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Frequently used abbreviations

Adenosine tri-phosphate

ATP

Assimilable organic carbon

AOC

Bicinchoninic acid assay

BCA

Confocal laser scanning microscopy

CLSM

Dissolved organic carbon

DOC

Extracellular polymeric substances
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Gravity driven membrane
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High molecular weight
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Liquid chromatography organic carbon detection
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Total organic carbon
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Summary
Gravity driven membrane (GDM) ultrafiltration is a continuous dead-end filtration process for
potable and non-potable water production. GDM operates on the principle of tolerating biofilm
development on the membranes surface for the benefit of minimum membrane maintenance,
stable flux production, and improved permeate quality. The biological activity afforded by the
tolerated biofilm allows degradation of foulants that would otherwise accumulate on the
surface of the membrane, decreasing permeate flux. However, membrane biofilms are not
without problems. The presence of a biofilm increases the hydraulic resistance, which exceeds
the intrinsic resistance of the membrane, leading to low yet stable permeate flux. The purpose
of the presented thesis is to evaluate what structural feature of the biofilm can exert a resistance
to hydraulic passage and how hydraulic resistance is influenced by the biofilms mechanical
response to changes in process operation (e.g., transmembrane pressure (TMP), cross-flow).
Towards this goal, the approach taken to determine the link between hydraulic resistance and
the biofilms structural and mechanical characteristics shall examine: (a) how different biofilm
physical structures affect hydraulic resistance; (b) how compression affect physical structure
and related hydraulic resistance; (c) how hydraulic resistance changes over the biofilms depth.
A key advancement of the current study is evaluating the link between biofilm physical
structure and resulting hydraulic resistance using in-situ and non-invasive methods for
chemical, structural and mechanical characterization, using 2D confocal Raman microscopy
and optical coherence tomography, respectively.
Results of the presented thesis indicate that the formation of GDM biofilms is influenced by
the nutrient availability (carbon, nitrogen, and phosphorus), which determined composition and
micro-scale spatial distribution of extracellular polymeric substances (EPS). High
concentrations of anionic polymers, homogeneously distributed in space, led to the formation
of thin dense homogenous physical structures which had a higher hydraulic resistance. Low
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concentration of anionic polymers, heterogeneously distributed in space, led to the formation
of thick heterogeneous physical structures with a low hydraulic resistance. Taken together, it
is demonstrated that thicker heterogeneous structures imposed less hydraulic resistance than
thin dense homogeneous structure, indicating density rather than thickness is the structural
determinant of a biofilms hydraulic resistance.
The hydraulic resistance of membrane biofilms is also linked to their structural response to
perpendicular and parallel flow. With increasing perpendicular flow, heterogeneous biofilms
became irreversibly compressed, while homogeneous biofilms were reversibly compressed.
Irreversible compression results from the reduction of the biofilm roughness and porosity and
led to an irreversible increase in hydraulic resistance. With increasing hydraulic shear stress
(flow parallel to the membrane), we demonstrated stratification in the physical structure,
cohesion and hydraulic resistance of GDM biofilms. Detachment of a thick surface layer
roughness had limited impact on hydraulic resistance due to retention of a cohesive base layer
with a high hydraulic resistance.
The presented thesis provides a fundamental understanding of how hydraulic resistance is
linked to a biofilms composition, physical structure and mechanical strength. Our evaluation
of biofilm physical structure and hydraulic resistance in GDM systems has demonstrated that
heterogeneous physical structures exert limited hydraulic resistance and have a low mechanical
strength. Greater hydraulic resistance is exerted by thin dense base layer at the surface of the
membrane. We suggest GDM membrane operators (a) maintain constant transmembrane
pressure to avoided compaction of heterogeneous structure, (b) avoid hydraulic shear due to
limited effect on resistance due to retention of thin and dense cohesive base layer and (c) focus
on efforts to decrease the hydraulic resistance by increasing structural heterogeneity “in-place”
by way of predation and/or nutrient enrichment.
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Zusammenfassung
Gravity Driven Membrane (GDM) Ultrafiltration ist ein kontinuierlicher dead-end
Filterprozess für die Trink- und Abwasserbehandlung. Beim Betrieb von GDM wird in der
Regel ein Membranbiofilm beibehalten, um einen stabile Flux und eine verbesserte
Permeatqualität zu erreichen. Die biologische Aktivität des Biofilms erlaubt den Abbau von
großen Biopolymeren, welche andernfalls auf der Oberfläche des Membran akkumulieren
würden. Der resultierende Flux ohne Biofilm wäre kleiner als der Flux mit Biofilm.
Andererseits verursacht der Biofilm aber auch Probleme. Strukturell kann der Biofilm einen
hydraulischen Widerstand erzeugen, der den intrinsischen Widerstand der Membran übersteigt,
was zu einem niedrigen, aber stabilen Flux führt. Die vorliegende Doktorarbeit soll deshalb
genauer untersuchen, welche strukturellen Eigenschaften des Biofilms zu hydraulischem
Widerstand führen, und wie Prozess-Parameter (z.B. TMP, Crossflow) die Struktur und den
damit verbundenen hydraulischen Widerstand in GDM Biofilmen beeinflussen können.
Um den Zusammenhang zwischen hydraulischem Widerstand und den strukturellen und
mechanischen Eigenschaften des Biofilms herzustellen, sollen folgende Fragen beantwortet
werden: (a) wie kontrastierende physikalische Eigenschaften des Biofilms den hydraulischen
Widerstand beeinflussen; (b) wie Kompression die Struktur und den damit verbundenen
hydraulischen Widerstand des Biofilms beeinflussen; (c) wie Biofilm-Ablösung die Struktur
und den hydraulischen Widerstand des Biofilms beeinflusst. Einer der Haupt-Aspekte dieser
Arbeit ist die Herstellung des Zusammenhangs zwischen Form (Struktur) und Funktion
(hydraulischer Widerstand) durch die Anwendung von in-situ, nicht-invasiven Methoden für
chemische, strukturelle und mechanische Charakterisierung des Biofilms mithilfe von 2D
konfokaler Raman-Mikroskopie und optischer Kohärenz Tomographie. Die strukturelle
Entwicklung von GDM Biofilmen ist beeinflusst von der charakteristischen Zusammensetzung
und der räumlichen Verteilung auf der Mikro-Skala von extrazellulären polymere Substanzen
9

(EPS). Dünne, homogene Biofilme zeigten eine homogene Verteilung von anionischen
Biopolymeren bei gleichzeitig höherem hydraulischen Widerstand. Zusammenfassend konnte
gezeigt werden, dass dickere, heterogene Strukturen zu weniger hydraulischem Widerstand
führen, als dünnschichtige, homogene Strukturen. Dies zeigte, dass die Biofilm-Dichte statt der
Biofilm-Dicke die massgebende strukturgebende Grösse des hydraulischen Widerstands des
Biofilms ist.
Der hydraulische Widerstand von Membran-Biofilmen ist auch mit deren mechanischer
Reaktion auf hydraulischen Stress verbunden. Mit zunehmend senkrechtem Zufluss konnte
gezeigt werden, dass es zu irreversibler Kompression in Biofilmen mit heterogener Struktur
kommt, während reversible Kompression in Biofilmen mit homogener Struktur beobachtet
wurden. Irreversible Kompression könnte mit einer Abnahme der Oberflächen-Rauheit, sowie
der Porosität einhergehen. Mit zunehmendem hydraulischem Scherstress konnte gezeigt
werden, dass es zu Schichtbildung (Stratifizierung) in der Struktur und der Kohäsion des GDM
Biofilms kommt. Das Auswaschen der dicken heterogenen Oberflächenschicht und die
gleichzeitige Beibehaltung einer dünnen und dichten Basisschicht hatte keinen Einfluss auf den
hydraulischen Widerstand. Dies bekräftigt die Annahme, dass dünne, homogene Strukturen
grösseren hydraulischen Widerstand erzeugen, als dicke, heterogene Strukturen.
Die Resultate der Arbeit zeigten auf, wie hydraulischer Widerstand mit Komposition, Struktur
und dem mechanischen Widerstand des Biofilms verknüpft ist. Die Evaluierung der Form und
Funktion von Biofilmen in Membran-Systemen zeigte auf, wie GDM-Filtrations-Systeme
intelligent konzipiert und betrieben werden können. Auch wurden dafür erwünschte
strukturelle und mechanische Funktionen von GDM-Biofilmen aufgezeigt. Deshalb schlagen
wir GDM-Membran-Betreibern vor (a) konstanten Transmembrandruck beizubehalten, um
Kompaktierung zu vermeiden, (b) hydraulische Scherung zu vermeiden um den Effekt auf den
hydraulischen Widerstand zu limitieren und (c) die Fokussierung auf die Minimierung von
10

hydraulischem Widerstand durch die Erhöhung der strukturellen Heterogenität des Biofilms
«in-Situ» durch Prädation bzw. Anreicherung von Nährstoffen.
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1 Introduction
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1.1 Overview
The presented thesis will evaluate the link between hydraulic resistance and physical structure
of membrane biofilms during Gravity Driven Membrane (GDM) ultrafiltration. GDM
ultrafiltration is a dead-end continuous filtration process operated with constant transmembrane
pressure (TMP). Biofilm growth is tolerated for benefit of improved permeate quality and
stable flux production (Peter-Varbanets et al., 2009). The structural and mechanical response
of GDM biofilms to process variables (e.g., nutrients, TMP, cross-flow) and their functional
implication for hydraulic resistance is poorly understood. Hitherto, a poor understanding of
how process operation can affect the structure of the biofilm, and related hydraulic resistance
has limited our intelligent operation and optimisation of GDM filtration systems for improving
hydraulic performance. Herein, we will provide a fundamental understanding of how hydraulic
resistance is influenced by the structural and mechanical characteristics of membrane biofilms
for the practical purpose of maintaining adequate flux production, whilst retaining the
membrane biofilm for improved permeate quality.
1.2 Membrane ultrafiltration
Membrane filtration is a physical separation process based on size exclusion when passing an
aqueous solution through a semi-permeable membrane (Wagner, 2001). Hydraulic transport
occurs in the presence of gradient (e.g., pressure, chemical, temperature) between the influent
and effluent compartments of the membrane module (Foley, 2013). For water and waste water
treatment (e.g., MBR), hydraulic transport is most commonly facilitated by a pressure gradient
(Field and Pearce, 2011). Water is transported across the membranes which has defined pore
size. Particles that exceed the pore size cut off are retained on the surface of the membrane
during hydraulic transport. There are four major pressure-driven membrane processes that can
be divided by the pore sizes of membranes and the required transmembrane pressure (TMP):
Microfiltration (0.15 μm, 0.1-0.8 bar), ultrafiltration (1-100 nm, 0.1-0.8 bar), nanofiltration
(0.5-10 nm, 5-20 bar), and reverse osmosis (0.5 nm, 30-90 bar) (Crittenden et al., 2012).
13

For water and wastewater treatment continuous ultrafiltration processes are most frequently
used in two principle configurations:
(a) Inside-out hollow fibre membrane systems where constant flux is maintained by
increasing TMP and fouling is controlled by intermittent cross flow and back wash
(e.g., drinking water treatment) or,
(b) Flat-sheet or outside in-membrane systems (e.g., membrane bioreactors) where
constant flux is maintained by increasing TMP and fouling controlled by periodic
relaxation of TMP and air-scouring (Howe et al., 2012).
Gear pumps are typically used to maintain a constant flux by increasing TMP (0.1- 0.8 bar) or
maintaining constant suction. Gear pumps are also required for the application of a shear stress
to remove the accumulated fouling layer (tangential flow) (Shi et al., 2014, Crittenden et al.,
2012). As a result, even small scale UF filtration plants treating surface waters can have an
energy demand of around 1.5 kWh/m3 (Futselaar et al., 2003, Howe et al., 2012) The energy
demand and technical operation (e.g., hydraulic control, chemical dosing) of conventional UF
configurations limits their utility for decentralised or “off-the-grid” use, especially in areas of
discontinuous energy supply. Thus, towards the goal of sustainable potable and non-potable
water production alternate approaches for membrane operation are required.
1.3 System of interest: Gravity Driven membrane ultrafiltration
For low energy potable and non-potable water production, GDM ultrafiltration is a passive
filtration process, which operates under continuous dead-end filtration with flat sheet or hollow
fibre membrane configuration (Wu et al., 2017, Peter-Varbanets et al., 2009). Hydraulic
transport is achieved by pressure gradient that is maintained by a constant water head above
the membrane compartment (Peter-Varbanets et al., 2010, Peter-Varbanets et al., 2009). For
GDM ultrafiltration, the water head is typically kept constant around 0.6 m, which corresponds
to 0.06 bar pressure (i.e., 1 m = 0.1 bar). (Peter-Varbanets et al., 2010, Peter-Varbanets et al.,
14

2011, Peter-Varbanets et al., 2009). For GDM ultrafiltration a constant water head, continuous
dead-end operation and toleration of biofilm development on the membrane surface allows
minimal membrane maintenance and long term stable flux production (Peter-Varbanets et al.,
2010).
Stabilisation of permeate flux during GDM filtration is linked to the biological activity of the
membrane biofilm. Biological activity (e.g., hydrolysis, predation) helps degrade accumulating
matter and helps maintain a heterogeneous physical structure imperative for low hydraulic
resistance. For example, the build-up of large molecular weight (MW) compounds that exceed
the MW cut-off point of the membrane would lead to flux decline, but are hydrolysed to
assimilable organic substrate by the retained microorganism (Chomiak et al., 2015). The high
MW cut-off of UF membranes, allows passage of dissolved organic carbon (DOC) through the
membrane (Derlon et al., 2014). Mass transfer through the accumulating fouling layer and
membrane allows microbial growth and the establishment of a microbial biofilm (Chomiak et
al., 2015, Klein et al., 2016).
The level at which the flux stabilises is linked to the hydraulic resistance imposed by the
biofilms physical structure (Desmond et al., 2018a, Chomiak et al., 2014). Heterogeneous
physical structures are typically linked to the occurrence of a higher permeate flux production
compared to homogeneous physical structures (Chomiak et al., 2014, Derlon et al., 2012, Klein
et al., 2016, Martin et al., 2014). Chomiak et al. (2014) demonstrated increased heterogeneity
in the biofilms physical structure in the presence of large inorganic particles which led to
stabilisation at a higher permeate flux. Similarly, Derlon et al. (2012) demonstrate
heterogeneity introduced by predation can lead to higher flux production compared to systems
with absent or low levels of predation. Such studies linked hydraulic resistance to the biofilms
morphology, with respect to spatial distribution of biomass across the surface of the membrane
and suggested that thickness was not a good indicator of hydraulic resistance. Further
15

systematic investigation is required to identify what specific structural parameters (e.g.,
density, thickness) of the biofilm provide the most resistance to forced water passage and what
can affect the biofilms physical structure and consequent hydraulic resistance.
Efforts in this thesis will evaluate what structural (e.g., thickness, density, porosity, roughness)
feature of the biofilm determines their hydraulic resistance by examining how defined physical
structures and their corresponding hydraulic resistance are affected by extrinsic process
parameters (e.g., nutrient balance, TMP, cross-flow).
1.4

General assumptions of membrane ultrafiltration and relevance for GDM
hydraulic resistance
Stabilization of permeate flux during continuous dead-end filtration is on one hand surprising
as it is against the expectation that the change in hydraulic resistance over time is proportional
to the volume through-put (Foley, 2006). Much of our current understanding of membrane
filtration is derived from particle filtration. For membrane systems which tolerate a degree of
biofilm development, the biological activity hydrolysis of accumulated matter and the growth
of a microbial biofilm that is adaptive to its surrounding environment is atypical of a
conventional particle filtration. As a result, for GDM filtration systems, we must re-assess the
existing paradigms of ultrafiltration to enable their intelligent design and hydraulic operation.
1.4.1 Accumulation, thickness and flux decline
For particle filtration using dead-end ultrafiltration with constant TMP, the filtration rate
decreases with filtration time due to the mass of accumulated particulate matter on the surface
of the membrane. Filtration performance is usually expressed in terms of the permeate flux, J,
defined as the filtrate flow rate per unit membrane area. Permeate flux (J) is linked to the TMP
(Foley, 2013):
𝐽=

𝑇𝑀𝑃
𝜇(𝑅𝑚 + 𝑅𝐶 )

(1)
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where TMP is the applied pressure µ influent viscosity, Rm the intrinsic resistance of the
membrane, Rc is the resistance of the accumulated cake layer. Rc is related to the mass of solids
deposited per membrane area (M), such that:
(2)

𝑅𝑐 = 𝛼𝑀

where α is the specific cake resistance (m/Kg). For particle filtration M is related to cake layer
thickness (Lf), whereby increasing mass will increase the passage length through the cake,
leading to an increased resistance (Foley, 2013):
𝑀 = 𝜌𝑠 ϕ𝑐 𝐿𝑓

(3)

