of the biofilm in the column was determined by measuring the
thickness of the biofilm and EPS layers in the three different sections (top, middle and
bottom) of the columns using the gravimetric method as described by Staudt et al.
(2004). New columns were set up, and the glass beads were coated in the same
manner as in the main experiment. After the coating procedure, columns were
completely drained of any liquid. The glass beads from the three different sections
(bottom: 0-3cm, middle: 3-7cm. top: 7-10cm) were harvested and measured for the
wet mass mWF. The sections were then dried at 40ºC for 12 h to dry and preserve the
organic matter coating and measured for its dry mass md. The beads were then washed
to remove the organic coatings and dried at 800 ºC to combust the remaining organic
matter and mass of the beads was measured again (mo). The difference in the weight
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of the beads gives the dry weight of the biomass mDF (md - mo). The distribution of
the biofilm mass was estimated from the dry weight of the biomass.
The biofilm thickness was calculated with
 =



  

(2-19)

here  is the density of wet biofilm (approx. 1 g/cm3 ) (Staudt et al., 2004) and AF
is the surface area of the glass beads.
2.5 Transport experiment: Conservative tracer study
Conservative tracer studies were done before and after coating the glass beads to
estimate the effect of the coatings on the transport and the changes in the porosity of
the columns. Conservative tracer bromide was used since chloride (most commonly
used) was already present in the system (Levy & Chambers, 1987). A 100 ml of 10
mM NaBr (pH 7) was flowing through the columns at the flow rate of 3 PV/day. The
samples were taken after 3, 15, 30 and 60 PV. The concentration of bromide was
measured with ion chromatography (Thermo Scientific™, Dionex™, USA).
2.6 Transport of uncoated and coated HNP
All the columns were flushed with sterile 10 mM NaCl to remove traces of bromide
(from tracer studied) in the column system. The transport of uncoated, and EPScoated (HNP 1:5, HNP 2:1 and HNP 5:1) (100ml, pH 7) nanoparticles was carried out
at a flow rate of 3 PV/day. Samples were collected after 3,15, 30, 60 PV and analyzed
for the iron concentration, pH, EC, hydrodynamic diameter and zeta potential. The
characteristic reddish orange color of hematite was used for visual observations of the
transport studies.
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2.7 EPS remobilization study
The effect of EPS on remobilization of HNP was investigated using uncoated porous
media columns from the previous transport experiments with uncoated hematite
depositions. EPS solution (100 mg/l) and sterile water (for control columns) was fed
to the columns at a flow rate of 3 PV/day. The samples were collected from the inflow
vessel after 3, 15, 30 PV and measured for the hematite concentration.
2.8 Porous media contact efficiency
The transport data from these experiments are described using the colloidal filtration
(CFT) theory (Tufenkji & Elimelech, 2004) with corrections for the closed flow
transport regime. It calculates the attachment efficiency of the porous media and the
single collector contact efficiency.
The attachment efficiency (α) is the fraction of collisions between the particles and
porous media that result in the attachment.







   


(2-20)

Here dc is the average diameter of the porous media, f is the porosity, L is the length
of the column, C/Ci is the ratio of the concentration of nanoparticles in the column at
the end of the transport experiment to the concentration of nanoparticles expected
after imminent dilution due to the water of saturation in the columns and ηo is the
theoretical single collector contact efficiency developed by Tufenkji and Elimelech
(2004). All the parameters used for the calculation of attachment efficiency and the
single collector contact efficiency is given in Table 2.2.
The actual single collector removal efficiency (η), which is generally lower than the
single collector contact efficiency (ηo), is given by
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Moreover, the particle deposition rate coefficient kd is given by
 

 

  

(2-22)

Here U is the approach velocity of the medium.
The single collector contact efficiency (ηo) is calculated by
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Table 2.2 Parameters used for the calculation of attachment efficiency and the single collector
contact efficiency
Parameter
Porosity (f)
Diameter of porous media (dc)

Values
0.4897
0.0025 m

Diameter of particles (dp)

1.81E-07 m

Length of the column (L)

0.1 m

Fluid approach velocity (U)

1.0865E-06 m/s

Boltzmann constant (kB)

1.3806488E-23 m2 kg s-2 K-1

Absolute temperature (T)

298 K

Hamaker constant (glass)A132
Hamaker constant (biofilm and EPS)

1.93E-20
3.31E-21 J

A132
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Particle density ( )

2400 kg/m3

Fluid density ( )

1000 kg/m3

3 Results and Discussion
Section 1. Synthesis and characterization of Hematite nanoparticles and EPS
from Bacillus subtilis
3.1 Properties of Hematite nanoparticles
3.1.1 Structural and Morphological Properties
The XRD diffractogram and the FTIR spectra of synthesized hematite show all
necessary features of well crystalline hematite (Figure 3.1 A). No reflexes except for
those produced by hematite were seen in the sample. FTIR is a rapid method of
identification of hematite and can detect traces (1-2%) of goethite in the sample of
hematite. No such goethite impurity was found in the synthesized HNP.
The size and the distribution of the HNP was measured using SEM images showed
small aggregates (100-150 nm) of HNP with individual particle sizes ranging from
10-20 nm. However, aggregates can be formed during sample preparation step
(drying) for SEM.
3.1.2 Colloidal properties
HNP were colloidally stable with a zeta potential of +55 ± 6 mV and a hydrodynamic
diameter of 171 ± 70 nm at pH of 5.2. Absolute zeta potential larger than 20 mV
indicate colloidally stable nanoparticles (Hanaor et al., 2012). DLS and SEM
observation together points to presence of colloidally stable HNP aggregates. The
hydrodynamic diameter of the HNP is far more than the size of the nanoparticles seen
with SEM (10-20 nm). Many researchers have shown a small increase (20-40 nm) in
the hydrodynamic diameter compared to the observed size under electron microscope
(Bootz et al., 2004; Lim et al., 2013). The hydrodynamic diameter is expected to be
greater than the size measured by SEM due to the difference in the measurement
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Figure 3.1 Characteristics of synthesized HNP A. X-ray diffraction of synthesized HNP compared
with reference hematite (Maslen et al., 1994) (The American Mineralogist Crystal Structure
Database) (Downs & Hall-Wallace, 2003) B. FTIR spectra of synthesized HNP C. SEM image of
uncoated HNP (The red arrows point to 10-20 nm HNP with larger aggregates)

techniques (Fissan et al., 2014). DLS is an intensity-based observation. It measures
solvent molecule layer attached to the outside of the nanoparticle and coatings if any,
whereas, SEM is number-based observation. However, the amount of light scattered
by a single particle is proportional to the sixth power of its radius (volume square)
(Fissan et al., 2014). Thus, the hydrodynamic diameter is also weighted by volume
square. Furthermore, DLS measurements cannot distinguish between different sized
particles and smaller sizes are screened out in presence of larger particles (Fissan et
al., 2014). Thus, the large difference observed individual particles size in SEM and
hydrodynamic diameter could be attributed to presence of colloidally stable
aggregates.
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3.2 Characterization of EPS
About 0.35 mg/L of media (dry weight) soluble fraction of EPS was isolated. The
total carbon and nitrogen content estimated was 383.7 ±1.45 mg/g carbon and 45.3
±1.64 mg/g nitrogen. The concentration of carbohydrates (657 ± 32.52 mg/l) was
higher than the protein content (170 ±18.87 mg/l) in the isolated EPS.
The FTIR spectra shows the presence of nucleic acids (1300 to 900 cm-1) and lipids
(2930 and 2860 cm-1) along with proteins and polysaccharides (Figure 3.2) (Jiao et

Normalized intensity (Arbitary units)

al., 2010).

Lipids

polysaccharides
and nucleic acids

(2930 and 2860 cm-1)

(1300 to 900 cm-1)

Proteins

(1700 to 1500 cm-1)

Bacillus subtilis EPS
4000

3000

2000

1000

Wave number (cm-1)

Figure 3.2 FTIR spectrum of isolated EPS showing presence of proteins, carbohydrate, lipids and
nucleic acids (red arrows indicate the lipids, proteins, polysaccharides and nucleic acid spectra).