Where ϕc is the particle volume fraction and 𝜌𝑠 is the particle density.
For membrane biofilm systems, however hydraulic resistance is more so dependent on the
composition of the mass, rather than surface concentration (Derlon et al., 2016, Dreszer et al.,
2013). A comparison of hydraulic resistance profiles from intact membrane biofilms, bacterial
cake layers (no EPS) and model fouling layers (inorganic particles, sludge) revealed that
fouling layers with a greater EPS content had a greater hydraulic resistance (Derlon et al., 2016)
despite comparable surface concentrations. However, it is not known what aspect of EPS exerts
resistance to forced water passage when, with constant mass, hydraulic resistance of EPS layers
is higher.
We anticipate that hydraulic resistance is related to the physical structure of the biofilm and
that physical structure is independent of concentration of mass. The principle component of
microbial biofilms is extracellular polymeric substances (EPS). EPS are charged polymers
secreted by the microorganisms and are capable of electrostatic interaction and self-assembly
into complex physical structures which impose resistance to hydraulic transport (Wilking et
al., 2013, O'Toole et al., 2000, Vrouwenvelder et al., 2016). It is probable specific compositions
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of EPS can affect the physical structure of GDM biofilms (e.g., porosity, density) and in turn
hydraulic resistance. Ma et al. (2006) demonstrate an observable structural role of extracellular
polysaccharides in maintaining biofilm structure post attachment. Knockout assays of psl
variants led to abrogation in structure and cohesion of biofilm colonies on an agar plate,
forming heterogeneous physical structures. For engineering systems, Herzberg et al. (2009)
demonstrated polysaccharides adsorbed on the surface of RO membranes much more
effectively than proteins resulting in a significant decrease in permeate water flux, but authors
provide no information on permeation through the resulting physical structure. The hydraulic
resistance exerted by polysaccharide compounds on the surface of the membrane (as opposed
to internal pore blocking) is well reported in literature (Chen et al., 2013, Luo et al., 2014, Lee
et al., 2006, Li et al., 2007, Drews et al., 2006, Katsoufidou et al., 2007, Meng et al., 2008).
However, few studies provide information how and why polysaccharides exert a greater
resistance to hydraulic resistance compared to other biopolymers (e.g., protein, lipids). We
hypothesise that accumulation of specific EPS classes (e.g., polysaccharides) can determine
the physical structure of membrane biofilms. Assuming hydraulic resistance is dependent on
the physical structure of membrane biofilm (e.g., density) and not on mass accumulation alone,
it is thus likely that EPS and its spatial distribution is linked to hydraulic resistance via its role
in biofilm structuration.
Overall, a systematic comparison of biofilms with different EPS compositions, relative to an
intact physical structure (e.g., thickness, density), and corresponding hydraulic resistance is
lacking (Table 1). Thus, our understanding of which physical parameter determines the
hydraulic resistance of membrane biofilms remains limited as does our understanding of how
such structures are influenced by their constituting EPS composition and spatial distribution.
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Table 1 A review of literature reporting the relationship between mass accumulation, fouling layer structure, and hydraulic resistance.
Notably absent are studies linking composition directly to physical structure and hydraulic resistance of intact membrane biofilms.
Literature

Experimental system

Influence of accumulated material on hydraulic resistance

Fouling layer structure

Dreszer et al. (2013)

Membrane biofilm

EPS:
• Hydraulic resistance dependant on EPS mass
• Composition not assessed

Structure not assessed

Derlon et al. (2016)

Luo et al. (2014)
Herzberg et al. (2009)
Chen et al. (2013)

Model fouling layer

Cells:
• Low hydraulic resistance
EPS:
• Hydraulic resistance dependant on EPS mass
• Composition not assessed

Structure not assessed

Membrane fouling layer

Cells:
• Limited hydraulic resistance
EPS:
• Hydraulic resistance linked to polysaccharide (Ps.) accumulation
• Not known how Ps. Influenced hydraulic resistance

Structure assessed on micro-scale only
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1.4.2 Compression, transmembrane pressure, and hydraulic resistance
The hydraulic resistance of a filter cake is linked to its compressibility. When a fouling layer
develops during dead-end filtration, the pressure gradient causes an increased permeation
through the filter cake. If the cake is compressible, the packing structure cannot sustain the
force exerted by the increased permeation through and compacts. A new stable structure is
reached with a higher hydraulic resistance and increased stiffness. During particle filtration,
compression occurs by particle rearrangement and/or particle deformation, which reduces the
porosity of the filter cake. A compressibility index (n) is used to describe the compressibility
of a filter cake and is a function of the change in hydraulic resistance over a range of TMPs:
𝛼 = 𝑎 ∙ 𝑇𝑀𝑃𝑛

(4)

where a is a constant and n is the compressibility coefficient with 0 (incompressible) ≤ n ≤ 1
(compressible).
For membrane biofilms, which are composed of EPS, as opposed to particles, increasing TMPs
can increase hydraulic resistance, indicating the presence of a compressible material. However,
membrane become irreversibly compressed, as indicated by the irreversible increase in
hydraulic resistance, despite restoration of initial TMPs (Valladares Linares et al., 2015).
Irreversible compression of membrane biofilms, which are largely polymeric gels, is against
the expectation that polymer filter cakes are reversibly compressible (Foley, 2006, Foley,
2013). This means that when the pressure applied to a cake is increased, its specific resistance
increases, but when the pressure is returned to its initial value, the specific resistance also
returns to its initial value. The increased hydraulic resistance of membrane biofilms following
their irreversible compression suggests deformation of a structural parameter on which
hydraulic resistance is dependant (e.g., porosity). Suspensions of powders like calcium
carbonate also show irreversible compression, indicated by an irreversible increase in specific
resistance, a fact that is probably due to the breakdown of particle aggregates under the action
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of the applied pressure, decreasing area between the particles (McCarthy et al., 1999).
However, studies reporting irreversible biofilm compression do not provide information on
what structural feature of the biofilm deformed during compression (e.g., surface roughness,
porosity) (Table 2). This limits our understanding of how the physical structure can determine
the compression of membrane biofilms. We hypothesize, that the physical structure of
membrane biofilms can determine compression of membrane biofilms. To evaluate this
hypothesis, on-line monitoring of the compression of biofilms with different physical structures
will be required to elucidate the role of specific structural parameters in compression (e.g.,
roughness, porosity).
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Table 2 A review of literature reporting response of hydraulic resistance and physical structure to increased transmembrane pressure (TMP) during
dead-end ultrafiltration
Literature

Experimental system

Hydraulic resistance

Structural response

Tiller and Kwon
(1998)

Numerical model of inorganic filter
cake

Modelled increase in hydraulic resistance to increase in TMP

•
•

Assumed reduction in filter
cake thickness
Assumed consolidation of
internal packing structure

McCarthy et al.
(1999)

Microbial filter cake
Inorganic particles

Compaction:
• Increase in hydraulic resistance
• Stabilisation at higher TMP

Compaction:
• Rearrangement of particles
in filter cake
• Break down of aggregates

Valladares
Linares et
(2015)

Membrane biofilm

Compaction:
• Increased hydraulic resistance

Compaction:
• Monitored decrease in
thickness assessed OCT

al.

Relaxation:
• Irreversible increase of hydraulic resistance

Laspidou et al.
(2014)

Model of biofilm compression

Not applicable (biofilm on solid substratum)

Derlon
(2016)

Membrane biofilm, short-term (few
hours) and long-term response (few
days/weeks)

Hydraulic response to an increased TMP has two components: (1)
Instantaneous increase in hydraulic resistance followed by (2) a long term
lower relative increase in resistance over several days/weeks

et

al.

Relaxation:
• Irreversible decrease in
thickness
at
TMP
relaxation
Compaction:
• Decrease in porosity
• Increased “stiffness”
• Not reported
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1.4.3 Shear stress, fouling layer cohesion and hydraulic resistance
Application of hydraulic shear, tangential to the surface of the membrane, is a suggested method
for flux recovery during membrane ultrafiltration (Dreszer et al., 2014, Vrouwenvelder et al.,
1998). When the applied hydraulic stress exceeds the mechanical strength of the filter cake it
will detach, decreasing filtration resistance (Foley, 2013). Detachment and flux recovery rely
on the assumption that the biofilms hydraulic and mechanical characteristics are uniform over
depth, and that mass is proportional to the thickness of the biofilm (Eq. 3) (Table 3) (Abboud
and Corapcioglu, 1993).
For biofilm systems however, structure and cohesion can vary over the depth of the biofilm.
Coufort et al. (2007) provided early reports of stratification in the structure and cohesion of
biofilms formed in annular reactors. Increasing wall shear stress up to 13 Pa. detached a surface
layer with macro-scale heterogeneity, revealing a homogeneous base layer with high cohesion.
Similarly, Stoodley et al. (2002) describe the low mechanical strength of biofilm streamers,
which readily detach from the biofilm connected to the substratum following an increase in wall
shear stress. For GDM biofilms, topology is defined by rough surface akin to streamer like
appendages (Peter-Varbanets et al., 2011, Fortunato et al., 2017, Martin et al., 2014). However,
the hydraulic resistance and mechanical strength of said structures are not known. Thus, it is
not clear whether a reduction in mean biofilm thickness and surface mass, will result in a
decrease in the biofilms hydraulic resistance. For practical purposes, reducing a fraction of the
biofilms surface thickness and mass would be ideal; lowering hydraulic resistance, reducing
particulate substrate available for hydrolysis, whilst retaining a fraction of the biofilm to
maintain AOC removal.
.
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Figure 1 Optical coherence tomography (OCT) of a membrane biofilm showing presence of
rough surface layer and a thin homogeneous base layer. Image enhanced for contrast. Red line:
membrane interface.

Table 3 A review of literature reporting response of hydraulic resistance to shear-induced
detachment of membrane fouling layers.
Literature

Experimental system

Structure

Hydraulic response

Tarabara et al.
(2004)

Particle filtration

Decreased resistance with
decreased mass and thickness

McCarthy et al.
(2002)

Microbial filter cake
Inorganic particles

Assumed
homogeneous
structure
Homogeneous
structure

Blauert et al.
(2015)

Biofilm on solid substratum

Homogeneous
structure

Not assessed

Dreszer et al.
(2014)

Membrane biofilm operated with
continuous cross-flow

Homogeneous
structure

Decreased resistance with
lower mass and thickness

Decreased resistance with
decreased mass and thickness

1.5 Methodology for evaluating membrane biofilms and hydraulic resistance
Past efforts to link biofilm hydraulic resistance to composition, structure and mechanical
response to force (e.g., compression/detachment) were limited due limited on-line experimental
tools and the use of ex-situ methodologies. Full scale and pilot filtration systems are ultimately
closed systems without access to the surface of the membrane (Crittenden et al., 2012). Poor
accessibility to the surface of the membrane created a reliance on macro process parameters
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such as TMP, permeability and volume throughput to determining membrane fouling and
process performance (e.g., membrane fouling index) (Fig. 2) (Foley, 2013). The “black box
approach”, while useful, does not provide insight on how the hydraulic resistance is influenced
by the structural and mechanical properties of the accumulating fouling layer. Linking the
hydraulic resistance to the biofilms composition, structure and mechanical response to force
requires methods that ultimately provide:
(a) in-situ monitoring of fouling layer structure, corresponding composition and online
hydraulic resistance
(b) in-situ monitoring of biofilms mechanical response to hydraulic shear and corresponding
change in hydraulic resistance.
The past decade has seen greater efforts in the development of in-situ, non-invasive research
tools with practical relevance for understanding fouling in membrane filtration systems. The
development of the transparent membrane fouling simulator (MFS) provides in-situ observation
of membrane fouling structures during membrane operation (Vrouwenvelder et al., 2016,
Dreszer et al., 2014, Valladares Linares et al., 2015, Farhat et al., 2015, Vrouwenvelder et al.,
1998, Vrouwenvelder et al., 2010). This makes possible the explicit evaluation of hydraulic
resistance relative to spatially resolved physical structure (e.g., surface roughness, porosity,
thickness), composition (e.g., confocal laser scanning microscopy) and mechanical response.
As an example, Farhat et al. (2015) demonstrate the utility of MFS in monitoring oxygen
gradients as early warning of membrane fouling when coupled with oxygen sensing optodes,
while recent advances in structural imaging tools (e.g., OCT) also in-situ monitoring of
structural development of membrane biofilms (Fortunato et al., 2017).
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Figure 2 Comparison of closed membrane modules and transparent membrane fouling
simulators (MFS) for in-situ fouling layer analysis. MFS provide direct access to surface of
membrane allowing direct measure of structural parameters by non-invasive imaging
techniques relative to the change in hydraulic resistance e.g., optical coherence tomography
(OCT) as shown in image.
1.5.1 Structural characterisation of membrane biofilms
Spatial scale can greatly influence our understanding of the link between biofilm structure and
function (e.g., Morphology/hydraulic resistance) (Morgenroth and Milferstedt, 2009). Thus,
directly observation of a biofilms physical structure relative to a defined function (e.g.,
hydraulic resistance, detachment) has enormous benefit. However, it is not without challenge.
Scanning electron microscopy is frequency used for characterisation of membrane fouling
layers providing resolution on the nano scale (Alhede et al., 2012). However, SEM is an ex-situ
method requiring extensive sample preparation including sample dehydration (Alhede et al.,
2012, Stewart et al., 1995). Given the biofilm contains a large fraction of water, dehydration of
the samples during image preparation can alter their physical structure. For this reason, SEM
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images of biofilms often present as thin, fibrous layers with greater resolution of the imbedded
bacteria rather than the surrounding extracellular matrix (ECM), despite the fact that the ECM
dominates the overall mass of the biofilm (Proctor et al., 2016).
For in-situ determination of membrane fouling structures, MFS when combined with confocal
laser scanning microscopy (CLSM), allows both structural and local chemical analysis of
hydrated biofilms samples (Derlon et al., 2016, Böl et al., 2009). CLSM on one hand can be
considered an in-situ method as it avoids sample dehydration and permits visualisation based
on fluorescent staining of targets of interest (e.g., bacterial, polymers) (Neu et al., 2001).
However, staining of EPS using lectin labelled fluorophores is highly selective and assumes an
even distribution of the dye through the biofilm and uniform staining. CLSM is also an imaging
tool which provides only micro-scale resolution, which can reduce the overall detail of the
biofilms physical structure and related functions (e.g., permeability) (Wagner et al., 2010).
For structural observation above the micro-scale, optical coherence tomography (OCT)
provides image acquisition in the range of millimetres (mm) at the meso-scale (Wagner et al.,
2010). The meso-scale has been described as the most relevance spatial scale for determining
the link between the physical structure and related function of membrane biofilms and is thus
the principle imaging tool used in the presented thesis (Martin et al., 2014, Wagner et al., 2010).
OCT is an interferometry imaging technique consisting of a light source, beam splitter, a
reference arm of a constant or varying length, and a sample arm (Blauert et al., 2015, Wagner
et al., 2009, Wagner et al., 2010). The sample arm is equipped with an objective lens focusing
at the biofilm sample. Light of the light source is reﬂected and scattered by biofilm/membrane
causing interference with the light of the reference arm. This interference is digitally recorded
and analysed. Lasers and super luminescent diodes are used as light source which provide lowcoherence near-infrared light with good penetration into biofilm samples (Wagner and Horn,
2017).
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Image acquisition by OCT at the meso-scale can provide details of important
“structure/function” relationships, such as the influence of overall thickness, internal porosity
and surface topology (roughness) on water passage through the biofilm (Wagner et al., 2010,
Martin et al., 2014, Desmond et al., 2018a). Martin et al. (2014) coupled OCT to computational
fluid dynamics to determine local flow distribution through a defined physical structure.
Therein, it was computationally demonstrated that surface heterogeneity imposed limited
resistance to flow (Martin et al., 2014). Linking a mechanical response to a hydraulic force is
also possible via OCT. Valladares Linares et al. (2015) used online OCT to monitor the physical
deformation of a membrane biofilm to change in TMP. Meanwhile, Blauert et al. (2015)
monitored local formation of biofilms formed in flow channels to compute bulk material
parameters (e.g., Young’s modulus).
However, OCT is not without its limits. As an optical method, distinguishing between poor
light penetration, zones of absent/low biomass or biomass with variable refractive index is
challenging (Wagner and Horn, 2017). This is particularly problematic during image
quantification, whereby distinguishing between a pore space or a shadow-like artefact is not
possible (Desmond et al., 2018a). For this reason, OCT should only be used quantitatively to
describe the biofilms topological landscape and not internal architecture (e.g., internal
porosity). OCT is used in the presented thesis to determine morphological features of membrane
biofilms with functional relevance for hydraulic resistance (e.g., surface roughness).
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Figure 3 Comparison of image analysis for structural analysis of membrane fouling layers with
respect to level of invasiveness and spatial scale. Image acquisition at a larger spatial scale are
less invasive and provide greater functional understanding (macro-meso scale) compared to
image acquisition at lower spatial scales (e.g., micro-nano scale) Image source— SEM;
Dohnalkova et al. (2011) CLSM; Derlon et al. (2016), OCT; Authors own, Stereo-microscopy;
Derlon et al. (2012).
1.5.2 Chemical characterisation of membrane biofilms
In the current thesis, we evaluate the hypothesis that the chemical composition of EPS can
determine the physical structure and consequent hydraulic resistance of membrane biofilm.
However, existing methods of chemical analysis for biofilm EPS is often destructive and/or
ex-situ (Luo et al., 2014, Felz et al., 2016, Neu et al., 2001, Fortunato et al., 2016). This limits
our ability to relate the chemical composition and spatial distribution relative to an intact
physical structure.
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Furthermore, application of chemical and thermal extraction methods risk denaturing the
sample. Once EPS has been separated from their embedded microbial cells, colorimetric assays
are most commonly used to quantify the principle constitutes of EPS (e.g., protein,
polysaccharide, eDNA). Polysaccharides are often quantified by measuring the colour change
associated with their reaction with anthrone in the presence of concentrated sulphuric acid.
Anthrone, C14H8O, a derivative of anthraquinone is produced by catalytic reduction of
anthraquinone by HCl in the presence of metallic tin (Beck and Bibby, 1961). Polysaccharides,
specifically monosaccharides are dehydrated in the presence of concentrated sulphuric acid to
form an intermediary aldehyde known as furfural (McMurry and Simanek, 2007).
Polysaccharides and disaccharides are converted to monosaccharides via hydrolysis of the
glycosidic

bonds

(Berg

et

al.,

2002,

McMurry

and

Simanek,

2007).

The

monosaccharide/furfural derivatives then react with the Anthrone via a condensation reaction
to form a solution with a blue-green colour (C47H3O30) (McMurry and Simanek, 2007). The
blue-green product can be measured colorimetrically using a spectrophotometer at 620 nm (Luo
et al., 2014). Standard curves using known amounts of glucose are used to determine the
concentration of “total sugars” in unknown samples by back calculating with a regression
equation. For quantification of total polysaccharides in EPS, one ultimately assumes that; (a)
the reaction between EPS polysaccharides and Anthrone is identical to the reaction between the
standard (e.g., glucose) and Anthrone and (b) hydrolysis of all polysaccharides follows the same
reaction kinetics. This may not be correct based on the complexity and diversity of the present
polysaccharides (McMurry and Simanek, 2007). The full diversity of EPS polysaccharides is
poorly understood, with likely different valances and reaction kinetics (Sutherland, 2001a). The
limitation of Anthrone assay as a means of quantifying total polysaccharides of EPS was made
apparent by Le and Stuckey (2016). Therein, authors showed that the polysaccharide content in
the different supernatant samples with and without a defined standard addition of glucose
showed substantial differences in their concentration of total polysaccharide. This indicated that
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the carbohydrates measured using these colorimetric methods could be under- or overestimated.
Estimation of total protein concentration in biofilm EPS is also most commonly determined by
colorimetric biochemical assay. Bicinchoninic acid assay (BCA) for example is frequently
reported in literature due to its low cost and single step reaction process (Walker, 1994). The
principle of this method is that proteins can reduce Cu+2 to Cu+1 in an alkaline solution (the
biuret reaction) and results in a purple colour formation in the presence of Bicinchoninic acid
(Berg et al., 2002). The reduction of copper however is mainly caused by three amino acid
residues; cysteine, tyrosine and tryptophan, that make up the polypeptide chain of the proteins
primary structure (Walker, 1994, Berg et al., 2002). Depending on the protein type, these amino
acids may vary in their concentration. Thus preferential interaction of three out of 21 amino
acids makes likely under reporting of the total protein concentration (Walker, 1994, Le et al.,
2016). Yet, compared to other colorimetric assays for total protein determination (e.g., Bradford
assay), the BCA assay is more objective since the universal peptide backbone also contributes
to colour formation. An additional limitation of the BCA assay, however, is that it is susceptible
to interference by reducing agents (i.e., DTT and beta—mercaptoethanol), copper chelators
(i.e., EDTA, EGTA) and buffers with high concentration which are typical reagents used during
EPS extraction. Limiting the presence of interfering substances is possible through extensive
sample washing, which may lower the recovery of the total yield. Thus, such methods are best
suit to samples with samples of high purity (e.g., biopolymer solution) or where the specific
amino acid composition is known. Indicative of the theoretical limitation of colorimetric assays
in determining quantitative measures of EPS, Le et al. (2016) demonstrated poor quantitative
results of colorimetric assays including BCA assay, which showed false positive for detection
of protein and little correlation to samples of known concentration. Thus, caution is warranted
when using basic colorimetric assay for determining the chemical composition of membrane
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biofilms. Furthermore, they do not provide chemical information relative to a specific physical
structure. This limits the functional relevance of such approaches e.g., impact on biofilm
structure, as is required for this thesis.
Confocal laser scanning microscopy (CLSM) on the other hand, when coupled with fluorophore
staining, provides qualitative information on chemical composition and spatial distribution on
the micro-scale (Flemming et al., 2007, Neu et al., 2010, Neu et al., 2001). Chemical staining
relies on the diffusion of the stain through the biofilm matrix and binding with a complimentary
target molecule (Neu et al., 2010). Selectivity depends on presence of a specific complimentary
epitope (i.e. target) for the applied lectin-fluorophore conjugate (i.e. stain) (Neu et al., 2001).
Thus, the choice of lectin can greatly influence the resulting compositional result, while
diffusivity of the stain and laser penetration can influence signal intensity (Wagner et al., 2009,
Wagner et al., 2010). Application of a fluorophore labelled lectin can also induce a degree of
toxicity, and as a result such methods can be considered as invasive. Similarly, application of
dye may require removing the membrane biofilm from the MFS, altering the physical structure
in the process. This limit accurate understanding of the distribution of chemical composition
relative to a specific, intact structure.
Raman spectroscopy has demonstrated utility in providing non-destructive, in-situ chemical
analysis relative to a specific, in-tact physical structure. Raman spectroscopy is a form a
molecular spectroscopy which is observed as in-elastically scattered light, allows identification
of vibrational (phonon) states of molecules. As a result, Raman spectroscopy has utility for
“molecular finger printing” as well as monitoring changes in molecular bond structure.
Limitations include poor utility for inorganic foulants for which the signal intensity is very
weak. Prolonged exposure times can lead to sample heating through laser radiation, which can
destroy the sample or mask the Raman spectrum. For membrane fouling specifically, large
background signals from fluorescent compounds or impurities are quite common, such as the
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case for fouling layers with high concentrations of natural organic matter (NOM) containing
humic substances making it best used for model fouling layers or membrane biofilms with high
biopolymer content. Furthermore, Raman spectroscopy alone does not provide information of
the compositions spatial distribution within the sample.
Coupling Raman spectroscopy with confocal microscopy allows not only analysis of the
biofilms composition, but also provides local information on the distribution of functional
groups on the micro-scale (Desmond et al., 2018a, Ivleva et al., 2009, Wagner et al., 2009). 2D
confocal Raman microscopy (in upright configuration) provides two separate detection
channels: one for acquiring the laser confocal (Rayleigh) signal and the second for simultaneous
but independent collection of the Raman map that reveals the local chemical composition
(Sijtsema et al., 1998, Wagner et al., 2009, Desmond et al., 2018a). The utility of 2D confocal
Raman microscopy in analysing the composition of membrane biofilms relative to an intact
structure is not known. The presented study will use 2D confocal Raman spectroscopy to
determine the effect of chemical composition and their micro-scale distribution on the physical
structure of membrane biofilms. This will help to directly address the hypothesis that EPS
composition and their spatial distribution can determine the physical structure and related
hydraulic resistance of membrane biofilms.
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Table 4 Overview of chemical characterisation of membrane biofilms:
Method

Invasiveness

Anthrone Assay

Destructive
Ex-situ

•
•

Long chain anionic polysaccharides
No spatial information

acid

Destructive
Ex-situ

•
•

3 amino acids: cysteine, tyrosine, and tryptophan
No spatial information

Fluorophore staining
with CLSM

Destructive
Ex-situ

•
•

Corresponding epitope (e.g., polysaccharide back-bone) of
chosen lectin labelled fluorophore (e.g., Concanavalin A)
Composition spatially resolved on microscale

•
•

Excitation emission of functional groups
Relative to macroscale location

•
•

Excitation emission of functional groups
Composition spatially resolved on microscale

Bicinchoninic
assay

Raman spectroscopy
Confocal
Raman
spectroscopy

Noninvasive
In-situ
Noninvasive
In-situ

Measurable:

1.6 Objectives of the presented thesis
The purpose of this thesis is to evaluate the link between hydraulic resistance, and the structural
and mechanical characteristics of GDM biofilms. Using non-invasive methods to characterise
the physical structure and chemical composition, we will link the hydraulic resistance of
membrane biofilms to their composition, structure and mechanical characteristics. The
following chapters will each evaluate the hypothesis that that hydraulic resistance is dependent
on the physical structure of the biofilms during GDM ultrafiltration:
Chapter 2 will explore the link between hydraulic resistance, and the composition and physical
structure of membrane biofilms. We will evaluate the hypothesis that “hydraulic resistance is
dependent on the chemical composition of EPS and their influence on biofilm physical structure
rather than absolute mass”. Assuming a structural role for the secreted EPS, we anticipate
variation in EPS composition can create distinct biofilms structure with characteristic hydraulic
resistances. To evaluate the effect of EPS composition on biofilm structure and consequent
hydraulic resistance, biofilms will be grown in dead-end MFS for 20 days under 3 contrasting
influent conditions: nutrient enriched, Phosphorus limiting and Nitrogen limiting condition.
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Application of non-invasive structural and chemical techniques such as OCT and 2D-confocal
Raman microscopy will be used to determine how the chemical and micro-scale distribution of
functional groups determine biofilm structure and how biofilm structure influences hydraulic
resistance and filtration performance.
Chapter 3 will evaluate the link between hydraulic resistance and the biofilms structure
response to perpendicular flow, by way of increased TMP. For particle filtration it is assumed
hydraulic resistance is linked to the mechanical response to membrane biofilm. This ultimately
assumes physical resistance and structure is uniform over depth. Monitoring biofilm
compression by means of OCT and measuring the corresponding change in hydraulic resistance
will help evaluate whether hydraulic resistance is linked to the compression of membrane
biofilms following application of higher TMP. Furthermore, irreversible compression of
membrane biofilms is against the expectation that filter cakes with high concentrations of
polymers are reversibly compressible. Thus, we will explore the hypothesis that “heterogeneity
(i.e., surface roughness) can decrease the structural integrity of membrane biofilms causing
irreversible compression”.
Chapter 4 will evaluate the link between hydraulic resistance and the biofilms structural
response to tangential flow. For particle filtration, it is assumed that structure, cohesion and
hydraulic permeability is uniform over biofilm depth. For membrane biofilms we will explore
the hypothesis that “the hydraulic resistance of membrane biofilms is stratified and not
proportional to fouling layer thickness.” To evaluate the mechanical response of membrane
biofilms to hydraulic shear stress, biofilms will be grown in dead-end MFS for 25 days under
3 contrasting influent conditions: nutrient enriched, Phosphorus limiting and river water
influent. Plate rheology will be used to determine the biofilms intrinsic material characteristics
(e.g., elasticity, yield stress). Optical coherence tomography will be used to determine the
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biofilms structural response of hydraulic to increased hydraulic shear stress from 0 up to 2.6
Pa.
1.7 Relevance for science and society
The passive nature of GDM ultrafiltration makes it a promising solution for decentralised
treatment of complex influents, such as surface water, wastewater and grey-water, for potable
and non-potable use. Efforts at Eawag are evaluating the utility of GDM technology for greywater treatment for non-potable reuse in decentralised applications (e.g., Eawag water-wall).
The outcome of the presented thesis will provide the fundamental understanding necessary for
intelligent operation of such systems. As an example, we will evaluate the effect of nutrient
ratio on biofilm physical structure and hydraulic resistance. In grey-water, nutrients are
frequently limited with respect to nitrogen and phosphorus (Leal et al., 2007, Jefferson et al.,
2001). For the application of the Eawag water-wall, custom soaps are being developed to ensure
cultivation of a heterogeneous structure with low hydraulic resistance and adequate biological
activity for AOC removal. The presented thesis will provide fundamental understanding of what
nutrient matrix is best for promising the formation of a biofilm with a low and stable hydraulic
resistance. Similarly, we will determine what governs the irreversible compression of
membrane biofilms towards the goal of cultivating biofilm with greater structural strength
which can resist compression, thus avoiding an unwanted increase in hydraulic resistance. By
understanding what exactly determines the hydraulic resistance of membrane biofilms, we aim
to adapt our system operation to ensure the development of a biofilm with low, stable hydraulic
resistance that can produce a biologically stable permeate.
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2 Linking composition of extracellular polymeric substances
(EPS) to the physical structure and hydraulic resistance of
membrane biofilms

This chapter has been published as:

Desmond, P., Best, J. P., Morgenroth, E., & Derlon, N. (2018). Linking composition of
extracellular polymeric substances (EPS) to the physical structure and hydraulic resistance of
membrane biofilms. Water Research, 132, 211-221.
Author contribution:
Peter Desmond: Conceptualization and design, operation and data analysis, writing
James Best: Technical support and data analysis (RAMAN)
Eberhard Morgenroth: Supervising professor, conceptualization and design data analysis,
editing
Nicolas Derlon: Co-supervisor, conceptualization and design, data analysis, editing
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2.1 Abstract
The effect of extracellular polymeric substances (EPS) on the meso-scale physical structure and
hydraulic resistance of biofilms formed on the surface of ultrafiltration membranes during
gravity driven membrane (GDM) filtration was investigated. Biofilms were developed on the
surface of ultrafiltration membranes during dead-end filtration at ultra-low pressure (70 mbar).
Biofilm EPS composition (total protein, polysaccharide and eDNA) was manipulated by
growing biofilms under contrasting nutrient conditions. Nutrient conditions consisted of (i) a
nutrient enriched condition with a nutrient ratio of 100:30:10 (C: N: P), (ii) a phosphorus
limitation (C: N: P ratio: 100:30:0), and (iii) a nitrogen limitation (C: N: P ratio: 100:0:10). The
structure of the biofilm was characterized at meso-scale using Optical Coherence Tomography
(OCT). Biofilm composition was analysed with respect to total organic carbon, total cellular
mass and extracellular concentrations of proteins, polysaccharides, and eDNA. 2D- confocal
Raman mapping was used to characterise the functional group composition of the biofilms EPS
and their micro-scale distribution. Our study reveals that the composition of the EPS matrix
determines the meso-scale physical structure of membrane biofilms and in turn its permeability.
Biofilms grown under P limiting conditions were characterised by dense and homogeneous
physical structures with high concentrations of polysaccharides and eDNA. Biofilm grown
under nutrient enriched or N limiting conditions were characterised by heterogeneous physical
structures with lower concentrations of polysaccharides and eDNA. For P limiting biofilms,
2D-confocal Raman microscope revealed a homogeneous spatial distribution of anionic
functional groups in homogeneous biofilm structures with higher polysaccharide and eDNA
concentrations. This study provides a fundamental understanding of the link between EPS
composition, physical structure and hydraulic resistance of membrane biofilms, with practical
relevance for the hydraulic performances of GDM ultrafiltration.
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2.2 Introduction
The microbial biofilm is akin to a semi-permeable polymeric gel (Wilking et al., 2011). The
microbial cells embedded in their surrounding matrix of extracellular polymeric substances
(EPS) collectively form a semi-solid structure which can impede perpendicular flow during
membrane ultrafiltration(Vrouwenvelder et al., 2016). From an engineering perspective, the
hydraulic resistance imposed by the biofilm is problematic for membrane filtration systems,
causing a decline in permeate flux production. Gravity Driven Membrane (GDM) ultrafiltration
however tolerates biofilm development on the membrane surface for the benefit of minimal
maintenance, stable flux, and improved permeate quality (Peter-Varbanets et al., 2010, PeterVarbanets et al., 2011). Stable but low permeate flux values are reported in GDM filters
depending of the type of feed water (5 - 15 L/m2/h) (Peter-Varbanets et al., 2010). Thus, for
successful implementation, reducing the hydraulic resistance of the biofilm for effective flux
recovery, whilst simultaneously tolerating its presence for stable flux production will be
imperative. Towards this goal, a fundamental understanding of the influencing factors that govern
the hydraulic resistance of the biofilms is required for efficient hydraulic operation of GDM
filtration systems.
Extracellular polymeric substances (EPS) are a proposed determinant of the hydraulic resistance
of membrane biofilms (Derlon et al., 2016). Very little hydraulic resistance can be attributed to
the embedded microbial cells or inorganic particles (Derlon et al., 2016, Dreszer et al., 2013). A
comparison of hydraulic resistance profiles from intact biofilms, bacterial cake layers and
model fouling layers revealed that fouling layers with a greater EPS content had a greater
hydraulic resistance (Derlon et al., 2016). However, it is not known how the biofilms EPS and
their associated physical structures can directly influence hydraulic transport through the biofilm
(Dreszer et al., 2014, Valladares Linares et al., 2015).
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Dreszer et al. (2013) suggested EPS can limit convective transport through biofilms by
providing friction to the permeating water molecules. Valladares Linares et al. (2015) support
this claim when compacting the biofilms physical structure and evaluating the compacted
biofilms hydraulic resistance. Compaction is proposed to increase the density of EPS, which
could lead to higher hydraulic resistances on the assumption a higher EPS density can reduce
the volume between neighbouring EPS molecules, limiting hydraulic flow (Valladares Linares
et al., 2015). Vrouwenvelder et al. (2016) united such observations in a theoretical model based
on the Hagen- Poiseuille law which describes hydraulic transport through a channel or pipe. The
hydraulic resistance imposed by the biofilm is thought to be dependent on the biofilms internal
architecture, specifically the geometry between the strands of EPS (Vrouwenvelder et al., 2016).
This theory assumes that volume between the EPS molecules can act as conduits capable of
hydraulic transport during forced water passage. Numerically it was demonstrated that reducing
the diameter between EPS molecules can restrict water passage through the channel thus
increasing resistance to flow during forced water passage (Vrouwenvelder et al., 2016). This is in
fact analogous to the Darcian models of Tiller and Kwon (1998), who describe fluid flow through
a cake layer of particles. Therein the authors assume uniform particle size and charge.
Unlike a layer of inert particles, biofilm EPS is composed of proteins, polysaccharides,
extracellular DNA (eDNA) and to a lesser extent lipids (Flemming and Wingender, 2010). The
secretion of specific EPS classes is self-regulated based on environmental stimuli (shear,
nutrient status) (Danhorn et al., 2004, Vrouwenvelder et al., 2010, Flemming and Wingender,
2010). Such biopolymers are capable of electrostatic and functional interactions. In pure-culture
studies, changes to the composition of EPS can alter the biofilms physical structure (Ma et al.,
2006, Mayer et al., 1999). It is thus plausible that specific compositions of EPS could influence
the physical structure of membrane biofilms, e.g., its internal architecture (pores/channels) and
in turn permeation through such structures. During membrane filtration, the production of
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extracellular polysaccharides by the biofilm is associated with a lower flux production (Chang
and Halverson, 2003, Chen and Stewart, 2002, Herzberg et al., 2009). However, whether the
production of specific EPS molecules by membrane biofilm leads to the formation of specific
physical structures with preferential flow paths remains unknown.
The uncertainty of whether specific EPS molecules can assemble into distinct physical
structures, which may help or hinder hydraulic transport, is compounded by the fact that
analysis of physical structures usually occurs at the micro-scale via confocal laser scanning
microscopy (CLSM). It is argued that CLSM reduces the overall detail of the biofilms physical
structure and related functions (e.g., permeability) due its measurement range in micrometres
(Wagner et al., 2010). Furthermore, application of CLSM used in conjunction with fluorophore
staining (e.g., Concanavalin A) for chemical characterisation (e.g., Polysaccharides) is an
invasive method which can alter the physical structure of the biofilm (e.g., dehydration,
bleaching, decompression) (Neu et al., 2001). 2D- confocal Raman microscopy is on the other
hand a non-invasive technique used for characterisation of functional groups and their
distribution within a sample (Raman, 1930, Ivleva et al., 2009, Sijtsema et al., 1998). Raman
microscopy has been demonstrated to provide accurate chemical information of intact microbial
aggregates (e.g., flocs) .The utility of 2D confocal Raman mapping in providing localised
chemical analysis of EPS composition in the meso-scale physical structure of an intact
membrane biofilms is unknown (Blackwell, 1977, Ivleva et al., 2009, Wagner et al., 2009).
Structurally, analysis of the biofilm physical structure above the micro-scale, Optical coherence
tomography (OCT) provides image acquisition in the range of millimetres (mm) at the mesoscale (Morgenroth and Milferstedt, 2009, Wagner et al., 2010). Image acquisition at the mesoscale can provide details of important “structure/function” relationships, such as the influence
of overall thickness, internal porosity and surface topology (roughness) on water passage
through the biofilm (Wagner et al., 2010, Martin et al., 2014, Fortunato et al., 2017). By relating
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the accumulation of specific EPS composition to the meso-scale physical structure of the
biofilm, one may better ascertain how the chemical composition of the EPS can influence the
physical structure and ultimately the hydraulic resistance of the biofilm.
The goal of this study is to understand (i) whether different compositions of the EPS in terms
of protein, polysaccharide and eDNA concentration can influence the biofilm physical structure
and (ii) how resulting structures influence the hydraulic resistance of a biofilm during GDM
ultrafiltration. We hypothesized the hydraulic resistance of the biofilm is dependent on the
chemical composition of the EPS whereby differences in EPS molecules will lead to the
formation of distinct physical structures, which have different hydraulic resistances. To
investigate this hypothesis, different biofilms were grown during GDM filtration on membrane
surface. Limiting nutrient conditions (N- and P-limitations) were used to produce biofilms of
different EPS concentrations and compositions (Chen and Stewart, 2002, Danhorn et al., 2004).
OCT analysis was performed to study the effect of EPS accumulation on biofilms meso-scale
physical structure and ultimately on the biofilms hydraulic resistance. The biofilm composition
was analysed with respect to total mass, extracellular polysaccharide, protein and eDNA
concentrations. Results from colorimetric assays were confirmed by conducting 2D confocal
Raman microscopy characterisations of the different types of biofilms.
2.3