Section 2. Colloidal stability and aggregation kinetics of HNP coated with EPS
3.1 Concentration of EPS sorbed on the hematite nanoparticles
Hematite nanoparticles could not be separated from the solution by centrifugation.
Some hematite particles were still found in the supernatant despite high-speed
centrifugation (Table 3.1). Colloidally stable HNP 5:1 and HNP 2:1 have many
particles in the supernatant in comparison to colloidally unstable HNP 1:5. Hence we
could not precisely determine the concentration of EPS sorbed on the HNP.
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However, a general increase in the concentration of EPS present on the surface is seen
with increasing loadings of EPS. Table 3.1 gives concentration of EPS sorbed on
HNP. Other methods of separation such as aggregation of HNP using high
concentration of salts was not used since salts can also precipitated colloidal EPS
molecules. Also, we cannot rule out the interference of free EPS in the stability of
HNP. But, we can relate it to environmental conditions where free EPS will be the
medium along with the nanoparticles.
Table 3.1 Amount of EPS sorbed on HNP

EPS:

Carbon concentrations

Iron concentrations

HNP

(mg/l)

(mg/l)

suspension

Supernatant

Precipitate

Supernatant

HNP 5:1

356.33

103.40

20.63

HNP 2:1

112.62

70.41

6.29

HNP 1:5

53.72

50.21

1.89

3.2 Effect of EPS on the isoelectric point of HNP
The zeta potential of uncoated HNP decreased from positive value (+55 mV) to
negative value (-46 mV) with an increase in pH from 1 to 14. The isoelectric point of
the nanoparticles is the pH at which the nanoparticles have a net zero charge and are
colloidally unstable with a large aggregate size. However, the isoelectric charge
depends on the method of synthesis of particles and the size of particles
(Suttiponparnit et al., 2011). The isoelectric point (pHiep) for uncoated HNP was at pH
9.8. The experimentally determined pHiep for HNP agrees with the pHiep described in
the literature (pH 8-10) (Mączka & Kosmulski, 2014; Plaza et al., 2002).
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The influence of EPS on the zeta potential of HNP as a function of pH is shown in
Figure 3.3. In the presence of EPS, the entire zeta potential curve shifts in the
negative range, resulting in decrease in pHiep. The shift in the zeta potential of HNP
60
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Figure 3.3 Shift in zeta potential of HNP with increasing EPS loading as a function of pH (red
arrows indicate the isoelectric point of coated and uncoated HNP)

1:5 at different pH was not be measured since they were aggregated in large chunks at
the beginning of the experiment. Thus, the pHiep was considered as the pH at which
the mixture was prepared i.e. pH 6.5. The pHiep of HNP 2:1 and HNP 5:1 is around
pH 3.5 and pH 2.3 respectively (Table 3.2, Figure 3.3).
EPS are a mixture of positive and negative charged macromolecules with a net
negative charge (ZP: -39mV ±14 mV, pH 7) and exhibits strong affinity to iron oxides
(Cao et al., 2011),Wang et al. (2012) have reported the pHiep of EPS from Bacillus
megatherium TF10 to be around pH 4. The shift in the zeta potential curve and the
decrease in pHiep with increasing EPS concentrations indicate presence of EPS on the
surface of HNP. Werner et al. (1992) and Pena et al. (2006) have explained the shift
in pHiep with the formation of inner-sphere surface complexes (direct bonding to
surface) between the adsorbate and surface of the nanoparticles which can change the
surface charge. On the other hand, outer sphere complexes (aqua-ion surrounded by
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water molecules and held to the surface of the sorbent by electrostatic attraction) are
formed with no chemical reactions between the adsorbent and surface of the
nanoparticles. Hence there should be no change in the surface charge of the
nanoparticles (Fang et al., 2012). Considering the strong shift in pHiep, we conclude
that EPS forms negatively charged inner sphere complexes modifying the surface
properties of HNP.
3.3 Colloidal stability of EPS-coated HNP
No significant change was observed in the size of HNP 5:1 (217 nm) and HNP 2:1
(204 nm) in comparison to uncoated HNP (210 nm) (Table 3.2). However, HNP 1:5
exhibited a very large size which could not be measured effectively by DLS
measurements. The particles in HNP 1:5 were aggregated at the bottom of the
medium, whereas, in the case of HNP 5:1 and HNP 2:1, the particles were suspended
in the medium (Table 3.2).
As mentioned above, zeta potential also decreased with increasing EPS concentrations
shifting from positive to negative potential (Table 3.2). The absolute zeta potential
values higher than 20 mV indicate colloidally stable solutions (Hanaor et al., 2012;
Hunter, 1981a). Thus at neutral pH (experimental pH), HNP uncoated, HNP 5:1 and
HNP 2:1 were colloidally stable while HNP 1:5 was colloidally unstable and
completely aggregated which could also be visually observed.
The negatively charged EPS balances the positively charged hematite particles thus
reducing the zeta potential. At low concentrations (HNP 1:5), the amount of EPS are
just enough to neutralize the positively charged functional groups of HNP by electrostatic attraction resulting in net neutral surface charge causing aggregation of
particles. While at high concentration (HNP 2:1 and HNP 5:1), the EPS functional
groups can neutralize more positive charges on hematite surfaces and the excess
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Table 3.2 Colloidal properties of uncoated and coated HNP
Colloidal properties

HNP

HNP 1:5

HNP 2:1

HNP 5:1

Size (DLS) [nm]

210±70

-#

204 ± 86

217 ± 47

Zeta potential [mV]

+35 ± 7

+4 ± 8

-26 ± 7

-33 ± 6

pH of solution

6.9

7.3

7.3

7.2

Isoelectric point

9-10

6-7

1-3

1-3

95

0

196

250

30

0

4.6

1.9

Critical coagulation
concentration (CCC) [mM
NaCl]
Critical coagulation
concentration (CCC) [mM
CaCl2]
Visual observation

# Aggregating particles cannot be measured using DLS

results in net negative surface charge causing colloidal stability. A similar decrease in
ZP values of magnetite was observed with increasing concentrations of humic acid
and dissolved organic matter. It was attributed to an increased screening of positive
charges on HNP by humic acid with negatively charged functional groups (Hu et al.,
2010; Illes & Tombacz, 2006).
3.4 Effect of EPS on aggregation Kinetics of HNP
3.4.1 Aggregation with NaCl
With increasing concentration of NaCl, uncoated HNP, coated HNP 2:1 and HNP 5:1
showed an increase in the hydrodynamic diameter with time (Figure 3.4). Coated
HNP- 1:5 were unstable and aggregated soon after formation, hence were not
included in these measurements.
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Figure 3.4 Aggregation profiles of A) HNP 5:1 B) HNP 2:1 C) HNP with different NaCl
concentrations.

The two aggregation regimes i.e. the slow, reaction limited (RLA) and the fast
diffusion limited aggregation (DLA) were observed at different salt concentrations for
all the three HNP suspensions. In the RLA regime, the electrolyte concentration is not
enough to screen the surface charge, while in DLA regime the electrolyte
concentration is high enough to screen the surface charge on the particles, thus
eliminating the kinetic energy barrier, leading to fast aggregation (K. L. Chen &
Elimelech, 2007; Di Marco et al., 2007; He et al., 2008). Uncoated HNP particles
exhibit a slow aggregation up to 40 mM NaCl concentration, whereas coated HNP 5:1
and 2:1 showed slow aggregation up to 200 mM NaCl. The fast aggregation was
observed above 100 mM NaCl for uncoated particles, but the coated particles 5:1 and
2:1 showed fast aggregation only above 400 mM NaCl.
The energy at which the kinetic energy barrier disappears, and aggregation sets in, is
defined as the critical coagulation concentration (CCC). With increasing electrolyte
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Figure 3.5 Stability ratio W as a function of NaCl concentration for coated and uncoated HNP
(Red arrows indicate the CCC).

concentration, the stability ratio W decreases as the electrolyte concentration
increases until CCC is reached. After this point, increasing salt concentration has no
effect on the stability ratio (Figure 3.5). The CCC was determined from the graph of
the stability ratio W versus electrolyte concentration (stability ratio graph). This graph
typically displays two linear regions, a steep part for low electrolyte concentrations
with dominant RLA regime and an almost horizontal part for higher electrolyte
concentrations with dominant DLA regime. The point of intersection of the two
regions is taken as the CCC (K. L. Chen & Elimelech, 2007; He et al., 2008). From
Figure 3.5, the CCCs were determined to be 95 mM NaCl for HNP-uncoated, 250
mM NaCl for HNP-5:1, and 196 mM NaCl for HNP-2:1. Our results agree with the
CCC values reported in literature for uncoated HNP (Amal et al., 1992; He et al.,
2008; Mylon et al., 2004).
The increase in the CCC of the HNP on coating with EPS demonstrates the stabilizing
effect of EPS on HNP due to the formation of more complete EPS coating on the
HNP. The stronger inter-particle repulsion in HNP 5:1 and HNP 2:1 may be due to
steric forces and electrostatic repulsion (Di Marco et al., 2007; Hu et al., 2010). When
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the double layer electrostatic charges on the hematite and EPS polymers are screened
by the cations, the polymer reduces the available volume for particle interaction,
resulting into repulsive steric forces, stabilizing the attractive forces (Di Marco et al.,
2007). Similar trends were observed for humic acid coatings on fullerene
nanoparticles (K. L. Chen & Elimelech, 2007) and on magnetite nanoparticles (Hu et
al., 2010) which were attributed to steric and electrostatic forces playing an important
role in colloidal stabilization.
3.4.2 Aggregation kinetics with CaCl2
Aggregation of coated and uncoated HNP with increasing concentrations of CaCl2
was in general much faster than compared to NaCl. For HNP-uncoated particles, slow
aggregation was observed up to 20 mM CaCl2 (Figure 3.6), and fast aggregation was
seen from 40 mM CaCl2. However, for coated HNP-5:1 and HNP-2:1, fast
aggregation was observed at very low concentrations of CaCl2 (1.5 mM).
The CCC values also showed an opposite pattern in comparison to that shown by
NaCl (HNP>HNP 2:1>HNP 5:1). For the uncoated HNP the CCC was 30 mM CaCl2
and coated HNP 2:1 was 4.6 mM CaCl2 and for HNP 5:1 was 1.9 mM CaCl2. A
slightly higher CCC of HNP 2:1 (with low EPS content) as compared to HNP 5:1
points towards an aggregation mechanism involving EPS (Huynh & Chen, 2011).
Divalent ions such as calcium are known to bridge negatively charged groups of EPS
and bring about flocculation (Bitton, 2010). Consequently, a drastic decrease in the
CCC in presence of Ca2+ is due to formation of calcium bridges between the EPS
molecules. Thus, HNP 5:1 with the highest concentration of EPS has the least CCC.
Decrease in CCC due to formation of Ca bridges has also been reported for humic
substances (Amirbahman & Olson, 1995; K. L. Chen & Elimelech, 2007;
Kretzschmar & Sticher, 1997) and alginate polymers (Abe et al., 2011; K. L. Chen &
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Figure 3.6 Aggregation profiles of A) HNP 5:1 B) HNP 2:1 C) HNP with different CaCl2
concentrations.

Elimelech, 2006), fulvic acids (Abe et al., 2011; Amal et al., 1992) and
polysaccharides (Labille et al., 2005).
3.5 Evaluation of interactions between the particles
The reconstructed W values using the DLVO model matched the experimental data
(Supporting information, section no. S.9). The only parameter subjected to fitting was
the Hamaker constant. However, not all data points were within the calculated range
of model uncertainty. This can either be caused by the uncertainty in measured
parameters, (especially the zeta potential might not represent ψd properly) or
electrostatic and van der Waals forces are not enough to cannot explain the
interactions between the particles. Many researchers have observed discrepancies
with the DLVO prediction for organic coatings and have used the EDLVO to explain
their results (K. Li & Chen, 2012; Romero-Cano et al., 2001). Hence, to increase the
goodness of fit, we added different equations for interactions like acid/base and steric
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interactions to the DLVO equation. Acid-base interactions have been successfully
used to describe colloidal aggregation with natural organic matter (Hu et al., 2010; K.
Li & Chen, 2012). Since it is not possible to individually measure certain parameters,
parameter fitting was carried out for Hamaker constant and the Gibbs free energy of
acid/base interaction. However, no increase in the quality of the fit could be achieved,
since the effect of acid/base interactions on the shape of the log W vs. log
concentration curve is identical to the effect caused by the changes in the Hamaker
constant. Therefore, since none of these parameters can be measured adequately, the
addition of acid/base interactions can only provide a strong parameter correlation
between the Hamaker constant and the Gibbs free energy of acid/base interaction.
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Figure 3.7 Stability ratio as a function of electrolyte concentration (CaCl2) for uncoated and coated
HNP (the red arrow indicate the CCC)

An analogous situation was encountered when using steric interactions in place of
acid-base interactions. The values for Hamaker constant, the volume fraction of the
EPS within the brush layer (ϕ2) and the thickness of the brush layer (δ) were fitted.
However, no increase in the goodness of fit could be achieved due to a strong
correlation between the Hamaker constant and the parameters needed to represent
steric interaction. Although the presence of steric interaction/ acid base interactions is
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plausible from a physical point of view, the addition of further process models to the
basic DLVO did not provide an increase in the goodness of fit and, therefore, renders
unnecessary from a mathematical point of view. If these processes are present in the
experimental data, they could not be identified properly using the EDLVO model due
to severe parameter correlation.

A thorough and precise determination of the

Hamaker constant and the zeta potential would be needed to inversely fit parameters
from the E-DVLO in a meaningful way. However due to the complexity of EPS
samples and extremely small size of the nanoparticles it was not possible to do so.
Section 3. Closed-flow column transport experiments
3.1 Characterization of uncoated, biofilm-coated and EPS-coated porous media
3.1.1 Visualization of biofilm and EPS coating
SEM and CLSM combined with fluorescent staining were used to visualize the
coatings on the porous media (Figure 3.8). The fluorescent dye ethidium bromide
binds the DNA of bacteria and emits red light while calcofluor white binds the
carbohydrates in the EPS and emits blue light. Thus, it was possible to differentiated
between bacteria and EPS in the coatings on the porous media.
However, it was not possible to view the entire surface of the porous media at a
magnification of 10x/ 40x due to the large size of the beads. Hence, 20 beads from
each coating were analyzed for different surfaces. For CLSM, Z-stack images were
made to observe the coated surfaces. The uncoated porous media was also observed
for reference. Uniform coatings were observed on both biofilm and EPS-coated
porous media (Figure 3.8 B,C,E,F). Also, bacteria were not observed in EPS-coated
porous media.
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Figure 3.8 Coatings on the glass beads. A, B, C: CLSM image of uncoated glass bead, biofilmcoated glass bead and EPS-coated glass bead respectively. D, E, F: SEM image of uncoated glass
bead, biofilm-coated glass bead and EPS-coated glass bead respectively.
(Red arrows indicate bacteria and blue arrows indicate EPS)

3.1.2 Thickness of the biofilm and EPS coating
Since CLSM visualized only a small area, the thickness of the coatings was indirectly
measured by gravimetric analysis. The average thickness of the biofilm (22.7 ± 2.2
μm) was twice as large as EPS (12.3 ± 0.9 μm). The thickness of the coatings was
uniform throughout the columns (Figure 3.9) with a slightly greater thickness of the
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Figure 3.9 Thickness of the biofilm and EPS layers on the glass beads determined by gravimetric
analysis
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biofilm at the inflow end. This increase can be attributed to several reasons such as
straining or physiochemical filtration, or higher availability of nutrients at the column
influent (Tripathi et al., 2012). The distribution of the biofilms and EPS in the
different layers was also equal. Gravimetric experiments along with CLSM and SEM
confirmed the presence of a uniform layer of biofilms and EPS on the porous media.
3.1.3 Surface charge of uncoated, biofilm-coated and EPS-coated porous media
All the three surfaces tested have a net negative surface charge in the experimental pH
range (pH~7). EPS and biofilm coating result in a decrease in the streaming potential
of the porous media over a pH range 2-12 (Figure 3.10 B). The isoelectric point of the
glass beads also changes on coating with EPS and biofilm. This shift in the surface
charge is due to the modification of the functional group on the surface of the glass
beads. EPS contains weakly acidic functional groups like carboxyl, phosphoryl, and
hydroxyl that will cause a weakly acidic surface potential (Wang et al., 2012).
Furthermore, the biofilm and EPS-coated surfaces exhibit similar surface charge,
suggesting analogous surface moieties or charged functional groups. Some prior
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Figure 3.10 A. Streaming potential of coated and uncoated glass slides B. Streaming potential of
coated and uncoated glass beads (red arrows indicate the isoelectric point for the coated and uncoated
glass beads)

studies also show a decrease in the streaming potential of a surface after coating with
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biofilms (Z. Li et al., 2013; Tripathi et al., 2012; Truesdail et al., 1998). This change
in the surface potential by EPS/biofilm coating may have implications on the sorption
of the nanoparticles (Tripathi et al., 2012).