Material and Methods

2.3.1 Experimental setup
Membrane fouling simulators (MFS) were operated as GDM membrane filtration systems in
dead-end mode at a constant transmembrane pressure of 70 mbar (Fig. 1). For each MFS,
synthetic feed water was pumped into the system with a peristaltic pump (ISM932A, Ismatec,
Glattbrugg, Switzerland) at a rate ensuring that permeation was solely gravity-driven. The
system was connected to overhead tanks with overflows through which excess water could
leave the system. In that way, a constant water head of 70 cm could be maintained. Biofilms
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were grown on ultrafiltration membranes held in the MFS (Eawag, Dübendorf, Switzerland)
with an area of 18.75 cm2 (Fig. 1).

Figure 1 Schematic of membrane fouling simulator used for biofilm growth and hydraulic
characterization.
2.3.2 Experimental approach
Four experimental lines consisting of a negative control (nanopure water), positive growth
condition (nutrient enriched), a phosphorous limiting and nitrogen limiting conditions were run
in parallel. Three experimental runs were performed for a duration of 30 days to assess the
reproducibility of our observations. A total of ca. 20-28 flow cells was used per run. Duplicate
measurements were performed for each time point per each condition and each run, i.e., two
biofilms characterised after 3, 7, 20 and 30 d of growth. Permeate was collected daily for each
MFS in 2 L plastic bottles. The experiments were undertaken in an 18 °C temperaturecontrolled room.
2.3.3 Membrane preparation
Ultrafiltration membranes (UP150,

MicrodyN

Nadir,

Wiesbaden,

Germany)

of

polyethersulfone with a nominal cut-off of 150 kDa were used as a substratum for biofilm
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growth (corresponding to a mean pore size of about 30-40 nm). Membranes coupons were cut,
rinsed and washed in ethanol to disinfect the membranes surface as described by Heffernan et
al. (2013). The minimum inhibitory concentration (MIC) required to reduce microbial activity
of a virgin membrane to that of a nano-pure water was determined to be 40% (v/v) ethanol
diluted in nano-pure water.
2.3.4 Feed-water preparation
Sterile feed-water was prepared daily in 10 L glass bottles. All feed-water was autoclaved for
150 min at 121 °C in a steam sterilizer (Dampfsterilisator LST-V 6-6-9, Belimed, Zug,
Switzerland or Varioklav HP, Sterico, Wangen, Switzerland) for sterilization. Carbon (C),
nitrogen (N) and phosphorus (P) were added to nanopore water in the form of acetate
(CH3COO−), ammonium (NH4+) and ortho-phosphate (PO43−), respectively in a ratio of 100
(C):30 (N):10 (P) for the positive growth conditions, a ratio representational for drink water. A
solution of nanopure water was used as the negative control. P and N limitations were imposed
to produce a biofilm with distinct EPS composition and ultimately different physical structures
(Danhorn et al., 2004, Liu et al., 2006, Ras et al., 2011). Nutrient limitation was used only as
an experimental tool to grow biofilms of different physical structures and EPS compositions.
Essential trace elements were supplemented to the feed-water along with EDTA to ensure trace
elements did not precipitate (Hammes and Egli, 2005).
An overview of the four different nutrient conditions within a range typically expected for
drinking water is given in Table 1:
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Table 1 Composition of nutrient feed-solution:
C [mg/L]

N [mg /L]

P [mg /L]

Negative Control

-

-

-

Nutrient enriched

5

1.5

0.5

P limiting

5

1.5

-

N limiting

5

-

0.5

2.3.5 Bacteria cultivation and MFS inoculation
Bacteria for MFS inoculation were cultivated from the Chriesbach river, Dübendorf,
Switzerland (47°24'16. 3"N 8°36'31. 8"E) during spring time. River water was collected in a
sterile beaker, sealed and immediately filtered through a 0.45 µm syringe filter to remove higher
organisms. This was confirmed by visual examination of the filtrate under stereomicroscope.
10 mL of filtrate was added to 90 mL of sterile nutrient solution containing 50 mg C L-1 and
corresponding P and N concentrations under a laminar flow hood. The nutrient/filtrate
suspension was placed in an orbital incubator for 30 °C, with a rocking speed of 220 rpm for
24 hours. This procedure was repeated 3 times to condition bacteria to the synthetic substrate.
Bacterial suspension was analysed under stereomicroscope to ensure absence of higher
organisms after incubation. Bacterial cell number was quantified by ATP measurement as
described by Hammes et al. (2010): 1.2 · 1010 cells/ml measured. Thereafter, the 1.5 mL aliquots
were taken and distributed into 2 mL Eppendorf tubes containing 0.5 mL of 30% glycerol as a
cryo-protectant. Bacterial/glycerol stocks were snap frozen with liquid nitrogen and stored at 80 ◦C until use. To regenerate the bacteria from frozen stock, 2 mL of the bacteria/glycerol stock
was taken and inoculated into 100 mL of sterile nutrient containing 50 mg C L-1 with
corresponding P and N concentrations in a ratio of 100:30:10 (C: N: P) under a laminar flow
hood. Suspension was incubated for 18-24 hrs. at 30 °C as defined in previous steps. For
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inoculation of the MFS, microbial suspension was centrifuged for 15 min at 5000 rpm (UniCen
MR, Herolab, Germany). The supernatant was decanted allowing resuspension of the cell pellet
in 30 mL 0.1 M NaCl yielding a final concentration of 1.5 · 1010 cells/ml as determined by ATP
assay. From the resulting bacterial solution, 2.5 mL was injected into each MFS. The spiked
MFS was let settle for 18-24 hours to allow filtration of bacterial solution allowing known cell
coverage over the membrane area. This resulted in a surface coverage of 2 · 10 10 cells m-2 as
determined from ATP assay. Lower ATP activity was noted from initial concentration at time
of load, likely due to partial loss in cell viability.
2.3.6 Hydraulic parameters
Permeate flux and hydraulic resistances were derived from the mass of collected permeate. The
mass of permeate was recorded daily. The volume of permeate was determined by dividing the
permeate mass by the density of water (1000 kg/m3). The following equations were used for
the calculations of the permeate flux (J)
∆𝑉

(1)

𝐽 = 𝐴 ∙∆𝑡

where ∆V is the change in permeate volume [L], A is the filtration area [m2], ∆t is the change
time [h]. The total hydraulic resistance (R) was calculated as
𝑅𝑡𝑜𝑡𝑎𝑙 =

𝑇𝑀𝑃
𝜂 ∙𝐽

(2)

where TMP is the transmembrane pressure, η is the dynamic viscosity of water at a given
temperature, and Rtotal is the total filtration resistance of the fouled membrane. The biofilm
hydraulic resistance (Rbiofilm, was calculated according Eq. (3):
Rbiofilm = Rtotal – Rmembrane

(3)

where Rmembrane is the intrinsic resistance of the clean membrane measured for a period of 24 h
with nanopure water prior to the bacteria inoculation.
46

2.3.7 Structural quantification
Optical Coherence Tomography (OCT) (model 930 nm Spectral Domain, Thorlabs GmbH,
Dachau, Germany) with a central light source wavelength of 930 nm was used to investigate
the meso-scale structure of the biofilm. The use of long wavelength light allows to penetrate up
to a depth of 2.7 mm with axial and lateral resolutions of 4.4 μm and 15 μm, respectively. For
the image acquisition filtration modules were kept sealed and transferred under pressure to the
OCT stage. 10-20 B scans (XZ pane image) of 2 × 1 mm or 2 × 1.5 mm were acquired at
different time intervals and for 2-3 membrane fouling simulators per each condition. Image
analysis software developed under Matlab® (MathWorks, Natick, US) was used to analyse
OCT image. Image analysis consisted of the following steps:
(1) membrane–biofilm interface detection (grey-scale gradient analysis);
(2) Image binarization (automatic threshold selection);
(3) calculating physical properties of the biofilm: mean biofilm thickness (z¯ in μm).
2.3.8 Biofilm harvesting
Biofilms were removed from the MFS for chemical analysis at each time point. Biofilms were
scraped from the membrane surface via a cell scrapper and transferred into sterile glass beakers.
A volume of 30 mL 0.1 M NaCl solution was used to rinse the remaining biofilm from the
membrane and MFS surface. The collected biomass was re-suspended in the washings of the
30 mL 0.1 M NaCl solution. TOC remaining following removal of biomass is like the one of a
virgin membrane, indicating that no left biofilm remained on the scrapped membrane. Thus,
verifying removal of available biomass from the membranes surface.
2.3.9 EPS extraction.
EPS were separated from cells through physical extraction. The approach consisted of
sonication (homogenisation phase) and centrifugation (separation phase) steps, respectively.
Sole physical extraction was selected over existing chemical methods to limit contamination of
sample fractions due to sensitivity of subsequent analytical methods. Different extraction tests
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were performed to maximize EPS extraction while avoiding cell lysis (detected through soluble
ATP measurement). The harvested biofilm suspensions were placed in an ice bath and sonicated
for 120 s with 10 s rest intervals using a needle sonicator (Sonoplus HD 3200, Bandelin, Berlin,
Germany). This was repeated three times to ensure full extraction of the biofilms EPS.
Thereafter, homogenised samples were centrifuged at 5,000 rpm at 20 ◦C for 15 min (UniCen
MR, Herolab, Germany) to separate the EPS from the cells. Centrifugation was repeated to
ensure full separation. The supernatant containing the soluble EPS was decanted from the
resolved cell pellet and aliquots were obtained from the extracellular fraction for measurement
of total organic carbon (TOC) (TOC-L, Shimadzu, Japan) and EPS analysis (Polysaccharide,
Protein, eDNA).
2.3.10 Biofilm density
Biofilm density (ρbiofilm) was determined as
𝜌𝑏𝑖𝑜𝑓𝑖𝑙𝑚 =

𝑀
𝐴 ∙𝐿𝑓

(4)

where M is the biofilm mass (g C), A is the substratum (membrane) surface area (m2), and Lf is
mean biofilm thickness (m).
2.3.11 Total polysaccharide quantification
Concentrations of polysaccharides in the EPS fraction were determined by the Anthrone method
adapted from Gerhardt et al. (1994). Anthrone was dissolved in absolute ethanol before adding
it to 75% H2SO4. Absorbance was measured with a UV-Vis spectrophotometer (Infinite M200,
TECAN, Männedorf, Switzerland) at a wavelength of 625 nm. Glucose was used as a standard
and results were expressed in mg C/m2 (conversion factor of 0.4 mg C glucose).
2.3.12 Total protein quantification
Total proteins in the extracted EPS were quantified using a Bicinchoninic Acid (BCA) kit. Kits
for lower or higher protein concentrations (Micro BCA Protein Assay Kit 23235/ Pierce BCA
Protein Assay Kit 23225, Thermo Fisher Scientific, Waltham, MA, USA) or for higher
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concentrations were used for the characterization of the different biofilms. The sample to
reagent ratio was 1:1 for the lower kit and 1:20 for the higher kit. The solutions were incubated
at 60 °C for 1 h (lower kit), respectively at 65 °C for 30 min (higher kit). After the samples
were cooled down to room temperature, the absorbance was measured with a UV-Vis
spectrophotometer (Infinite M200, TECAN, Männedorf, Switzerland) at a wavelength of 562
nm. Bovine serum antigen (BSA) was used as a standard and results were expressed in mg C/m2
(conversion factor of 0.83 mg C BSA).
2.3.13 Extracellular DNA quantification
Extracellular DNA was determined with the commercially available Quant-iTTM PicoGreen®
dsDNA Reagent and Kits (Invitrogen/Molecular Probes). The following reagents were prepared
according to the manufacturer’s instructions. 1 mL of PicoGreen reagent was added to 1 mL of
sample, 1 x TE buffer or standard in single use cuvettes. Mixtures were incubated for 3 min at
room temperature. Relative fluorescence was measured at an excitation wavelength of 480 nm
and an emission wavelength of 520 nm.
2.3.14 2D confocal Raman microscopy
2D Confocal Raman microscopy (model NT-MDT NTEGRA, Spectrum Instruments Ltd.,
Limerick, Ireland) was performed on an upright confocal Raman microscope with a wavelength
of 532 nm and a 50X ultra-long working distance objective lens with a numerical aperture of
0.55. NTEGRA Spectra provides two separate detection channels: one for acquiring the laser
confocal (Rayleigh) signal and the second for simultaneous but independent collection of the
Raman map that reveals the local chemical composition. Complete Raman/fluorescence
spectrum is recorded in each point of 2D scan. Spectra were recorded at a spectral resolution of
approximately 2.7 cm−1, with a 2.5 s exposure time for each point of the 98 × 98 μm2 Raman
map with step size 1.96 µm. Locations (2-3) were randomly selected. The laser power was
approximately 1 mW. The laser set up was able to penetrate through the glass screen of the cell,
with the point of focus on the biofilm surface. This configuration allowed for effective ‘in situ’
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analysis of the biofilms composition. Randomized locations were selected for analysis (n = 23) and performed on an alternate Raman microscope to determine reproducibility.
2.3.15 Statistical analysis
Linear regression models were applied to statistically evaluate the effect of growth conditions
(nutrient enriched, P limiting and N limiting conditions) on the physical and biochemical
composition of the biofilms (e.g., biofilm thickness, EPS composition). First-order models with
qualitative variables were used:
𝑌𝑡 = 𝛽𝑒𝑛𝑟𝑖𝑐ℎ𝑒𝑑 ∙ 𝑡 + 𝛽𝑁−𝑙𝑖𝑚. ∙ 𝐼(𝑁 𝑙𝑖𝑚. ) ∙ 𝑡 + 𝛽𝑃−𝑙𝑖𝑚. ∙ 𝐼(𝑃 𝑙𝑖𝑚. ) ∙ 𝑡 + 𝜀𝑡 ∙