Table 3.3 Isoelectric point of the glass bead with different surface coatings
Surface

Isoelectric point (pH)

Uncoated glass beads

2.5

EPS-coated glass beads

3.5

Biofilm-coated glass beads

3.9

However, the absolute streaming potential for borosilicate glass is far too large
than the literature value of around -40 mV at pH 7 (Hunter, 1981a; Lameiras et al.,
2008). As already explained in the method section, this is due to the large size of the
glass beads which results in a decrease in the pressure difference achieved between
the two electrodes during the measurement. To circumvent these artifacts, we
conducted an analog experiment with borosilicate glass slides with similar coatings. A
comparable trend of the streaming potential was observed (Uncoated > EPS-coated ≥
biofilm-coated) (Figure 3.10 A).
Table 3.4 Carbon content (mg C/l) of the electrolyte after streaming potential measurements (HCl and
NaOH were used to adjust the pH of the solution)
Sample

After HCl

After NaOH

Glass

-

6.5

EPS-coated glass beads

-

6.6

1.0

5.5

Biofilm-coated glass
beads

To ensure the stability of the coatings during the measurement procedure, DOC of the
solution passed through the beads was measured after the experiment. There were no
significant differences in carbon content (Table 3.4). The increase in the DOC content
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after alkaline titration is caused by the high carbon content of the added base at the
start of the experiment.
3.2 Concentration of organic matter and microbial cells released from the
biofilm and EPS-coated columns
The release of
bacteria and organic components from the EPS and biofilm-coated porous media was
monitored over time. The total number of viable bacteria and the DOC in the effluent
is given in the Table 3.5. Both, bacteria and released organic substances form the
biofilm and EPS may serve as mobile bio-colloids and organic colloids respectively.
Once released, they are subject to interactions with the HNP.
3.3 Transport of conservative tracer
In closed flow columns, a typical breakthrough in the mixing vessel consists of
oscillations (a continuous increase and decrease) in the concentration of the solute,
Table 3.5 Total concentration of bacteria and EPS resealed from coated porous media
Biofilm-coated porous media
HNP

Total bacterial count

suspension

CFU/ml

EPS-coated porous media

DOC

DOC

Colony forming units/ml

mg/L

mg/L

HNP 5:1

4.9 X 107

11.93 ± 2.1

19.96 ±0.8

HNP 2:1

9.6 X 107

12.56 ±0.6

27.9 ±2.03

HNP 1:5

6.55 X 108

15.7 ± 3.3

25.6 ±7.9

HNP

3.6 X 107

10.6 ±1.6

29.7± 4.1

which finally stabilizes at equilibrium stage (Figure 3.11). This is due to flow of the
solute through the column until the dispersion, diffusion and mixing leads to a stable
concentration in the mixing vessel (Ritschel & Totsche, 2016a). The mobility of the
solute can be interpreted by comparing the concentration of the solute in the mixing
vessel with the volumetric dilution at equilibrium. The volumetric dilution line
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(Figure 3.12) depicts the expected decrease in the concentration of the solution due to
water-filled pore space present in the columns (Ritschel & Totsche, 2016a).
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Figure 3.11 A typical breakthrough curve obtained by simulations (Ritschel & Totsche,
2016a)

The transport of the non-reactive tracer bromide showed no significant difference
between the coated and the uncoated porous media at the equilibrium state (60 PV)
(Figure 3.12). The decrease in the bromide concentration at equilibrium was in the
range of volumetric dilution, indicating non-reactive transport of bromide in both
coated and uncoated porous media. Also, no significant change was observed in the
final concentration of the conservative tracer at equilibrium (60 PV) in uncoated and
coated columns. Effects such as non-uniform flow or preferential flow due to
complete/ partial clogging by extensive growth of biofilm have been reported by
some researchers (Engesgaard et al., 2006; Kone et al., 2014; Taylor & Jaffe, 1990;
Wanner et al., 1995). Such effects were not observed in our experiments since
biofilms were grown only for two days, and no more growth media was provided.
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Section 3.3 A Transport of uncoated HNP in uncoated, biofilm and EPS-coated
porous media
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Figure 3.12 Transport of conservative tracer (Equilibrium state is highlighted with a box)

A significantly different mobility of HNP was observed in the three different porous
media tested (Figure 3.13). At the end of 60 PV, uncoated HNP were completely
retained in the uncoated columns, and no particles were seen in mixing vessel.
However, in coated columns the retention of HNP was comparatively weak as
qualitatively indicated by the weak staining of the porous media and the still strong
color in the mixing vessel. The pH of the system was constant at neutral pH and not
much change was observed in the electrical conductivity of the system (fluctuation of
10 µS/cm).
The change in the relative concentration of HNP in the mixing vessel over pore
volume is given in Figure 3.14. In uncoated columns, the concentration of HNP drops
drastically below the volumetric dilution and reaches zero. Combining this
observation with the visual observation we can attribute the decrease in the HNP
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Figure 3.13 Visual observation of transport of HNP through uncoated, EPS-coated and biofilmcoated porous media at equilibrium (60 PV) A,B,C,: glass columns for uncoated, EPS-coated
and biofilm-coated porous media respectively. D,E,F: mixing vessel for uncoated, EPS-coated
and biofilm-coated porous media respectively)

concentration to an attachment of HNP to the surface of the glass beads. In the case of
EPS and biofilm-coated columns, the concentration of the HNP drops below the
volumetric dilution but does not reach zero. Therefore, a fraction of HNPs are mobile
in biofilm and EPS-coated porous media at equilibrium.
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Figure 3.14 Transport of uncoated HNP through uncoated, EPS-coated and Biofilm-coated
porous media

3.1 Colloidal stability during transport
Colloidal properties the nanoparticles before and after the transport experiments are
given in Table 3.6. The zeta potential values of the HNP suspension after passing
through EPS or biofilm-coated porous media indicate colloidal stable HNP (|ZP|> 20
mV; (Hanaor et al., 2012; Hunter, 1981b)) with a net negative zeta potential. The
charge reversal of the HNP from positive to negative suggests a possible coating of
the HNP with organic matter released from biofilms (Abudalo et al., 2010; Chekli et
al., 2013; Zhuang & Yu, 2002) forming organo-mineral colloids. A steady amount of
organic colloids are released from the coating of the porous media over time (Table

Table 3.6 Colloidal stability of HNP before and after transport in uncoated, EPS-coated and
Biofilm-coated porous media
Porous media ->

Hydrodynamic diameter

Uncoated

EPS-coated

Biofilm-coated

0 PV

60 PV

0 PV

60 PV

0 PV

60 PV

210 ± 70

-#

210 ± 70

443±120

210 ± 70

372± 572

+35 ± 7

-#

+35 ± 7

-19± 14

+35 ± 7

-23± 16

(nm)
Zeta potential (mV)

# no hematite particles were present in the solution. Hence measurements could not be done
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3.5). Once released, the organic matter can interact with uncoated HNP forming
colloidally stable organo-mineral colloids with a net negative zeta potential as
observed.
We also observed the charge reversal of HNP on coating with different concentration
of EPS in earlier section. Charge reversal on coating with an opposite charged
material is also reported in literature for, e.g., iron oxides coated with humic acids
(Chekli et al., 2013), coating of clay minerals (kaolinite, montmomorillinite and illite)
with iron oxides and organic matter (Zhuang & Yu, 2002).
3.2 Porous media attachment efficiency
The calculated single collector contact efficiency and the porous media attachment
efficiency are given in Table 3.7. The attachment efficiency of HNP to the glass beads
decreased on coating with EPS and biofilm. Hence low retention of HNP was

Table 3.7 Contact efficiency, removal efficiency, attachment efficiency and deposition efficiency
calculated for transport of uncoated HNP in uncoated, biofilm and EPS-coated porous media
Porous media

Alpha (α)

no

C/Co

kd

Uncoated

0.72

0.18

0.02

2.20E-05

EPS-coated

0.18

0.21

0.29

6.58E-06

Biofilm-coated

0.04

0.17

0.77

1.32E-06

observed on EPS and biofilm-coated porous media. The deposition coefficient kd also
points to higher deposition of uncoated hematite.
The calculated theoretical single collector contact efficiency (ηo) however contradicts
the observed results. The ηo calculated for EPS-coated porous media and is slightly
higher than the uncoated HNP suggesting a higher retention of coated HNP in the
EPS-coated porous media. The equations described by Tufenkji and Elimelech (2004)
for calculating the ηo does not take into account the surface charge of the particles and
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the collector surfaces. And in this case the surface charge of the particles changes
during transport. Hence, we cannot use the relative values of ηo for predicting the
difference between oppositely charged particles.
3.3 Mechanism of transport of HNP in uncoated, EPS-coated and biofilm-coated
porous media
The retention of the HNP in the uncoated columns can be due to strong sorption of the
HNP on the glass beads by electrostatic interactions between the positively charged
HNP and negatively charged silica (Schwertmann & Cornell, 2000) at the
experimental pH ~7. Other factors such as straining can be overruled due to extremely
small ratio of (7.2E-05) of particles size to collector size. Straining is considered a
feasible mechanism for retention of nanoparticles only when the size ratio is greater
than 0.05 (Bradford et al., 2003).
As shown by the streaming potential, the coated glass beads exhibit negative surface
potentials. The fraction of HNP mobile in the coated columns exhibit net negative
zeta potential. Moreover, the retention and attachment efficiency of the HNP to the
coated surfaces is rather small. These all results suggest electro-steric repulsion
between the HNP and the coated surfaces as observed by Mitzel and Tufenkji (2014).
Mitzel and Tufenkji (2014) reported a low attachment efficiency of biofilm-coated
surfaces for PVP stabilized silver nanoparticles, which was attributed to steric
repulsion between the nanoparticles and the coated surfaces.
A high fraction of HNP were mobile in biofilm-coated porous media in comparison to
EPS-coated porous media despite similar surface potential of both biofilm and EPScoated porous media. We explain this with the different thickness of the coatings as
established by the gravimetric analysis of the surface layer thickness. Also, the
density and the charge on EPS depend upon its local concentration and the number of
63

linkages between adjacent polymer chains (Ikuma et al., 2015) thus affecting its
reactive sites and consequently its attachment efficiency.
Section 3.3 B Transport of EPS-coated HNP (HNP 5:1, HNP 2:1, HNP 1:5) in
uncoated, biofilm and EPS-coated porous media
Transport of EPS-coated HNP through uncoated porous media