(5)

Where Yt is the response variable (mean biofilm thickness, polysaccharide concentration,
protein concentration, etc.), 𝛽𝑒𝑛𝑟𝑖𝑐ℎ𝑒𝑑 is the slope under nutrient enriched condition, 𝛽𝑁−𝑙𝑖𝑚. is
the slope difference between the enriched-nutrient and N limiting growth conditions and 𝛽𝑃−𝑙𝑖𝑚.
the slope difference between the enriched-nutrient and P limiting growth condition. I (N lim.)
and I (P lim.) are indicator variables (equal to 0 or 1 depending of the data set that is considered).
The errors 𝜀𝑡 are assumed to be independent and normally distributed. These assumptions allow
to test statistically if the parameters are different from zero (the null hypothesis)(Harrell Jr,
2015). For example, the slope difference between the enriched and N limiting growth conditions
is statistically different from zero if the null hypothesis 𝛽𝑁−𝑙𝑖𝑚. = 0 is rejected. The model
described by Eq. (5) was applied to the entire data set (provided in supplementary information
(SI) with the number of data used for the statistical analyses.
2.4

Results

2.4.1 Permeate flux and hydraulic resistance
2.4.1.1 Permeate flux
The change in the mean flux of each experimental condition was monitored for 30 days for 3
separate experimental runs to determine experimental reproducibility (Fig. 2a-c). Flux
stabilisation occurred only under nutrient enriched (Fig. 2a) and N-limiting (Fig. 2c) conditions
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but not for P limiting condition (Fig. 2b) which decreased up to the experimental endpoint. This
was standard for all three experimental runs. Under N limiting conditions, flux stabilisation was
the higher, producing an average flux production of 10 ± 1.2 L/m2 /h, (n = 12 MFS) between
day 19-30 compared to an average stable flux of 4.5 ± 2.7 L/m2 /h (n = 12 MFS) for the nutrient
enriched condition. Permeate flux production for P limiting condition however declined
continuously to 1.60 ± 0.7 L/m2 /h (n = 12 MFS) up to 30 days.
2.4.1.2 Biofilm hydraulic resistance
The biofilms hydraulic resistance was derived from mean flux values monitored for 30 days
repeated for three separate experimental runs (Fig. 2d-f). Hydraulic resistance for the biofilms
formed under the P limiting condition (Fig. 2e) increased over time, reaching 1.26∙10 12 ±
2.07∙1011 1/m (n = 12 MFS) after 30 days of growth. Conversely, the hydraulic resistance of
biofilms formed under the nutrient enriched condition (Fig. 2d) increased to an average of
3.78∙1011 ± 2.75∙10 (n = 12 MFS) after 10 days of growth and remained stable at an average
resistance 3.78∙1011 ± 2.75∙10 1/m (n = 12 MFS) thereafter until 30 days of system operation.
Similarly, the biofilm formed under the N limiting condition (Fig. 2f), had a lower hydraulic
resistance of 2.25∙1011 1/m after 30 days of growth compared to P limiting and nutrient enriched
conditions respectively.
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Figure 2: Change in the permeate flux (a-c) and biofilm hydraulic resistance (d-f) of biofilms
formed under the nutrient enriched, P limiting and N limiting conditions for three separate runs
(n = 24, flow cells per condition). Error bars: standard deviation of mean of all flow cells per
each run.
2.4.2 Biofilm physical structure
2.4.2.1 Biofilm morphology
Visual observations at the meso-scale revealed a time dependent accumulation of biomass on
the surface of membranes (Fig. 3). Contrasting growth conditions produced biofilms with
different physical structures at meso-scale, associated with different hydraulic resistances.
Biofilms grown under nutrient enriched conditions had a heterogeneous morphology (n = 50).
Meanwhile, the biofilm of the P limiting growth condition had a largely homogenous
morphology (n = 50). The biofilm grown under the N limiting condition formed a thin and
heterogeneous structure (n = 30).
Visual observations of the biofilms suggest hydraulic resistance is linked to the biofilms mesoscale structure. Biofilms with homogenous morphologies had very high hydraulic resistances.
Conversely, heterogeneous biofilm morphologies were associated with significantly lower
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hydraulic resistances. Biofilms formed under the nutrient enriched condition, while also being
heterogeneous, had a higher hydraulic resistance than the biofilm of the N limiting condition.

Figure 3: OCT images of different biofilm morphologies monitored over 30 days of growth
under contrasting nutrient conditions. White pixel: Biomass accumulation, Black: Absent/low
biomass accumulation. Scale bar: 200 µm. Red: Marked membrane. Images are for Run 2.
Images for all runs are available in supplementary information (SI)
2.4.2.2 Quantification of biofilm morphology
Morphological observations at the meso-scale were supported by quantification of mean
biofilm thickness based on OCT image analysis as described in section 2.2.5. The thickness of
the nutrient enriched biofilm (Fig. 4a) increased over time, achieving an average thickness of
803 ± 70 µm (n = 37 locations) after 30 days of growth. The biofilm of the P limiting (Fig. 4b)
and N limiting (Fig. 4c) conditions were thinner achieving respective thickness of 251 ± 18 µm
(n = 17 locations) and 214 ± 37 µm (n = 30 locations) after 30 days of growth. The thickness
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of the enriched nutrient film was significantly higher than the thickness of both the P and N
limiting biofilms, with a p-value of 3e-04 and 4e-05 respectively.
Increase in thickness of the nutrient enriched biofilm had a limited impact on its hydraulic
resistance. The homogenous P limiting biofilm had a higher hydraulic resistance compared to
the thicker biofilm of the nutrient enriched despite being thinner. Biofilms formed under the N
limiting condition were thinner than the biofilm of the nutrient enriched and had a lower
hydraulic resistance indicating passage length may influence the hydraulic resistance of
biofilms with similar morphological distributions of biomass.
2.4.3 Biofilm accumulation
2.4.3.1 Biomass accumulation
During the first 7 days of operation, the nutrient enriched condition (Fig. 4d) yielded an average
TOC of 463 ± 15 mg C/m2 (n = 4) compared to 312 ± 8 mg C/m2 (n = 4) and 206 ± 1.12 mg
C/m2 (n = 5) of P (Fig. 4e) and N limiting conditions (Fig. 4f). As the biofilms matured onwards
of 7 days, higher concentrations of biomass in terms of TOC were measured for the P limiting
condition, yielding a final concentration of 1,006 ± 32 mg C/m2 (n = 4) after 30 days of growth
compared to 760 ± 40 mg C/m2 (n = 6) and 400 ± 80 mg C/m2 (n = 4) for enriched and N limiting
growth conditions after 30 days of growth respectively. Data analysis indicated that the mass
of the enriched-nutrient and P limited biofilms are similar (null hypothesis not rejected, p-value
of 0.7), while the mass of the N limited biofilm is significantly lower than the one of the
enriched-nutrient biofilms (null hypothesis rejected with a p-value of 0.009).
2.4.3.2 Biofilm density
As the biofilms matured, the biofilm formed under the P limiting condition had a higher density
of 3 ± 0.22 kg C/m3 (n = 2) compared to densities of 0.9 ± 0.198 kg C/m3 and 1.5 ± 0.27 kg
C/m3 for the nutrient enriched and N limiting conditions respectively after 30 days of growth.
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2.4.3.3 Biofilm activity
As biofilms matured, biofilms formed under nutrient enriched conditions had higher active cell
mass compared to P and N limiting conditions respectively in all experimental runs. Biofilms
formed under nutrient enriched conditions contained 7.9∙10-7 ± 5.410-7 moles of ATP (n = 3)
after 30 days of biofilm growth. This corresponded to 3.9∙1011 ± 2.8∙10 active cells/m2 assuming
2∙10-18 moles of ATP per unit cell. Biofilms formed under P and N limiting conditions contained
7 ∙10-8 ± 1.9∙10-8 moles of ATP (n = 3) and 2.4∙10-8 ± 6.3-09 moles of ATP (n = 3) respectively.
This corresponded to 3.5∙1010 ± 9.6∙109 (n = 3) and 1.2∙1010 ± 3.1∙109 active cells/m2 assuming
2∙10-18 moles of ATP per unit cell for biofilms formed under P and N limiting conditions
respectively. This indicates lower cellular activity in biofilm grown under nutrient limiting
conditions.

Figure 4: Mean biofilm thickness (a-c) and mass accumulation (d-f) with respect to TOC over
30 days of biofilm growth under contrasting nutrient conditions. Error bars: standard deviation
of 4-6 MFS, (n = 4-6). Note that thickness and TOC were not measured in all runs.
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2.4.4 EPS concentration
2.4.4.1 Protein concentration
Extracellular protein concentration increased in all biofilms during 30 days of growth (Fig. 5).
Biofilms formed under nutrient enriched (Fig. 5a) conditions yielded 461 ± 8.2 mg C/m 2 (n =
5) after 30 days of growth compared to 186 ± 6.37 mg C/m2 (n = 5) and 198 ± 1.67 mg C/m2 (n
= 2) for P (Fig. 5b) and N limiting (Fig. 5c) conditions respectively. Statistical analysis indicated
that the null hypotheses (similar protein concentrations in the P and N limiting biofilms
compared to nutrient enriched biofilms) can be rejected with p-values of 0.0002 and 2e-05,
respectively.
2.4.4.2 Polysaccharide concentration
During early biofilm development (up to 7 days) biofilms formed under the nutrient enriched
conditions (Fig. 5d) yielded 188 ± 5 mg C/m2 (n = 4), compared to 306 ± 23 mg C/m2 (n = 4)
yielded under P (Fig. 5e) and N limiting (Fig. 5f) conditions respectively. After 30 days of
biofilm growth biofilms formed under P limiting conditions (Fig. 5e) yielded 1,006 ± 32.48 mg
C/m2 (n = 5) compared to 188 ± 2.94 mg C/m2, (n = 4) and 110 ± 30 mg C/m2, (n = 5) for
nutrient enriched (Fig. 5d) and N limiting (Fig. 5f) conditions respectively. The accumulation
of polysaccharides in the P limiting biofilms was statistically higher than in the nutrient
enriched biofilms (null hypothesis, i.e., similar polysaccharide concentrations in the P limiting
and enriched biofilms was rejected with p-value of 3e-08). The accumulation of polysaccharides
in the N limiting biofilms compared to the nutrient enriched biofilms was also statistically
significant (null hypothesis, i.e., similar polysaccharide concentrations in the N limiting and
enriched biofilms was rejected with p-value of 0.0034).
2.4.4.3 eDNA concentration
eDNA concentration increased over the course of biofilm growth (Fig. 5). Biofilms formed
under P limiting (Fig. 5h) yielded 159 mg eDNA/m2 (n = 2) compared to 82 mg eDNA/m2 (n
= 2) and 60 ± 1 mg eDNA/m2 (n = 2) yielded under nutrient enriched (Fig. 5g) and N limiting
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(Fig. 5i) growth conditions. Change in the eDNA concentrations of the P limited biofilm was
statistically different than in the nutrient enriched biofilms (null hypotheses, i.e., similar eDNA
concentrations in the P and N limiting biofilms compared to the enriched biofilms were rejected
with p-values of 4e-05). The eDNA content of the N limited biofilm was different from the ones
of the enriched-nutrient biofilms (p-value of 0.025).

Figure 5: Change in the concentrations of extracellular proteins, polysaccharides and eDNA
over 30 days of biofilm growth under contrasting nutrient conditions. Error bars: standard
deviation of an average of 2 independent runs consisting of an average 2 MFS per run (n = 4
MFS). Note that measurements required sacrificial sampling and are not available for all runs.
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2.4.4.4 In-situ Raman microscope analysis of membrane biofilms
In-situ Raman microscope was performed to characterise the functional group profile of
different biofilms with distinct EPS matrix composition and meso-scale physical structures to
better understand the link between polymer composition and biofilm physical structure. Figure
6 illustrates the Raman spectra of nutrient enriched, P and N limiting conditions. For all
conditions, the spectra show 3 identical bands with different strengths of intensity depending
on the biofilm growth condition at; (i) ~1,000 1/cm; (ii) ~1,155 1/cm; and (iii) ~1,510 1/cm.
The assignment of Raman bands is based on reference samples for polymicrobial biofilms
validated with surrogate substances (Ivleva et al., 2009, Wagner et al., 2009, Blackwell, 1977).
The band at approximately 1,000 1/cm (i) corresponds to O-P2- the negatively charged
phosphate backbone of the DNA/RNA molecule (Blackwell, 1977, Ivleva et al., 2009). Bands
at ~1,155 1/cm (ii) are typical for vibrations of glycosidic ring structures of long change
polysaccharides (Wagner et al., 2009). Shoulder bands between 1,400-1,420 1/cm (iii) are
typical for COO- 1/cm (Blackwell, 1977), while at 1,510 1/cm strong C=C stretching modes are
allocated (Ivleva et al., 2009). A C-C stretch is also detectable around 855-899 1/cm and
corresponds to a non-compound specific covalent bond between two carbon atoms and can
constitute the backbone of a long chain polysaccharide or a peptide compound (Blackwell,
1977).
The intensity of the specific Raman shifts is viewed with respect to the base line (back-ground
signal) to the maximum of the peak. Biofilms grown under the nutrient enriched and P limiting
conditions show higher organic signal intensities at (i) ~1,000 1/cm; (ii) ~1,155 1/cm; and (iii)
~1,510 1/cm – compared to the enriched biofilms and N limiting biofilms with almost no
detectable organic molecule distribution. The spatial distribution of bands a, b and c varied in
space on the micro-scale for each biofilm grown under different nutrient conditions. Under P
limiting conditions, Raman intensity was homogeneous distributed in space compared to
nutrient enriched and N limiting conditions. Overall, the 2D Raman microscope confirmed
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results from colorimetric assays, e.g., the significantly higher polysaccharide content of the
biofilms grown under P limitations.