EPS-coated HNP (HNP 5:1, HNP 2:1, HNP 1:5) were flown through columns with
uncoated glass beads as porous media at neutral pH and electrical conductivity of 61
µS/cm. Significantly different mobility of the uncoated and coated HNP suspensions
were observed after exchange of 60 PV (Figure 3.15). HNP 5:1 and HNP 2:1 were
seen in the column as well as the mixing vessel. However, HNP 1:5 were aggregated
and sediment in the mixing vessel and no color of hematite was observed in the
columns. The transport of uncoated HNP is already explained in the section above
and is used for comparison in this section.

B

C

D

E

F

G

H

Mixing vessel

Transport column

A

Figure 3.15 Visual observation of transport of EPS-coated HNP through uncoated porous media at 60
PV (A,B,C,D: glass columns for HNP 5:1, HNP 2:1. HNP 1:5 and HNP respectively. E,F,G,H: mixing
vessel for HNP 5:1, HNP 2:1. HNP 1:5 and HNP respectively)
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The change in the relative concentration of the HNP in the supply vessel over pore
volume is given in (Figure 3.16). The concentration of HNP 5:1 and HNP 2:1
decreased below the volumetric dilution and stabilized at equilibrium. Thus, about
60% of particles (HNP 5:1 and HNP 2:1) were mobile in uncoated porous media.
However, decrease in the concentration of colloidally unstable HNP 1:5 is nearly
equal to the volumetric dilution. Also, visual observations show aggregates of
colloidally unstable coated 1:5 nanoparticles in the mixing vessel. Hence we conclude
that the decrease in the concentration is due to water of saturation from the columns
and the particles are immobile and aggregated in the mixing vessel.
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Figure 3.16 Transport of EPS-coated HNP through uncoated porous media columns

3.1 Colloidal stability of the nanoparticles during transport
Under saturated, conditions colloidal stability is an important factor determining the
mobility of the colloids (Mccarthy & Zachara, 1989). The hydrodynamic diameter
and zeta potential of the HNP suspensions before and after the transport experiments
are given in Table 3.8. As seen from the results, HNP 2:1 and HNP 5:1 retain their
colloidal stability after the transport experiments and HNP 1:5 are still colloidally
unstable (|ZP|< 20 mV).
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Table 3.8 Colloidal stability of EPS-coated HNP before and after transport experiments in uncoated
porous media
HNP

Hydrodynamic diameter (nm)

Zeta potential (mV)

suspensions

0 PV

60 PV

0 PV

60 PV

HNP 5:1

217 ± 47

134 ± 50

-33 ± 6

-29 ± 9

HNP 2:1

204 ± 86

256 ± 49

-26 ± 7

-31 ± 7

HNP 1:5

1552 ± 924

2584 ± 761

+4 ± 8

-10 ± 4

HNP

210 ± 70

#

+35 ± 7

#

# all the particles were retained in the column

3.2 Porous media attachment efficiency
The calculated single collector contact efficiency and the porous media attachment
efficiency are given in Table 3.9. The porous media attachment efficiency (α) of HNP
1:5 is higher than coated particles HNP 5:1 and HNP 2:1. Hence coated particles HNP
5:1 and 2:1 exhibited a lower retention in the uncoated porous media. The calculated
theoretical single collector contact efficiency (ηo) calculated for HNP 2:1 and HNP
5:1 is lower than HNP 1:5 suggesting a higher retention of HNP 1:5 in the porous
media. However, we cannot compare the single collector contact efficiency of
uncoated HNP with the coated HNP as explained in the earlier section (Page no 62)

Table 3.9 Contact efficiency, removal efficiency, attachment efficiency and deposition efficiency
for transport of EPS-coated HNP through uncoated porous media columns
HNP

Alpha (α)

ηo

C/Co

kd

HNP 5:1

0.11

0.23

0.45

4.28E-06

HNP 2:1

0.12

0.26

0.37

5.34E-06

HNP1:5

2.30E-05

13.08

0.99

4.91E-08

HNP

0.72

0.18

0.02

2.20E-05

suspensions

66

3.3 Mechanism of transport
Colloidally stable coated particles HNP 5:1 and HNP 2:1 are negatively charged at the
experimental pH (ZP: -33, -26 mV respectively). The decrease in retention of the
HNP 5:1 and HNP 2:1 in uncoated porous media is due to repulsion between
negatively charged nanoparticles and the porous media. In a comparative study, a
similar decrease in the deposition rate of humic acid coated HNP (Amirbahman &
Olson, 1995; Kretzschmar & Sticher, 1997) and negatively charged zinc-oxide
nanoparticles (Jiang et al., 2012) in negatively charged porous media is reported.
Transport of EPS-coated HNP through EPS-coated glass columns
The concentration of EPS-coated HNP 2:1 and HNP 5:1 decreased below the
volumetric line but did not reach zero (Figure 3.17). Thus a fraction of EPS-coated
HNP 2:1 and HNP 5:1 were mobile in EPS-coated porous media. However,
colloidally unstable HNP 1:5 remain aggregated in the supply vessel and were
immobile in EPS-coated columns. The high error in measurements is due to the
aggregates formed in the suspension, which produce variation in the sampling.
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Figure 3.17 Transport of EPS-coated HNP through EPS-coated porous media columns
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3.4 Colloidal stability during transport
The zeta potential values of HNP 5:1 and HNP 2:1 indicated colloidally stable HNP
even after transport experiments (Table 3.10). A small decrease in the zeta potential
value was observed for HNP 1:5. This reduction in the zeta potential can be
associated to the interactions of the HNP with the organic matter discharged from
EPS-coated columns.
Table 3.10 Colloidal stability of EPS-coated HNP before and after transport experiments in EPScoated porous media
HNP

Hydrodynamic diameter (nm)

Zeta potential (mV)

suspensions

0 PV

60 PV

0 PV

60 PV

HNP 5:1

217 ± 47

347 ± 95

-33 ± 6

-30 ± 5

HNP 2:1

204 ± 86

265 ± 72

-26 ± 7

-36 ± 11

HNP1:5

1552 ± 924

764 ± 180

+4 ± 8

-10 ± 5

HNP

210 ± 70

443 ± 120

+35 ± 7

-19 ± 14

3.5 Porous media attachment efficiency
EPS-coated HNP 5:1, HNP 2:1 exhibited the low attachment efficiency to the EPScoated porous media (Table 3.11). Furthermore, HNP 5:1 has the lowest attachment
efficiency of all. This indicates a decrease in retention of particles in the porous media
in comparison to HNP 2:1 and uncoated HNP. However, the difference is not
experimentally significant. Moreover, the single collector contact efficiency is
comparable in this case, due to similar charge (negative) on all the nanoparticles (zeta
Table 3.11 Contact efficiency, removal efficiency, attachment efficiency and deposition efficiency
for transport of EPS-coated HNP through EPS-coated porous media columns
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HNP suspensions

Alpha (α)

ηo

C/Co

kd

HNP 5:1

0.16

0.21

0.34

5.68E-06

HNP 2:1

0.23

0.24

0.17

9.34E-06

HNP 1:5

0.28E-03

0.11

0.90

5.53E-07

HNP

0.18

0.21

0.29

6.58E-06

potential of uncoated HNP shifts to negative charge). The single collector contact
efficiency for HNP 5:1, HNP 2:1 is nearly same due to comparable deposition on the
EPS-coated surfaces.
3.6 Mechanism of mobility
The mobility of coated HNP 2:1 and HNP 5:1 can be explained by electrosteric
repulsion between EPS-coated HNP and EPS-coated porous media. The net surface
charge on the coated porous media and the surface of coated HNP is negative. Mitzel
and Tufenkji (2014) also described a low attachment efficiency of biofilm-coated
surfaces for PVP stabilized silver nanoparticles, which was credited to steric repulsion
between the nanoparticles and the coated surfaces. At pH 7, EPS are amphoteric and
form of a random network of coiled polymeric chains (Wang et al., 2012). The protein
components of EPS can contribute to the hydrophobic and steric repulsion (Hwang et
al., 2012; Zhao et al., 2014). The hydrophobic and steric repulsion can act as a critical
factor to reduce the attachment efficiency when both the porous media and the
particle are coated with a steric stabilizing polymer (Lin et al., 2012; Mitzel &
Tufenkji, 2014). Therefore, the presence of EPS on the HNP and the porous media
surfaces may lead to electrosteric repulsive forces resulting into less deposition on the
coated surfaces.
Transport of EPS-coated hematite nanoparticles through biofilm-coated glass
columns
Relative concentrations of EPS-coated HNP flow through biofilm-coated porous
media are given in Figure 3.18. Colloidally stable EPS-coated HNP 5:1 and HNP 2:1
exhibit a mobile fraction of nanoparticles. Remarkably, around 40 % of colloidally
unstable HNP 1:5 were also mobile in biofilm-coated porous media. Uncoated HNP
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Figure 3.18 Transport of EPS-coated HNP through Biofilm-coated porous media columns

exhibited a higher fraction of mobile particles in comparison to coated HNP 5:1 and
2:1 were less mobile and aggregating in the supply vessel.
3.7 Colloidal stability during transport
Coated HNP 2:1 and HNP 5:1 retained their colloidal stability (|ZP| > 20 mV) with a
small increase in their hydrodynamic diameter. However, HNP 1:5 nanoparticles were
also colloidally stable (|ZP| > 20 mV) after transport experiments. The decrease in
zeta potential of HNP 1:5 was also observed in EPS-coated porous media (Table
3.12).
Table 3.12 Colloidal stability of EPS-coated HNP before and after transport experiments in Biofilmcoated porous media
HNP
suspensions
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Zeta potential

Hydrodynamic diameter (nm)

(mV)

0PV

60 PV

0PV

60 PV

HNP 5:1

217 ± 47

538±87

-33 ± 6

-29 ± 18

HNP 2:1

204 ± 86

423±130

-26 ± 7

-32± 11

HNP1:5

1552±924

431±217

+4 ± 8

-32± 6

HNP

210±70

372± 72

+35±7

-23± 16

Biofilm-coated porous media released a higher concentration of organic colloids
compared to EPS-coated porous media (Table 3.5), which might have resulted in
colloidal stability. We have shown in the previous chapter that increasing
concentration of EPS can change the colloidal stability of the nanoparticles.
Therefore, the shift in the colloidal stability may have played a role in the mobility of
the particles.
3.8 Porous media attachment efficiency
The attachment efficiency of EPS-coated HNP 5:1 and HNP 2:1 is higher than the
HNP 1:5 (Table 3.13). This contradicts the observed results. This is due to the large
particle size of HNP 1:5 used in the calculation. As seen from the zeta potential
measurements, some particles regained colloidal stability and were no longer
aggregated. However, DLS is not a competent technique to measure suspension with
different particle size. In presence of larger particles, it cannot measure smaller sized
particles. Hence we could not measure the effective particle size of the colloidally
stable fraction after the transport experiments. Hence we cannot use the CFT model to
explain the result obtained for HNP 1:5 in biofilm-coated porous media.
Table 3.13 Contact efficiency, removal efficiency, attachment efficiency and deposition efficiency
for transport of EPS-coated HNP through biofilm-coated porous media columns
HNP suspensions

Alpha (α)

ηo

C/Co

kd

HNP 5:1

0.29

0.22

0.144

1.03E-05

HNP 2:1

0.21

0.24

0.20

8.54E-06

HNP1:5

3.72E-03

11.92

0.25

7.23E-06

HNP

0.04

0.17

0.77

1.32E-06

3.9 Mechanism of mobility
The transport of EPS-coated HNP in biofilm-coated porous media can be explained
by electro-steric repulsion between similar surface coatings on the porous media and

71

biofilms as already explained earlier for EPS-coated columns (Page no:
69)(Amirbahman & Olson, 1995; Kretzschmar & Sticher, 1997)
A small fraction of EPS-coated particles were mobile in biofilm and EPS-coated
porous media in comparison to uncoated coated porous media. This reduction in the
mobility can be explained by various reasons. The biofilm/EPS-coated surfaces are
less negative charge in comparison to uncoated surfaces (Figure 3.10). Thus, biofilmcoated surfaces will exert less electro-steric repulsion on the negatively charged
coated HNP compared to uncoated surfaces (Tripathi et al., 2012). Hence, EPS-coated
HNP observed more retention in the biofilm-coated porous media as compared to
uncoated porous media. However, other mechanisms such as filtration of the coated
nanoparticles due to increased aggregation cannot be overruled. Jung et al. (2014)
have reported a small decreased in the transport of polymer coated zero-valent iron
with high concentrations of humic acids, which was associated to hetero-aggregation.
Mitzel and Tufenkji (2014) reported a decrease in the repulsive charge experience by
the nanoparticles due to increased separation distance between the surface of porous
media and origin of charge on the nanoparticles.
Furthermore, the difference in the mobility of the particles in EPS and biofilm-coated
surfaces can be attributed to different reasons. It can be due to the different thickness
of the coatings as established by the gravimetric analysis of the surface layer
thickness. Also, it can be difference in density and the charge on EPS which depend
upon its local concentration and the number of linkages between adjacent polymer
chains (Ikuma et al., 2015).
Section 3.3 C Remobilization of hematite nanoparticles
Remobilization of the uncoated hematite retained in the uncoated porous media is
presented in Figure 3.19. EPS remobilized about 8% of the sorbed hematite forming
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negatively charged HNP (ZP: -21 ± 4 mV). The shift in zeta potential suggested
formation of EPS-HNP colloids. However, no remobilization was observed when
sterile water was flown through the columns.
EPS are complex mixtures with a wide variety of charges and functional groups
present on them (Wang et al., 2012). Hence, they have a varying binding affinity to
different molecules or mineral surfaces. It has been established that hematite has a
stronger affinity towards EPS in comparison with kaolinite (Poorni & Natarajan,
2014). While goethite has a stronger affinity towards EPS than clay minerals (Cao et
al., 2011) and can bind to Fe center via inner sphere complexation of phosphate
containing macromolecules (Fang et al., 2012; Omoike & Chorover, 2004). From the
observed results, we can conclude that hematite molecules have a higher affinity to
EPS in comparison to glass. This also explains transformation of uncoated HNP when
flown through EPS and biofilm-coated porous media.
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Figure 3.19 Remobilization of HNP with EPS
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4 Conclusions and outlook
4.1 General conclusion
Due the heterogeneous and unpredictable properties of biofilms and EPS (i.e.,
variable composition and structure, complex surface groups), it is challenging to
ensure the its role on the fate and mobility of nanoparticles. The results presented in
this thesis demonstrate the influence of biofilms and EPS on the transport of
nanoparticles considering three major scenarios 1) Biofilms/EPS present on porous
media 2) EPS present on nanoparticles 3) Combined 1and 2 i.e. Biofilm/EPS present
on both, porous media and nanoparticles. A pictorial representation of the important
processes influencing the transport of hematite nanoparticles in the three cases studied
is shown in Figure 4.1.