Figure 6: 2-D confocal Raman microscopy of intact membrane biofilms formed under nutrient
enriched, P limiting and N limiting conditions after 30 days of growth. Averaged Raman spectra
(of a 98 µm2 scanning area) shows three distinct bands (i-iii) of varying relative intensity. 2D
confocal Raman mapping shows the spatial distribution of the corresponding maximum
intensity projections (d-f) for nutrient enriched, P limiting and N limiting conditions
respectively. Scale bar: 10 µm. Spectrum baseline: background signal/glass surface.
2.5

Discussion

2.5.1 Distinct biofilm physical structures have a characteristic hydraulic resistance
Our study links physical structure of membrane biofilms to hydraulic resistance. Under P
limiting conditions, biofilms formed dense, uniform physical structures with low permeability,
as indicated by a high hydraulic resistance (Fig. 3). Under the nutrient enriched and N limiting
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conditions, biofilms were characterised by low density values and in turn by low hydraulic
resistances.
The nutrient enriched biofilm was thicker and had a higher hydraulic resistance compared to
the biofilms formed under the N limiting condition—despite both having a similar
heterogeneous morphology. Thus, it is proposed that the passage length (thickness) can greatly
influence the biofilm hydraulic resistance in biofilms with a comparable morphology
(heterogeneity). Using Hagen–Poiseuille's law for laminar flow through a biofilm one can
evaluate the respective influence of biofilm thickness and, to an extent, porosity on permeation
through the biofilm (J). Hagen–Poiseuille's law relates the mean velocity through a cylindrical
pore to the trans-membrane pressure applied over the length of the pore (TMP), the length (Lf)
and the diameter of the pore (dp2) for a given dynamic viscosity (). From the Hagen–Poiseuille
equation the flux can be calculated considering the total cross-sectional area of the pores (Ap)
relative to the total membrane area (Am):
TMP∙d2p Ap

𝐽= 32 ∙ μ ∙ L ∙A
f

m

(6)

As can be seen from Eq. (6) the flux is related to the inverse of the thickness of the pore but
increases with the square of its diameter and total cross-sectional area of the pores per
membrane surface. Thus, larger (and more) pores significantly increase the flux and decrease
the hydraulic resistance. Conversely, P biofilms had a hydraulic resistance several orders of
magnitude higher than the N limiting biofilm, despite having a comparable thickness. We
suggest the higher hydraulic resistance of biofilms formed under P limiting conditions
compared to the nutrient enriched and N limiting condition is due to a lower porosity. This
hypothesis is supported by comparison of biofilms density. Biofilms grown under P limiting
conditions had a significantly higher density than those formed under nutrient enriched and N
limiting conditions respectively. Given passage length of the nutrient enriched biofilm is
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greater, we conclude that the hydraulic resistance of membrane biofilms has greater dependency
on density than biofilm thickness.
2.5.2 Linking EPS chemical composition to biofilm physical structure
For all biofilms, increasing EPS mass positively correlated with increasing hydraulic resistance.
This observation is comparable to the findings of Derlon et al. (2016). Therein, cake layer
structures with greater concentrations of EPS, rather than cell mass, had a higher hydraulic
resistance (Derlon et al., 2016). However, in the current study, P limiting biofilms had a higher
hydraulic resistance than nutrient enriched conditions despite having similar concentrations of
EPS after 20 days of growth (Fig. 2a, b and Fig. 4e, d).
We suggest EPS composition is linked to the physical structure of the biofilm and in turn its
hydraulic resistance. EPS produced under P limiting conditions contained statistically higher
concentrations of polysaccharides and eDNA and accumulated into dense homogeneous
physical structures (Fig. 6b). Homogeneous biofilm structures with high concentrations of
polysaccharides and eDNA were characterised by a Raman spectra indicative of C-O-C groups,
Carboxyl groups (COO-) and O-P2- (DNA backbone) homogeneously distributed in space (Fig.
6a and c). Such functional groups are molecular finger prints of anionic polysaccharides and
DNA biopolymers (Sutherland, 2001b, Sutherland, 2001a). We suggest the formation of a
homogeneous physical structure is linked to a high content of functional groups capable of
strong intermolecular interaction. This is based on the fact that the C-O-C groups detected at
~1,155 1/cm are, for example, implicated in glycosidic bond formation, a form of strong
covalent interaction which can link polysaccharide molecules to another saccharide groups
(e.g., α-1,4-glycosidic bond, 335 kJ mol-1) (Hibben, 1936). The presence of C-O-C groups is
also indicative of nitrogen-carbon linkage between the 9' nitrogen of purine bases and the 1'
carbon of the sugar group in DNA. Carboxyl groups (COO-) detected at ~1,510 1/cm can also
provide additional electrostatic interactions between neighbouring negatively charged polymers
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via a divalent cation intermediary such as Ca2+ (Mayer et al., 1999, Laue et al., 2006). The
resulting salt bridge can link two negatively charged residues via hydrogen bond formation (1030 kJ mol-1) to form an array of repeating polymeric blocks, termed an “egg-box” configuration
(Lewandowski and Beyenal, 2013). Such interactions can form uniform packing structures and
homogeneous physical structures which are typical of alginate gel layers (Giraudier et al., 2004,
O'Neill et al., 1983). Similarly, the negatively charged DNA backbone O-P2- identifiable at
1,095 1/cm can also interact with the divalent inorganics, again, bridging and stabilising
neighbouring anionic polymers to form a uniform cross-linked matrix of interacting polymers
(Böckelmann et al., 2006, Peterson et al., 2013). In the current study, higher concentrations of
polysaccharide and eDNA did, in fact, coincide with a strong signal intensity for carboxylic and
O-P2- functional groups which were homogeneously distributed in space, forming a densely
packed meso-scale physical structure.
Reduced secretion of polysaccharides and eDNA or their degradation by catabolic enzymatic
activity, has also been reported to lead to the formation of dispersed/heterogeneous biofilm
structures, albeit in simple biofilm colonies (Laue et al., 2006, Ma et al., 2006, Ahimou et al.,
2007, Boyd and Chakrabarty, 1995, O'Neill et al., 1983). In our study, lower concentrations of
polysaccharides and eDNA also coincided with greater heterogeneity in functional group
distribution and in the formation of a heterogeneous physical structures. We propose the high
concentrations of polysaccharides and eDNA favour close range electrostatic interactions
leading to the formation of a homogeneous physical structures of low permeability. At lower
concentrations, functional groups are heterogeneously distributed in space, limiting potential
for electrostatic interactions, imperative for the formation of an otherwise dense homogeneous
structure.
The scientific implication of the presented work links in-situ, functional group composition and
distribution to the formation of a specific meso-scale physical structure, without alteration to
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its nascent composition or physical structure. This has allowed greater insight into the form
(e.g., chemical/structural) and function (hydraulic permeability) of microbial biofilms, with
practical relevance for the performance of membrane filtration systems.
2.5.3 Practical considerations
In the current study, growth conditions in terms of nutrient limitations impacted cellular
activity, concentration and composition of extracellular polymeric substances, as well as the
biofilm structure and hydraulic resistance. The influence of the feed water composition on
biofilm hydraulic resistance has been reported for different types of filtration systems. In the
case of bio-filters, nutrient enrichment by low-level phosphorus supplementation can also
enhance the hydraulic performance, decreasing head-loss by 15% due to the formation of
heterogeneous biofilm structures (Lauderdale et al., 2012). In our study, nutrient enriched
conditions allowed the formation of a permeable biofilm with a stable hydraulic resistance. This
was linked to the formation of “open” heterogeneous biofilm structures (Fig. 3).
In membrane filtration systems, operated under cross-flow conditions, Vrouwenvelder et al.
(2010) observed that P limiting regimes can limit biofilm formation over a period of 4 days.
Therein, it is suggested P limiting conditions restricts cellular activity and in turn biofilm
growth (Vrouwenvelder et al., 2010). The difference between our observations (increased EPS
and hydraulic resistance under P limitations) and the observations of Vrouwenvelder et al.
(2010), may be attributed to the different time-scales (30 vs. 4 d) or to the different filtration
modes (dead-end vs. cross-flow). In our study, during the first 4 days with P limitation
conditions, cellular growth, EPS production and hydraulic resistance were in fact lower
compared to nutrient enriched conditions. Long term application of P limiting conditions led to
greater accumulation of EPS, thereby increasing hydraulic resistance. This is in agreement with
previous authors who report P limitation can enhance biofilm formation in mono-species
biofilm models (Danhorn et al., 2004, Rüberg et al., 1999). Danhorn et al. (2004) demonstrate
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P limitation can enhance biofilm formation in mono-species biofilms through the PhoR-PhoB
regulatory system. Exopolysaccharide production by S. meliloti is also regulated through the
PhoB response regulator, which activates production of galactoglucan (EPS II) under phosphate
limitation by direct activation of the exp gene—in a pathway akin to the bacterial stringent
stress response (Rüberg et al., 1999, Boutte and Crosson, 2013). For polymicrobial biofilms,
exemplified in the current study, the reasons for increased EPS production under P limiting
conditions are yet to be investigated. Supporting literature describing the impact of nutrient
limitations on biofilm structure could not be found.
The practical implication of the presented work demonstrates that restricting microbial activity
by P limitation does not stop biofilm accumulation and can lead to its exacerbation due to over
production of EPS. This challenges the explanation of Vrouwenvelder et al. (2010), who
suggests P limitation can limit biofilm accumulation by reducing cell proliferation, thereby
restrict biofouling. We demonstrate P limitation can indeed reduce cell growth but can
simultaneously increase accumulation of an EPS composition which is responsible for the
formation of a dense biofilm structure with a high hydraulic resistance.
2.6

Conclusions
• Growth conditions in terms of nutrient limitations determine chemical composition of
the extracellular polymeric substances in membrane biofilms and in turn the biofilms
physical structure and its hydraulic resistance.
•

Biofilms with a high polysaccharide and eDNA content (P limiting conditions) formed
dense homogeneous structures with high hydraulic resistance. The biochemical
composition of homogeneous biofilm structures was characterised by a high content in
functional groups capable of strong covalent and hydrogen bond formation (C-O-C
groups, carboxyl groups (COO-) and O-P2- (DNA backbone)).
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•

Biofilms with low polysaccharide and eDNA content (nutrient enriched and N limiting
conditions) formed thick, heterogeneous structures imperative for low hydraulic
resistance. The biochemical composition of those heterogeneous physical structures was
characterised by lower abundance of functional groups capable of strong covalent and
hydrogen bond formation.

•

For practice, reducing microbial activity on the surface of the membrane by nutrient
limitation does not necessarily prevent biofilm accumulation. When developing biofilm
control measures, understanding the link between biofilm nutrition, biofilm physiology
(e.g. EPS production), and hydraulic performance is imperative.
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2.7
2.7.1

Supplementary information (SI)
Nutrient enriched biofilms

Figure S1 Selection of OCT images of nutrient enriched biofilms formed after 3,7 and 30 days
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2.7.2

P limiting biofilms

Figure S2 Selection of OCT images of P limiting biofilms formed after 3,7, 20 and 30 days
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2.7.3

N limiting biofilms

Figure S3 Selection of OCT images of N limiting biofilms formed after 3,7, 20 and 30 days
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2.7.4 Chemical analysis—lectin staining nad assessment

S3 Lectin Screening: Positive Hits for nutrient enriched (FC2) P limiting (FC3) and N limiting
(FC4)
•
•
•
•
•

32/72 Lectins common to all series
Positive control greater diversity of unique lectins
1 unique hit for P limiting
0 unique hits for N limiting
P limiting, and Positive control greatest number of shared hits compared to N and P or N and
Control (note: Positive and P limiting had equal Carbon utilisation in contrast to N- may account
for similar type of EPS.
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Table S5 Panel of lectins assess for reaction with biofilm biomass and their positive interactions
Panel Com Only
in Only inP lim Only
in Unique to Unique
Unique to
teste mon Positive and and N lim
Positive and positive
to P lim N Lim
d
P lim
N Lim
AAA
AAL
ABA
ASA
Co
PAA
BDA
None
AAL
AMA
ACA
BPA
DBA
PHA-E
ABA
CAA
AIA
GHA
PHA-L
ACA
CPA
CA
LcH
SybrGreen
AIA
CSA
HPA
SBA
TKA
AMA
Calsepa
LEA
SJA
TL
ASA
ConA
LPA
UDA
BDA
ECA
PNA
VFA
BPA
GNA
PSL
VRA
CA
GNK
PTA
CAA
GS-I
PWA
CCA
HAA
SNA
CPA
HHA
STA
CSA
HMA
Calsepa
IAA
Co
LAL
ConA
LBA
DSA
LFA
DBA
MAA
DGL
MNA
ECA
MOA
EEA
MPA
GHA
NPA
GNA
PA-I
GNK
PMA
GS-I
PSA
HAA
RPA
HHA
UEA-I
HMA
VGA
HPA
VVA
IAA
WFA
IRA
WGA
LAA
LAL
LBA
LEA
LFA
LPA
LcH
Lotus
MAA
MIA
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MNA
MOA
MPA
NPA
PA-I
PAA
PHA-E
PHA-L
PMA
PNA
PSA
PSL
PTA
PWA
RPA
SBA
SJA
SNA
STA
SybrGree
n
TKA
TL
UDA
UEA-I
VFA
VGA
VRA
VVA
WFA
WGA

71

2.7.5 Assessment of biofilm substrate utlilisation

S6 TOC utilisation over time of biofilms grown on sodium acetate as sole carbon source

S7 Assessment of total phosphorus (TP) present in physically extracted EPS over time
measuring using ion chromatography (IC)

72

S8 Assessment of total nitrogen (TN) present in physically extracted EPS over time measuring
using ion chromatography (IC)

S9 Resistance of reversible and irreversible fouling of ultrafiltration membrane filters operated
over 30 days.
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3

Physical structure determines compression of membrane
biofilms during Gravity Driven Membrane (GDM)
ultrafiltration

This chapter has been published as:

Desmond, P., Best, J. P., Morgenroth, E., & Derlon, N. "Physical structure determines
compression of membrane biofilms during Gravity Driven Membrane (GDM) ultrafiltration."
Water research 143 (2018): 539-549.
Author contributions:
Peter Desmond: Conceptualization and design, operation, data analysis, writing
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3.1 Abstract
Increasing transmembrane pressure (TMP) can compress and increase the hydraulic resistance
of membrane biofilms. The purpose of the present study is to evaluate how compression of
membrane biofilms occurs and how structural rearrangement can affect hydraulic resistance.
Biofilms with heterogeneous and homogeneous physical structures were grown in membrane
fouling simulators (MFS) in dead-end mode for 20 days with: (i) a nutrient enriched condition
with a nutrient ratio of 100:30:10 (C: N: P), (ii) a phosphorus limitation (C: N: P ratio:
100:30:0), and (iii) river water (C: N: P ratio: ca. 100:10:1). The structural and hydraulic
response of membrane biofilms to (a) changes in transmembrane pressures (0.06-0.1-0.5-0.10.06 bar) and (b) changes in permeate flux (10-15-20-15-10 L/m2/h) were investigated. Optical
coherence tomography (OCT) was used to monitor biofilm structural response, and OCT
images were processed to quantify changes in the mean biofilm thickness and relative
roughness. Nutrient enriched and river water biofilms formed heterogeneous physical structures
with greater surface roughness (Ra’ > 0.2) than homogeneous P limiting biofilms (Ra’ < 0.2).
Compression of biofilms with rough heterogeneous structures (Ra’ > 0.2) was irreversible,
indicated by irreversible decrease in surface roughness, partial relaxation in mean biofilm
thickness and irreversible increase in hydraulic resistance. Compression of homogeneous
biofilm (Ra’ < 0.2) was on the other hand reversible, indicated by full relaxation of the biofilms
structure and restoration of initial hydraulic resistance. Hydraulic response (i.e., change in the
specific biofilm resistance) did not correspond with the change in physical structure of
heterogeneous biofilms. The presented study provides a fundamental understanding of how
biofilm physical structure can affect the biofilm’s response to a change in TMP, with practical
relevance for the operation of GDM filtration systems.
Keywords: Biofilm physical structure, biofilm compressibility, biofilm hydraulic resistance,
membrane filtration.
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3.2 Introduction
Gravity Driven Membrane (GDM) ultrafiltration is a dead-end, continuous filtration process
operated at constant and low transmembrane pressure (TMP) (0.02 to 0.1 bar) for the benefit of
a stable permeate flux. Permeate flux can be increased by applying a larger water head, thereby
increasing TMP. Increasing TMP by application of a higher water-head can however compress
the physical structure of the membrane biofilm, leading to higher hydraulic resistances and thus
a limited increase in permeate flux (Valladares Linares et al., 2015, Derlon et al., 2016). It is
not known what structural feature of the biofilm rearranges (e.g., surface roughness) during
compression, nor how structural rearrangement is linked to the increase in hydraulic resistance.
Identifying what factors determine the structural and hydraulic response of membrane biofilms
is essential for maintaining an adequate permeate flux. The aim of the present study is to
evaluate how compression of membrane biofilms occurs and its implication for hydraulic
resistance in GDM filtration systems.
The hydraulic resistance of a filter cake is linked to its compressibility (n). The specific
resistance of the cake layers (α, resistance per mass) is dependent on the applied TMP:
𝛼 = 𝑎 ∙ 𝑇𝑀𝑃𝑛

(1)

where a is a constant and n is the compressibility coefficient with 0 (incompressible) ≤ n ≤ 1
(compressible) (Foley, 2013). For compressible cake layers, the packing structure cannot
sustain the force exerted by the increased permeate flux and consolidates to form a new stable
structure (McCarthy et al., 1999, McCarthy et al., 1998). For microbial suspensions, the
formation of a consolidated structure is reached by particle rearrangement and/or particle
deformation, increasing the packing density of the cake (Foley, 2006). Cake deformation
decreases cake porosity and the area of contact between the particles and fluid, consequently
increasing hydraulic resistance (Tiller and Kwon, 1998). For microbial suspensions and
polymeric gels, compression is reversible (McCarthy et al., 1999). Therein, initial hydraulic
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resistances are recovered following restoration of initial TMP. This indicates recovery of the
initial cake porosity. Whether the mechanisms of homogeneous cake layer (e.g., uniform
physical structure/hydraulic flow) compression are also valid for membrane biofilms is not
known.
Membrane fouling layers (e.g., biofilms, cake layers) irreversibly compress following
application of higher TMPs, as indicated by decreased mean biofilm thickness and an increase
in hydraulic resistance upon restoration of initial TMPs (Bugge et al., 2012, Jørgensen et al.,
2014, Poorasgari et al., 2015, Valladares Linares et al., 2016, Dreszer et al., 2014). Irreversible
compression is against the expectation that fouling layers with high polymeric concentrations
(e.g. membranes biofilms) are reversibly compressed (Foley, 2006). It is not known what
structural feature of the biofilm becomes irreversibly compressed (e.g. surface
roughness/internal pores). Nor is it clear how structural rearrangement is linked to the increase
in hydraulic resistance. Valladares Linares et al. (2016) proposed physical compression can
cause structural rearrangement on the nano-scale between neighbouring extracellular polymeric
substances (EPS) of the biofilms matrix. Valladares Linares et al. (2015) assumed physical
deformation on the mesoscale is sufficient to induce short-range intermolecular interactions.
However, the basis for said explanation was not experimentally explored, nor is it likely that
macro-scale compression can induce micro-scale interaction of EPS functional groups. We
suggest physical structure is an important factor determining the biofilms structural response to
force. Thus, the role of physical structure (e.g., surface roughness) on the compression and
relaxation of membrane biofilms will be investigated.
The specific focus of the current study is to evaluate (a) what structural feature of the biofilm
rearranges (e.g., surface roughness) during compression and (b) how structural rearrangement
is linked to the increase in hydraulic resistance. Desmond et al. (2018) demonstrated the utility
of nutrient conditions in engineering biofilms with different compositions (in terms of EPS and
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inorganic particles) and in turn physical structures. Nutrient limitation will be used in the
current study to cultivate biofilms with distinct physical structures for the purpose of
understanding how physical structure determines biofilm compression. Optical coherence
tomography (OCT) will be used to monitor the mesoscale structural response of membrane
biofilms with different physical structures to increasing TMP and quantified with respect to
mean biofilm thickness and surface roughness. Monitoring biofilm compression while
increasing TMP will help determine what structural feature of the biofilm rearranges (e.g.,
surface roughness) during compression, and whether structural rearrangement is linked to the
increase in hydraulic resistance. The composition of the biofilms matrix was analysed in terms
of proteins, polysaccharides, and total organic carbon (TOC).
3.3

Materials and Methods

3.3.1 Biofilm growth set-up
3.3.1.1 Biofilm cultivation
Biofilms were cultivated in membrane fouling simulators (MFS) operated as GDM filtration
systems in dead-end mode at a constant TMP of 0.06 bar where gravity was the driving force.
For each MFS, feed water was pumped into the feed-line and overflow tank with a peristaltic
pump (ISM932A, Ismatec, Glattbrugg, Switzerland) at a rate ensuring that permeation was
solely gravity driven. The MFS were connected to overhead tanks with overflows through
which excess feed water could leave the water head ensuring constant water head of 60 cm
could be maintained. Biofilms were grown on ultrafiltration membranes held in transparent
membrane fouling simulators (MFS) (Eawag, Dübendorf, Switzerland) with an area of 18.75
cm2. Three growth conditions were used: nutrient enriched, a phosphorous limiting and a
membrane system fed by river water. Biofilms were grown in duplicate in 3 experimental runs
(n = 6). The experiments were undertaken in a 20 °C temperature-controlled room.
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3.3.1.2 Membrane preparation
Ultrafiltration membranes (UP150,

MicrodyN

Nadir,

Wiesbaden,

Germany)

of

polyethersulfone with a nominal cut-off of 150 kDa were used as a substratum for biofilm
growth (corresponding to a mean pore size of about 30-40 nm). Membrane’ coupons were cut,
rinsed and washed in 40% ethanol to disinfect the membranes’ surface as described by
Heffernan et al. (2013).
3.3.1.3 Feed-water preparation
Three different growth conditions were used: Nutrient enriched (synthetic), P limiting
(synthetic) and river water (surface water). For biofilms grown with synthetic substrate, sterile
feed-water was prepared in 20 L glass bottles. Carbon (C), nitrogen (N) and phosphorus (P)
were added in the form of acetate (CH3COO−), ammonium (NH4+) and ortho-phosphate
(PO43−), respectively, at a ratio of 100 (C):30 (N):10 (P) for the nutrient enriched conditions
(Table 1). Use of nutrient limitation was used only as an experimental tool to grow biofilms of
different physical structures and EPS compositions as demonstrated by Desmond et al. (2018).
Essential trace elements were supplemented to the feed-water along with EDTA to ensure trace
elements did not precipitate (Table 2) (Hammes and Egli, 2005).
For biofilms grown under river water conditions, surface water was pumped into a settling tank
to allow removal of larger particles and sediments before being fed by gravity into the feed tank
of the filtration system. This ensured removal of silt but allowed transfer of colloids/fine
particles through the membrane modules. Intake source located in Chriesbach river, Dübendorf,
Switzerland (47°24'16. 3"N 8°36'31. 8"E).
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Table 1 Composition of nutrient feed-solution:
C [mg/L]

N [mg /L]

P [mg /L]

Negative Control

-

-

-

Nutrient enriched

5

1.5

0.5

P limiting

5

1.5

-

N limiting

5

-

0.5

3.3.1.4 Bacteria cultivation and membrane MFS inoculation
Bacteria for MFS inoculation were cultivated from the Chriesbach river, Dübendorf,
Switzerland (47°24'16. 3"N 8°36'31. 8"E) during spring time. For inoculation of the MFS,
microbial suspension was centrifuged for 15 min at 5,000 rpm (UniCen MR, Herolab,
Germany). The supernatant was decanted allowing re-suspension of the cell pellet in 30 mL 0.1
M NaCl yielding a final concentration of 1.5·1010 cells/ml as determined by ATP assay
assuming 2·10−18 mol of ATP per cell. From the resulting bacterial solution, 2.5 mL was
injected into each MFS. The spiked MFS was let settle for 18-24 hours to allow filtration of
bacterial solution allowing known cell coverage over the membrane area. Filtration of microbial
suspension resulted in a surface coverage in a surface coverage of 2 · 1013 cells/m2 confirmed
by ATP assay assuming 2·10−18 mol of ATP per cell.
3.3.2 Biofilm compression
3.3.2.1 Biofilm compression setup
Biofilm compression experiments were performed in 3 separate experimental runs to ensure
reproducibility. Each run was performed with 2 MFS per condition (total 6 MFS per condition).
Variation is due to break in MFS window when critical TMP was breached in certain instances.
After 20 days of growth, biofilms were transferred under 0.06 bar pressure to an automated
filtration system (Fig. 1). The filtration system was fed with feed waters reflective of the growth
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conditions of the biofilm being compressed. Biofilm compression was achieved by step-wise
increasing and decreasing either the transmembrane pressure or the permeate flux. Biofilms
were exposed to increasing and decreasing TMP (0.06-0.1-0.5-0.1-0.06 bar) where exposure
was for 15 min or controlled rates of permeation (10-15-20-15-10 L/m2/h) where exposure was
for 30 min at each step (Table 3.). Pressure was measured at the feed water and permeate sides
of the MFS to determine the transmembrane pressure across the biofilm-membrane. Return
valve was automatically adjusted to match specific TMP or permeate flux.

Figure 1 Automated filtration system fitted with transparent membrane fouling simulator.
3.3.2.2 Biofilm compression test
Biofilm compression was achieved by increasing the transmembrane pressure (bar) or by
increasing permeate flux (L/m2/h) (Table 2). The pressure in the membrane fouling simulator
was measured at the inlet and outlet of the MFS to determine the total transmembrane pressure
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across the biofilm-membrane composite system was operated in dead-end mode with constant
pump speed. Biofilms were exposed to increasing and decreasing TMP (0.06-0.1-0.5-0.1-0.06
bar) (Table 2) where exposure was for 15 min and controlled rates of permeation (10-15-2015-10 L/m2/h) where exposure was for 30 min (Table 2).
Table 2 Compression test

Independent variable

Transmembrane
(TMP)

Dependent
variable

Number
of
Number
of
parallel flow cells
independent runs
per run

Permeate flux

3

2

1

2

pressure

0.06-0.1-0.5-0.1-0.06 bar. 15
min exposure to each step

Permeate flux (J)

Transmembrane
10-15-20-15-10 L/m2/h. 30
pressure
min exposure to each step

3.3.3 Hydraulic analysis
3.3.3.1 Hydraulic parameters
Permeate flux and hydraulic resistances were derived from the mass of collected permeate. The
volume of permeate was determined by dividing the permeate mass by the density of water
(1000 kg/m3). The following equations were used for the calculations of the permeate flux (J,
[L/m2/h])
∆𝑉

𝐽 = 𝐴 ∙∆𝑡

(2)

where ∆V of permeate is the change in permeate volume, A is the filtration area, ∆t is the change
time. The total hydraulic resistance [1/m] was calculated as
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𝑅𝑡𝑜𝑡𝑎𝑙 =

𝑇𝑀𝑃

(3)

𝜂 ∙𝐽

where TMP is the transmembrane pressure, η is the dynamic viscosity of water at a given
temperature, and R

total

is the total filtration resistance of the fouled membrane. The biofilm

hydraulic resistance (Rbiofilm, [1/m]) was calculated according to Eq. (4):
Rbiofilm = Rtotal – Rmembrane

(4)

where Rmembrane is the intrinsic resistance of the clean membrane measured for a period of 24 h
with nanopure water prior to bacteria inoculation. Specific resistance (α) was calculated from
the hydraulic resistance of the biofilm (Rbiofilm, Eq. 4) and the accumulated biomass per
membrane area (𝜔) (mg C/m2):
𝛼=

𝑅𝑏𝑖𝑜𝑓𝑖𝑙𝑚
𝜔

(5)

3.3.3.2 Determination of the compressibility coefficient n
The effect of transmembrane pressure on the biofilm hydraulic resistance was quantified by
plotting its specific resistance vs. TMP as described in Eq. (1). The compressibility coefficient
n was estimated from regression using a power function in Excel. The value n is a quantitative
measurement of the biofilm compressibility. For the estimation of compressibility, the results
from tests (Table 2) varying TMP or flux were pooled.
3.3.4 Biofilm characterisation
3.3.4.1 Biofilm morphology quantification
The structural response of the membrane biofilm to increasing and decreasing compressive
force was resolved on the meso-scale by means of optical coherence tomography (OCT) (model
930 nm Spectral Domain, Thorlabs GmbH, Dachau, Germany) with a central light source
wavelength of 930 nm and refractive index of 1.33. For image acquisition, the OCT was coupled
to the automated filtration system for in situ analysis (Fig. 1). For the image acquisition OCT
images were recorded on line. Three randomized locations were selected from each MFS during
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each experimental run. The number of locations was restricted due to a time point analysis,
which was compensated for by increase number of MFS. Images were analysed on Matlab,
therein quantified with respect to:
(a) mean biofilm thickness:
Biofilm thickness was calculated based on the number of pixels found between the top edge of
the biofilm and the upper membrane surface of each OCT image, using a pixel scaling factor
to obtain the biofilm thickness in microns.
1

𝐿𝐹 = 𝑁 ∑𝑁
𝑖=1 𝐿𝐹,𝑖

(6)

where LF,i is the biofilm thickness from a single A-scan (i.e., light reflected from each optical
interface) in the corresponding B-scan (i.e., cross-sectional reconstruction of a plane from a
series of A-scans across the structure) and N is the total number of A-scans.
(b) relative roughness
The relative roughness coefficient of the biofilm was calculated according to Murga et al.,
1995.

𝑅𝑎∗ =

1 𝑁 |𝐿𝐹,𝑖 −𝐿𝐹 |
∑
𝑁 𝑖=1
𝐿𝐹

(7)

where 𝑖 represents a A-scan and 𝑁 the overall number of A-scans. Biofilms with a smooth
surface and only a few variations from the mean biofilm thickness have low values close to 0.
The higher the roughness coefficient, the more variations are expected from the biofilm surface
(Blauert et al., 2015).
(c) porosity
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OCT images does provide some indication of how dense or loose a biofilm is structured, and
fraction of light/dark pixels or greyscale distribution can be quantified. Wagner et al. (2010a)
suggest zones of low signal intensity represent areas of absent biomass (i.e., voids, pores).
However, the distinction between solid materials and voids relies on the assumption that
absence of OCT signal equals voids. However, such an assumption and the resulting porosity
quantification is debatable.
3.3.4.2 Biofilm harvesting
Biofilms were removed from the MFS for chemical analysis at each time point. Biofilms were
scraped from the membrane surface via a cell scrapper and transferred into sterile glass beakers.
A volume of 30 mL 0.1 M NaCl solution was used to rinse the remaining biofilm from the
membrane and MFS surface. The collected biomass was re-suspended in the washings of the
30 mL 0.1 M NaCl solution. Residual TOC after scraping is like TOC of a virgin membrane,
indicating that no left biofilm remained on the scrapped membrane. Thus, verifying removal of
available biomass from the membranes surface.
3.3.4.3 Total organic carbon
The TOC of all biofilms were measured by an automatic total organic carbon analyser (TOCV, Shimadzu, Japan) from harvested biomass samples resuspended in 30 mL 0.1 M NaCl
solution. Accumulated biomass (ω) was expressed as g C/m2.
3.3.4.4 EPS extraction
EPS and cells were dispersed and separated by sonication and centrifugation respectively.
Physical extraction was selected over chemical methods of EPS extraction to limit
contamination of sample fractions due to sensitivity of subsequent analytical methods. Different
sonication strengths were tested to maximize EPS/cell separation while avoiding cell lysis
(detected through soluble ATP measurement). Harvested biofilm suspensions (as described in
section 2.4.2) were placed in an ice bath and sonicated for 120 seconds with 10 s rest intervals
using a needle sonicator at 65% amplitude (Sonoplus HD 3200, Bandelin, Berlin, Germany).
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Sonication was repeated three times to ensure full dispersal of the cells and EPS. Thereafter,
homogenised samples were centrifuged at 5,000 rpm at 20 °C for 15 min (UniCen MR, Herolab,
Germany) to separate the EPS from the cells. Centrifugation was repeated to ensure full
separation of EPS from cells. The supernatant containing the soluble EPS was decanted from
the resolved cell pellet and aliquots were obtained from the extracellular fraction for
measurement of total organic carbon (TOC) (TOC-L, Shimadzu, Japan), size exclusion
chromatography (SEC), and EPS analysis (Polysaccharide, Protein, eDNA).
3.3.4.5 Total polysaccharide quantification
Concentrations of polysaccharides in the EPS fraction were determined by the Anthrone method
adapted from Gerhardt et al. (1994). Anthrone was dissolved in absolute ethanol before adding
it to 75% H2SO4. Absorbance was measured with a UV-Vis spectrophotometer (Infinite M200,
TECAN, Männedorf, Switzerland) at a wavelength of 625 nm. Glucose was used as a standard
and results were expressed in mg C/m2 (conversion factor of 0.4 mg C mg/glucose).
3.3.4.6 Total protein quantification
Total proteins in the extracted EPS were quantified using a Bicinchoninic Acid (BCA) kit. Kits
for lower or higher protein concentrations (Micro BCA Protein Assay Kit 23235/ Pierce BCA
Protein Assay Kit 23225, Thermo Fisher Scientific, Waltham, MA, USA). The quantification
was carried out according to the instructions of the manufacturer. The sample to reagent ratio
was 1:1 for the lower kit and 1:20 for the higher kit. The solutions were incubated at 60 °C for
1 h (lower kit), respectively at 65 °C for 30 min (higher kit). After the samples were cooled
down to room temperature, the absorbance was measured with a UV-Vis spectrophotometer
(Infinite M200, TECAN, Männedorf, Switzerland) at a wavelength of 562 nm. Bovine serum
antigen (BSA) was used as a standard and results were expressed in mg C/m2 (conversion factor
of 0.83 mg C mg/BSA).
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3.4
3.4.1

Results
Biofilm characterisation

3.4.1.1 Total organic carbon
Total biomass concentration was analysed with respect to total organic carbon (TOC) after 20
days of filtration. The Nutrient enriched, P limiting, and river water biofilms yielded 916 ± 120
mg C/m2 (n = 6 MFS), 716 ± 90 mg C/m2 (n = 6) and 592 ± 60 mg C/m2 (n = 3 MFS),
respectively (Fig. 2a).
3.4.1.2 EPS concentration:
Under nutrient enriched conditions EPS concentration yielded 835 ±50 (n = 6 MFS) compared
to 676 ± 100 mg C/m2 (n = 6 MFS) and 541 ±15 mg C/m2 (n = 3 MFS) for the P limiting and
river water biofilms respectively (Fig. 2b). Specific composition with respected to protein
content yielded 750 ± 20 mg C/m2 (n = 2 MFS) for the nutrient enriched condition, compared
to 150 ± 10 mg C/m2 (n = 2) and 780 ± 20 mg C/m2 (n = 2 MFS) for the P limiting and river
water conditions respectively (Fig. 2c). Polysaccharide accumulation yielded 180 ± 80 mg C/m2
(n = 2 MFS) under nutrient enriched condition compared to 620 ± 10 (n = 2 MFS) and 450 ±
10 mg C/m2 (n = 2 MFS) under P limiting and river water conditions respectively (Fig. 2d).
Concentration of polysaccharide and protein exceeded the total concentration of total organic
carbon in river water biofilms but not in biofilms formed under synthetic influent. Similar over
reporting of colorimetric assays for EPS characterisation has been reported by Le et al. (2016)
who demonstrate false positive results when using colorimetric means of total protein
determination. The reasons for false positive results from the colorimetric assay is not known.
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Figure 2 Biochemical analysis of the membrane biofilms formed under nutrient enriched, P
limiting and river water influent; Total organic carbon (TOC), EPS concentration (a-b), protein
concentration and polysaccharide concentration (c-d) after 20 days of growth. Bar line standard
deviation
3.4.2 Effect of transmembrane pressure and permeate flux on biofilm morphology
The application of higher TMPs and permeate flux led to a visible compression of the biofilms’
structure. Physical compression was defined as the reduction in the average biofilm thickness.
For nutrient enriched and river water biofilms, increasing TMPs and filtration rates lead to a
reduction in areas of low or absent signal intensity, which are proposed by Wagner et al. (2010)
to represent internal pores or voids (Fig. 3). For the P limiting biofilm, lowering of TMPs and
filtration rates also relaxed the consolidated structure and allowed restoration in the initial
morphology of the biofilm (Fig. 3) Images for controlled flux experiments available in
supplementary information (SI).