Biofilm/EPS on the porous media

EPS on the nanoparticles
Nanoparticles

Nanoparticles

Environmental
condition

Biofilm/EPS on the porous media
and EPS on nanoparticles
Nanoparticles

Organic colloids

Organic colloids

Biofilm

Biofilm
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(small fraction
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Bio colloids
Bio colloids

Observations

Mobile

Mobile
(elctrosteric repulsion between like charges)

Mobile

Mobile
(elctrosteric repulsion between like charges)

Mobile

Mobile
(elctrosteric repulsion between like charges)

Figure 4.1 Representation of observations for influence of biofilms/EPS on transport of HNP

In the first case study, the presence of biofilm and EPS coatings on the porous media
enhanced the transport of HNP. Contrarily, in the control experiment, uncoated HNP
were retained inside the uncoated porous media. The zeta potential values of the
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outflow solution show presence of organic matter coated HNP in biofilm and EPScoated columns. This transformation of HNP is due to the organic colloids formed by
the coating on the porous media. Also, the attachment efficiency of the positively
charged uncoated HNP to negatively charged coated surfaces is low. Thus, pointing
out that electrokinetic properties like surface charge are not always good predictors of
transport. These results negate our hypothesis that "Biofilm on the porous media will
act as trap and reduce the mobility of uncoated HNP, due to the electrostatic attraction
between the positively charged hematite and negatively charged biofilm surfaces".
Biofilm-coated porous media are not always the collectors of nanoparticles as
proposed by many studies (Xiao and Wiesner 2013, Tripathi et al. 2011, Li et al.
2013). It is vital to consider the organic colloids formed, surface charge, the
concentration and the binding affinity of the biofilm components to the
inorganic/organic compounds.
In the second scenario, we established the significance of increasing concentrations of
EPS in conferring colloidal stability to HNP. Low concentrations of EPS can
aggregate HNP, but higher concentrations of EPS can colloidally stabilize HNP
forming organo-mineral colloids. The zeta potential of the HNP and the isoelectric
point decreased with increasing concentration of EPS. This points to a complete
coverage of EPS on HNP with increasing loadings of EPS. Also, the shift in the
isoelectric point of hematite indicates inner-sphere surface complexes of EPS on
hematite. The CCC studies with NaCl and CaCl2, also indicates colloidal stability
with increasing loadings of EPS. Furthermore, colloidally stable EPS-coated
nanoparticles were mobile in uncoated porous media while colloidally unstable EPScoated nanoparticles were immobile. Therefore, we can conclude that at higher
concentrations EPS can transform HNP forming organo-mineral colloids rendering
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them mobile in uncoated porous media tested. Thus, proving our hypothesis for this
section of the study. This study also highlights the significance of colloidal stability
for transport of nanoparticles as reported in the literature (Kretzschmar & Schafer,
2005).
Furthermore, the carbon to iron ratio for most natural colloids is in the range of 0.5 to
2 (Fritzsche et al., 2015; Kögel-Knabner et al., 2008; Quik et al., 2012).
Consequently, transport behaviors of HNP 2:1 and HNP 1:5 mimic the natural
conditions while HNP 5:1 exhibit an extreme situation. Hence this study can be
extrapolated to natural conditions and used to predict the behavior of HNP in biofilm
rich zones in the environment.
Lastly, in a combined scenario, colloidally stable EPS-coated HNP were mobile in
both biofilm and EPS-coated porous media. Surprisingly, colloidally unstable HNP,
regained its colloidal stability (|ZP|>20 mV) and were mobile in biofilm-coated
porous media. This may be due to the excess organic colloids released by biofilmcoated porous media. This once again demonstrates the significance of organic
colloids released from the biofilms in transport of hematite nanoparticles.
We also studied remobilization of HNP in uncoated porous media. Uncoated HNP
were desorbed by EPS solution forming EPS-hematite organo-mineral colloids. This
indicates the high bonding affinity between hematite and EPS. This observation also
helps to explain the transformation of uncoated hematite in EPS and biofilm-coated
porous media. EPS due to its high bonding affinity to HNP, forms negatively charged
EPS:HNP colloids which are mobile in all the three porous media tested.
Other environmental factors such as increase in ionic concentration and composition
due to sea water infiltration, rain events will also affect the colloidal stability and
transport of the such organic colloids. Organic coatings offer some degree of
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tolerance to aggregation by changes in the ionic strength. However, it depends on the
type of organic matter, the thickness of coatings, etc. In this study, we only examined
EPS-coated HNP could resist aggregation to high concentrations of NaCl (250 mg/l),
however, small amount of CaCl2 resulted into aggregation due to Ca ion bridging
between the EPS molecules. Such factors must be taken into account when predicting
the fate of organo-mineral colloids.
Furthermore, the concentration of EPS coating present on the HNP particles could not
be precisely determined. Due to extreme small size of the particles it was not possible
to separate the coated HNP particles from the free EPS by centrifugation or filtration.
Advanced techniques such as AFM combined with SIMS were planned to visualize
the spatial distribution of the adsorbed EPS and its components (insular versus patchy
versus full/complete coverage) on the nanoparticles. However again, due to extreme
small size and magnetization of hematite particles it was impossible to analyze the
samples by AFM. Also, it was not possible to identify the controlling mechanisms
that dominate the interactions between EPS and HNP. Based on literature, we expect
both electrostatic and steric stabilization of EPS-coated HNP particles. However, we
could not prove it using DLVO and EDLVO equations. Detailed studies with AFM
force microscopy between EPS and hematite can help in determining the forces
between EPS and hematite bonding.
In conclusion, organic colloids formed by biofilms can play an important role in
transport of nanoparticles in the environment. Formation of EPS-hematite organomineral colloids, substantially alter the fate and transport of hematite nanoparticles in
the three different porous media tested.
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4.2 Outlook
This study highlights one of the multiple interactions between biofilm and inorganic
colloids decide the fate and transport of colloidal nanoparticles. Organic colloids
formed by biofilms play an important role in inorganic colloidal transport. Bacterial
micro-colonies and biofilms are found nearly everywhere in the environment. Hence
presence of organic matter of bacterial origin is imminent. In natural environments
with saturated conditions such as water logging due to extreme rain events, deicing or
hydromorphic soils in wet lands, riverine/ lake sediments/ swamps presence of
bacterial organic matter can trigger transport of EPS-coated inorganic hematite
nanoparticles.
Even though this study is mainly done in saturated conditions, bacterial biofilms can
also influence transport in unsaturated conditions. EPS are generally hydrophobic in
nature. It consist of a mixture of substances such as fimbria, flagella, mycolic acids,
LPS which impart varying degrees of hydrophobicity and are generally hydrophobic
in nature (Donlan, 2002). As seen in this study, organic colloids from the biofilms can
modify the surface properties of the nanoparticles forming hydrophobic colloids.
Hydrophobicity of the colloids can affect the attachment of the colloids to the solid
matrix (Xiao & Wiesner, 2013) as well as the air-water interface (Zevi et al., 2005;
Zhang et al., 2014). Thus, influencing transport under unsaturated conditions.
Microorganism as well as the organic matter can also attach at the Soil- Water-Air
interface (Keller & Auset, 2007). Thus, influencing the hydrophobic properties of the
system which can ultimately affect the transport of colloids.
Organo-mineral colloids seem to be rather the rule than the exception in natural
systems given that environmental aqueous solutions have high amounts of dissolved
and colloidal organic matter. The effect of such organo-mineral geosorbents is not
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comparable to that of pure inorganic colloids. The effect of natural organic matter
such as humic acids have been extensively studied for the transport of nanoparticles.
However, the microbial biomass also contributes to the natural organic matter pool
(Miltner et al., 2012). Hence experimental results on carrier assisted transport must be
revisited given the effect of organic colloids from biofilms on the stability and
mobility of inorganic colloids.
A few researches have worked on deciphering the interactions between EPS and
inorganic mineral surfaces (Cao et al., 2011; Mikutta et al., 2012; Omoike &
Chorover, 2004; Wei et al., 2011). Nonetheless, the high diversity in the chemical and
physical properties of biofilm and EPS complicates the study outcomes. Future
studies should comprise spatially explicitly, submicron scale surface sensitive
techniques such as AFM, SIMS that will allow visualize the spatial distribution of the
adsorbed EPS and its components and nature of bonding between the mineral surface
and EPS, since it has been established to have significant implications for the
colloidal stability. Also, additional knowledge of the chemical composition of EPS
will help in understanding the interaction between bacterial organic matter and
inorganic mineral to get a holistic understanding of the biogeochemical process
involved in the transport of colloids.
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Summary
“At the surface of the liquid, the rods adhere together by their sides after the manner
of the elements of columnar epithelium, but there is, I think, strong reason to
believe that this adhesion is not direct, i.e., that they are not in actual contact but
glued together by a vicious intermediary substance.” (Sanderson, 1870)

Since the first likely description of Bacillus biofilm by Burton-Sanderson in 1870,
bacterial biofilms have been vastly studied due to their unique microbial development
and their implications in various fields such as medical, environmental, food and
packaging, historical artifact conservation, waste-water treatment plants, marine
engineering plants and many more (Costerton et al., 1987; Hall-Stoodley et al., 2004;
Vlamakis et al., 2013). Biofilms are colonies of microorganism encased in selfproduced extracellular polymeric substances (EPS), and are found on almost all
natural and artificial surfaces (Costerton et al., 1987). EPS are a vast mixture of
biopolymers that have a high affinity to mineral surfaces and help in attachment of
microbial cells to the surfaces. EPS also aids in protection of the microbial cells from
harsh environmental conditions and predators, maintaining the structural integrity of
the biofilm, sequestration and degradation of harmful compounds and nutrition
(Flemming & Wingender, 2010).
The transport of nanoparticles through biofilm in porous media has been garnering
interest for diverse research goals such as waste-water treatment, soil remediation,
facilitated transport of contaminants and nanoparticle contamination in groundwater
(Jian-Zhou et al., 2015; Kurlanda-Witek et al., 2015; Leon-Morales et al., 2004;
Lerner et al., 2012; Z. Li et al., 2013; Mitzel & Tufenkji, 2014; Tong et al., 2010;
Tripathi et al., 2012; Xiao & Wiesner, 2013). Bacterial biofilms and their components
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such as the EPS, can affect colloidal stability, reactivity and transport of colloidal
nanoparticles by
1. Modifying the surface of the porous media by coating it; thereby altering the
interaction between the nanoparticles and the porous media
2. Modifying the surface properties and colloidal stability of the nanoparticles due to
direct interactions with organic matter such as EPS released from the biofilm (organic
colloids). High molecular weight hydrated biopolymers such as EPS can sorb on
mineral surfaces altering the charge and hydrophobicity of the minerals. This can
affect the colloidal stability of the minerals, which is crucial for envisaging their fate
and mobility.
However, only the effect of biofilms on the surface of porous media has been studied
so far with contrasting results for the mobility of different nanoparticles (Jian-Zhou et
al., 2015; Kurlanda-Witek et al., 2015; Leon-Morales et al., 2004; Lerner et al., 2012;
Z. Li et al., 2013; Mitzel & Tufenkji, 2014; Tong et al., 2010; Tripathi et al., 2012;
Xiao & Wiesner, 2013). No comprehensive studies are done to date on the effect of
EPS on the colloidal stability of the nanoparticles. Also, the combined effect of
biofilms/EPS on the porous media and on the nanoparticles, has not been interrogated
so far.
The main aim of this study was to explore the role of bacterial biofilm and EPS in the
colloidal stability and transport of nanoparticles in synthetic porous media. Using
complementary experimental approaches, we investigated (1) the effect of microbial
EPS on the colloidal stability of nanoparticles, (2a.) the transport of uncoated
colloidal nanoparticles in biofilm and EPS-coated porous media, (2b.) the transport of
EPS-coated colloidal nanoparticles in uncoated porous media (2c), the combined
effect: transport of EPS-coated colloids in biofilm and EPS-coated porous media, and
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finally (3) the remobilization of deposited colloidal nanoparticles by EPS. Laboratory
synthesized hematite nanoparticles (HNP) and Bacillus subtilis 168 (DSM 402) were
used as nanoparticles and biofilm forming bacterium respectively.
The first study was aimed to quantify the effect of increasing EPS loading on the
colloidal stability and aggregation kinetics of hematite colloids (HNP). To do so,
HNP were equilibrated with increasing concentrations of EPS (20, 200 and 500mg/l
carbon). This procedure resulted in EPS-coated HNP with carbon: iron ratios 1:5, 2:1
and 5:1, respectively. With increasing EPS loadings, the isoelectric point of HNP
changed from 9.8 (uncoated) to ~2 (EPS-coated). The zeta potential (ZP) of HNP also
shifted from positive to negative values due to sorption of EPS on HNP surfaces. EPS
binds to HNP by inner surface bonding, thus changing the surface properties of HNP.
At neutral pH, low concentration of EPS (20 mg/l carbon, HNP 1:5) result in
aggregation of HNP due to partial neutralization of the positive charges on HNP. In
contrast, at higher concentrations (200 mg/l and 500 mg/l carbon, HNP2:1, HNP5:1),
EPS:HNP associations were colloidally stable (|ZP| >20 mV). The values of the
critical coagulation concentration (CCC) in NaCl increased with increasing
concentration of EPS (CCC: HNP < HNP 2:1 < HNP 5:1). However, in the presence
of CaCl2, CCC decreased with increasing concentration of EPS (CCC: HNP > HNP
2:1 > HNP 5:1) which can be attributed to the formation of calcium bridges between
EPS and HNP. In conclusion, high concentration of EPS colloidally stabilize HNP
while low concentrations of EPS aggregated HNP.
The transport behavior of the HNP was studied using column experiments run in
closed-flow mode. Three types of porous media were used in this study: uncoated,
biofilm-coated and EPS-coated glass beads. The uncoated, biofilm and EPS-coated
porous media were characterized by confocal laser scanning microscopy, scanning
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electron microscopy, electro-kinetic measurements, and total biomass quantification.
The porous media had a relatively uniform and equal distribution of biofilm and EPS
coatings throughout the columns. Both coated and uncoated porous media exhibited a
net negative surface potential at pH 7. Transport properties of the porous media
obtained with an inert tracer revealed a moderate advection dominated transport
regime with no observable preferential flow. Interesting, a low but continuous release
of biofilm and EPS components including microbial cells was observed as dissolved
organic matter in the column effluent. About 13 mg/L DOC (dissolved organic
carbon) of organic matter was released from biofilm-coated columns and the 36mg/L
DOC from EPS-coated columns. This can be attribute to mechanical strain (shear
forces) and local change in ionic concentrations.
The transport of uncoated hematite in uncoated, biofilm-coated and EPS-coated
porous media was evaluated over a period of 15 days (60 PV). The uncoated hematite
nanoparticles were strongly retarded in uncoated porous media due to electrostatic
attraction between the positive charges on HNP and negative charges on porous
media. Contrarily, in biofilm and EPS-coated porous media, a considerable fraction of
uncoated HNP were mobile and colloidally stable. Also, the ZP of the particles
changed from positive to negative (ZP: -23 mV). This shift implies EPS coating on
the hematite surfaces. As one important consequence, the organic matter released
from the coating on the porous media may adsorb on the HNP forming organomineral associations with negative zeta potential. Hence, the biofilms/EPS present on
the porous media influences the transport of HNP where normally HNP would be
immobile if biofilms were not present.
The transport of EPS-coated HNP in uncoated porous media highlighted the essential
role of colloidal stability in transport of nanoparticles under saturated conditions.
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Higher concentrations of EPS loadings forming colloidally stable EPS-coated HNP
(EPS:HNP 2:1, 5:1) exhibited a mobile fraction of colloids in uncoated porous media.
While, colloidally unstable HNP1:5 were immobile and remained in the mixing vessel
as sediment. Thus, EPS coatings on the HNP imparted colloidal stability and mobility
to HNP in uncoated porous media.
In the last case, with biofilm/EPS present on porous media and EPS present on the
nanoparticles, colloidally stable EPS-coated HNP were mobile in both biofilm and
EPS-coated porous media. The colloidal stability of the particles is maintained (|ZP| >
20 mV) even after the transport experiments. Colloidally unstable EPS-coated HNP
(HNP 1:5) were immobile in uncoated, and EPS-coated porous media. However, a
fraction of HNP 1:5 gained colloidal stability (|ZP| > 20 mV) and were mobile in
biofilm-coated porous media over time. This shift in the colloidal stability may be due
the interaction with the organic colloids produced in the biofilm-coated porous media.
The organic matter released from biofilms favor colloidal stability and remobilization
of HNP. Moreover, the overall surface charge on coated nanoparticles and the coated
porous media is net negative. This leads to electro-steric repulsion and in turn
maintains mobility.
Remobilization of uncoated HNP sorbed on uncoated porous media was observed on
flushing the porous media with an EPS solution. About 8% sorbed HNP were
remobilized forming colloidally stable HNP with a negative zeta potential. EPS has a
high bonding affinity to iron oxide minerals (Cao et al., 2011; Poorni & Natarajan,
2014) and can re mobilize hematite by forming negatively charged EPS-hematite
colloids. The remobilization studies point towards a higher affinity of HNP to EPS
molecules than to the surface of the glass beads. This also explains transformation of
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uncoated HNP to negatively charged HNP during transport in biofilm and EPS-coated
porous media.
Conclusively, this study highlights the importance of organo-mineral colloids formed
by the interaction of biofilm and EPS in the transport of nanoparticles in uncoated
(mineral) or biofilm-coated porous media. Moreover, microbial biofilms do not
always act as traps for nanoparticles. Microbial biofilms act as a source of organic
colloids which under suitable environment with saturate conditions such as water
logging due to extreme rain events, wetlands, hydric soils, riverine/ lake sediments
can trigger transport of immobile inorganic hematite nanoparticles by forming
colloidally stable organo mineral colloids. This can have serious implications on the
transport of contaminants associated with hematite nanoparticles as well as EPS.
The applications of this study are not only limited to colloid facilitated transport. This
study can be extrapolated to understanding the influence of engineered nanoparticles
used in bioremediation as well as fate of toxic nanoparticles in waste water treatment
plants which are also dominated by presence of biofilms. A good understanding of the
interactions between metal nanoparticles and naturally occurring bacterial EPS may
also help in design of engineered systems for remediation from contaminated soils.
This will also help in more accurate risk assessment of contaminated sites as well as
nanotechnology in general.
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