88

Figure 3 Stepwise change in transmembrane pressure: Optical coherence tomography of
compaction and relaxation of membrane biofilms with different physical morphologies. Flow
direction: top down. Arrows: Red (A)—surface heterogeneities, Blue (B)—homogeneous
structure, Yellow (C)—low signal intensity (voids). Scale bar: 200 µm. Red dashed line:
membrane. Additional images in supplementary information (SI)
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3.4.3 Biofilm hydraulic resistance
3.4.4 Transmembrane pressure and biofilm hydraulic resistance
Increasing TMP from 0.06—0.1—0.5 bar pressure led to an increase in hydraulic resistance of the
nutrient enriched and P limiting biofilms increased 4 times that of the initial hydraulic resistances:
1∙1012 ± 4.7∙1011 1/m (n = 6) and to 2.7∙1012 ± 4.4∙1011 1/m (n = 6) (Fig. 4). Hydraulic resistance
of biofilms formed under river water conditions increased only two times that of their initial
hydraulic resistance. Increasing in TMP corresponded with an increase in permeate flux (Fig. 5b).
Restoration of initial of 0.06 bar of TMP, the hydraulic resistance of nutrient enriched and river
water biofilms remained elevated at 5∙1011 ± 3.5∙1009 1/m (n = 6 MFS) and 1∙1012 ± 5.1∙1010 1/m
(n = 2 MFS) respectively. The irreversible increase in hydraulic resistance contrasted with
homogeneous P limiting biofilms P, whose hydraulic resistance returned within range of initial
values of 5.6∙1011 ± 1.16∙1011 1/m (n = 6 MFS) at 0.06 bar (Fig. 4).
3.4.5 Permeate flux and biofilm hydraulic resistance
A stepwise increase of permeate flux, led to an increase in hydraulic resistance (Fig. 5a-c).
Increasing permeate flux from 10 L/m2/h to 20 L/m2/h for the nutrient enriched and river water
biofilms caused an increase in hydraulic resistance to 1.7∙1012 ± 2.9∙1010 1/m and 6.2∙1011 ± 5.8∙1010
1/m (n = 2 MFS), respectively (Fig. 5). Hydraulic resistance was elevated for both nutrient enriched
and river water biofilms even upon restoration of the initial permeate flux (Fig. 5).
Hydraulic resistance of P limiting biofilms increased under increasing flux and returned within
range of initial values, following restoration of starting permeating flux around 2.5∙10 12 1/m ±
4.9∙1010 1/m (n = 2 MFS) and 0.4 ± 0.04 bar (n = 2 MFS) respectively (Fig. 4b). It should be noted
initial hydraulic resistance was higher during controlled flux experiment compared to controlled
TMP experiment, due to a greater TMP required to maintain a 10 L/m2/h permeate flux compared
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to Fig. 5. Restoration of initial hydraulic resistance and TMP after compression is proposed to
indicate the presence of a reversibly compressible structure.
3.4.6 Effect of Transmembrane pressure and permeate flux on biofilm physical structure
3.4.7 Biofilm thickness
For experiments at controlled TMP, compression of nutrient enriched and river water biofilms was
irreversible, with only partial relaxation in biofilm thickness. Nutrient enriched biofilms and river
water biofilms had an initial thickness of 520 ± 133 µm (n = 4 MFS) and 126 ± 13 µm (n = 2 MFS)
which recovered to only 205 ± 40 µm (n = 4 MFS) and 67 ± 3µm (n = 2 MFS) after decompression
(Fig. 4). Homogeneous P limiting biofilms had full recovery of its initial thickness of 297 ± 161
µm (n = 3 MFS) to 313 ± 77 µm after decompression (n = 2 MFS) (Fig. 4).
For experiments at controlled flux, compression of nutrient enriched and river water biofilms was
also irreversible, with only partial relaxation in biofilm thickness. Nutrient enriched biofilms and
river water biofilms had respective initial thicknesses of 518 ± 117 µm (n = 2 MFS) and 112 ± 3
µm (n = 2 MFS) which recovered to only 85 ± 4 µm (n = 2 MFS) and 52 ± 2 µm (n = 2 MFS) after
decompression (Fig. 5). Homogeneous P limiting biofilms on the other hand, relaxed within range
of their initial thickness of 189 ± 12 µm (n = 2 MFS) to 181 ± 9 (n = 2 MFS) after decompression
(Fig. 5).
3.4.8 Biofilm surface roughness
For experiments at controlled TMP, nutrient enriched and river water biofilms had an irreversible
reduction in surface roughness. Nutrient enriched biofilms and river water biofilms respectively
initial surface roughness of 0.4 ± 0.1 (n = 4 MFS) and 0.33 ± 0.14 which recovered to only 0.3 (n
= 4 MFS) and 0.15 ± 0.03 after decompression (Fig. 4). Compression and relaxation of P limiting
biofilms had no change their initial surface roughness of 0.21 ± 0.11 (n = 3 MFS), recovering to
0.21 ± 0.04 (n = 3 MFS) after decompression (Fig. 4).
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For experiments at controlled flux, nutrient enriched and river water biofilms also had an
irreversible reduction in surface roughness. Nutrient enriched biofilms and river water biofilms an
initial relative surface roughness of 0.4 ± 0.2 and 0.3 ± 0.1 which recovered to only 0.1 ± 0.07 and
0.1 ± 0.04 (n = 2 MFS) after decompression (Fig. 5). Compression and relaxation of P limiting
biofilms had no change in initial relative surface roughness of 0.16 ± 0.05, recovering to 0.1 ± 0.03
(n = 2 MFS) after decompression (Fig. 5).
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Figure 4 Quantification of biofilm hydraulic and structural response to stepwise increase
(compression) and decrease (relaxation) in TMP with respect to hydraulic resistance (a-c),
permeate.
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Figure 5 Quantification of biofilm hydraulic and structural response to stepwise increase
(compression) and decrease (relaxation) in permeate flux with respect to hydraulic resistance (ac), transmembrane pressure (d-f), and mean biofilm thickness (g-i) and relative roughness (j-l). Bar
line: standard deviation.
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3.4.9 Compressibility analysis
Eq. (1) defines a material as compressible when the specific resistance increases with TMP (Fig.
6). The specific resistance for nutrient enriched, P limiting, and river water biofilms increased with
increasing TMP, with n values of 0.68 (confidence interval for 97.5 % confidence: 0,60 to 0.77),
0.53 (confidence interval: 0.41 to 0.67) and 0.54 (confidence interval: 0.41 to 0.68), respectively
(Fig. 6a-c). Monitoring of the biofilms physical compression, defined by the change in mean
biofilm thickness over increasing TMPs, also revealed a decrease in thickness with increasing TMP
– but not consistent with the increase in TMP. For biofilms formed under nutrient enriched and
river water conditions most variation in thickness was observed when increasing TMP from 0.06
to 0.1 bar. Conversely above 0.1 bar, biofilm thickness only slightly decreased. In contrast, the
specific resistance increased steadily from 0.06 to 1 bar following Eq. (1). Biofilms formed under
the P limiting condition, had a lower relative change in mean biofilm thickness agreed with its
specific resistance following application of higher TMP.
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Figure 6 Comparison of compressibility with respect to change in specific biofilm resistance (a-c)
and mean biofilm thickness (d-f) over increasing transmembrane pressure (TMP), where
compressibility is denoted by change in n (a-c) obtained by non-linear fitting. Bar line: standard
deviation.
3.5

Discussion

3.5.1 Mechanisms of biofilm physical compression and implication for hydraulic resistance
In the current study, we evaluated to what extent compression of membrane biofilms (defined at
the change in the biofilm thickness over TMP) influences its hydraulic resistance. Our results
indicate that, for all biofilms tested, specific resistance did in fact increased with increasing TMP.
An increasing specific resistance indicates biofilms behave as compressible material when
compression is hydraulically defined (Eq. 1). The compression of GDM membrane biofilms is thus
comparable to the compression of dead-end filtration of microbial suspensions and to membrane
cake layers formed in membrane bioreactors in terms of increasing specific resistance over
increasing TMPs (Foley, 2013, Poorasgari et al., 2015, Bugge et al., 2012, Jørgensen et al., 2014).
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However, unlike in filter cakes, membrane biofilms are self-assembling structures, whilst cake
layers mainly result from solids accumulation on the membrane surface.
OCT was used to monitor the change in the biofilms thickness/roughness as an indicator of
compression. Our results indicate when compression is defined by variation in biofilm thickness,
compression of heterogeneous biofilm structures (Ra’ > 0.2) differs from the compression of
homogeneous biofilms structures (Ra’ < 0.2).
For heterogeneous biofilms, the increase in specific resistance did not correspond to the reduction
in its mean thickness and relative roughness. Physical compression of heterogeneous biofilms
(Ra’>0.2) was in fact bi-phasic, involving:
(a) a large reduction of the mean biofilm thickness was observed when biofilms were
subjected to a slight TMP increases from 0.06 to 0.2 bar. The large reduction in the mean
biofilm thickness is linked to the decrease in roughness and results in the formation of a
compressed, homogeneous biofilm (Fig. 5, 6). The change in the specific biofilm resistance
did not correspond with the large variation of biofilm thickness at low TMPs.
(b) when TMP increases from 0.2 to 0.9 bar; the biofilm was less compressible, as indicated
by the minor change in biofilm thickness, which corresponded to the minor increase in
specific resistance.
On the other hand, the physical compression of homogeneous biofilm structures (Ra’≤0.2)
corresponded with its increase in specific resistance, similarly to the phase (b) of the compression
of heterogeneous biofilms. Homogeneous biofilms formed under P limiting conditions were less
compressible than heterogeneous biofilm structures as indicated by the lower change in relative
thickness over 0.06-1.2 bar (Fig. 6). We suggest the limited physical compression of homogeneous
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biofilms is explained by its low roughness and a reduced initial porosity. Effects of porosity on
biofilm compression is supported by the fact that compact biofilms are numerically demonstrated
to have a reduced pore volume (due to packing of the particulate materials), which in turn can
increases biofilm “stiffness” (Laspidou et al., 2014). For river water biofilms however, specific
hydraulic resistance increased despite no further decrease in mean biofilm thickness after 0.1 bar
pressure (based on OCT imaging). No variation in thickness was observed despite increasing TMP.
This indicates the presence of an incompressible biofilm. We suggest that for the river biofilms the
increase in specific resistance results from the reorganisation of particles at spatial scale lower than
the resolution of the OCT. This is supported by the fact that micro-scale reorganisation of particles
for model fouling layers has been observed to increase hydraulic resistances during filtration of
particle suspension (McCarthy et al., 2002).
3.5.2 Reversible vs. irreversible compression—implication for hydraulic resistance
Heterogeneous biofilm structures (Ra’>0.2) were irreversibly compressed, as defined by the partial
recovery of initial thickness and hydraulic resistance following decreased TMP. Conversely,
compression of homogeneous structures (P limiting biofilms with Ra’ < 0.2) was fully reversible,
as defined by the restoration of initial thickness and hydraulic resistance within range of precompressed values. For nutrient enriched heterogeneous biofilms, which were largely constituted
by EPS, the irreversible compression of membrane biofilms was against the expectation that
polymeric fouling layers are reversibly compressed (Fig. 4, 5).
3.5.3 Effect of EPS chemical composition on compression
Chemical composition of EPS can determine the physical structure and mechanical properties of a
biofilm (Peterson et al., 2013, Desmond et al., 2018). During membrane ultrafiltration, Valladares
Linares et al. (2016) suggested irreversible biofilm compression is due to chemical consolidation
of the EPS. Chemical consolidation was defined as the interaction of neighbouring functional
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groups to induce bond formation (Valladares Linares et al., 2016). Therein, induction of new bonds,
was proposed to cause the EPS to “stick” together, thereby preventing restoration of initial
thickness. However, in the current study we demonstrate pre-compacted nutrient enriched biofilms
(low polysaccharide concentration, high protein concentration) had comparable reversible
compression than P limiting biofilms (high polysaccharide concentration, low protein
concentration). Thus, biofilms with comparable homogeneous structures but different
compositions of EPS were reversibly compressible. We thus suggest EPS chemical composition is
linked to reversible/irreversible compression of membrane biofilms by the structural function of
EPS. Thereof, different compositions of EPS can lead to the formation of distinct physical
structures (e.g., surface roughness), which are more susceptible to irreversible deformation.
3.5.4 Effect of physical structure compression
We suggest irreversible compression is due to deformation of surface heterogeneity (e.g.,
roughness). Supporting this claim, irreversible compression was only observed for biofilms with a
large relative roughness (Ra’> 0.2). We suggest irreversible compression of heterogeneous
biofilms is due to deformation of weak physical structures (e.g., surface filaments). This is
supported by the observation that the irreversible decrease in biofilm thickness corresponded to an
irreversible reduction in surface roughness (Fig. 4j, 5j). Under tangential flow streamers and
surface roughness do in fact have lower structural strength than the homogeneous biofilm bulk
(Stoodley et al., 2002). Furthermore, homogeneous biofilms, with low surface roughness (Ra’ ≤
0.2), did not exhibit a significant change in surface roughness and recovered their thickness and
hydraulic resistance following relaxation of TMP within range of initial values.
The irreversible increase in specific resistance suggests deformation of an independent variable of
hydraulic resistance such as porosity. Numerical simulation of biofilm compression does indicate
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that compression can reduce void volume (Laspidou et al., 2014). In turn, an increase in specific
resistance has also been numerically linked to reduced porosity following application of higher
TMP (Tiller and Kwon, 1998). Valladares Linares et al. (2016) also suggested increase hydraulic
resistance of irreversibly compressed biofilms is due to narrowing of conduits of hydraulic passage
(e.g., channels between EPS). Similarly, Fortunato et al. (2017) calculate a decreased porosity
from OCT images, which corresponded with decrease permeate flux. In our study, the increase in
hydraulic resistance and decrease in thickness following the application of higher TMPs did in fact
lead to a reduction of areas of low OCT signal intensity by visual observation, suggested by Wagner
et al. (2010) to represent volumetric voids. However, porosity quantification is limited in
quantitative surety. Calculated porosity assumes that no signal is an absolute equivalent to void
volume. An absence of signal can however result from a lot of other phenomenon: shadowing by
particles, decreasing signal intensity with depth, inappropriate thresholding.
We demonstrate irreversible compression of membrane biofilms and increase hydraulic resistance.
We suggest this is due to the reduction in the surface roughness of the biofilm and decrease pore
volume required for hydraulic transport.
3.5.5 Practical implications
The “ideal” membrane biofilm formed during GDM filtration should have a heterogeneous
physical structure (i.e., low hydraulic resistance) and be incompressible. Biofilms formed under
river water or under enriched nutrient conditions had low hydraulic resistances (due to
heterogeneous physical structures). But those biofilms were irreversibly compressed. Biofilms
formed under P limiting conditions were reversibly compressible, but had a high hydraulic
resistance during normal operation, thereby reducing their desirability. Increasing TMP during
GDM filtration should thus be avoided due to the low mechanical strength of heterogeneous
structures (e.g. Surface roughness). Efforts to increase permeation in GDM systems should focus
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on increasing membrane area and/or heterogeneity of the biofilm for greater flux production (Klein
et al., 2016).
3.6 Conclusions
• The initial physical structure of membrane biofilms developed during GDM filtration (0.06 bar
pressure) governs its compression, relaxation and hydraulic response to increased TMPs.
•

When exposed to increased TMPs, the roughness of the biofilms mainly governs its physical
compression (change in thickness) while the biofilm’s porosity determines its hydraulic
responses, i.e., change in specific resistance.

•

Compression of heterogeneous biofilm structures (Ra’>0.2) formed during GDM ultrafiltration
is phasic, involving:
o When TMP increases from 0.06 to 0.2 bar: a large decrease in mean biofilm
thickness/roughness that results in the formation of homogeneous structure. The
reduction of roughness had little to no impact on hydraulic resistance, despite large
variation in biofilm thickness, indicating their limited resistance to hydraulic flow
o When TMP increases from 0.2 bar to 1.2 bar: a lower relative change in mean biofilm
thickness, corresponding to the compression of the resulting homogeneous biofilm
structure. The compression of heterogeneous biofilms was irreversible once the
roughness is collapsed.

•

Compression of homogeneous biofilm structures (Ra’ 0.2) was reversible and resulted in a
corresponding change in the specific resistance over TMP.

•

For practice, the application of higher permeate flux by way of increased water head (thereby
TMP) during GDM filtration must be avoided due to the negative effect of biofilm compression
on its hydraulic resistance.
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3.7
3.7.1

Supplementary information
Nutrient enriched biofilms

S1 Selection of images for nutrient enriched biofilms exposed to increasing and decreasing transmembrane pressure steps. Images enhanced for
brightness for purpose of presentation only. (Image size 1 x 2 mm (MFS 2, 3) 1.5 x 2 mm (MFS 1)
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3.7.2

P limiting biofilms

S2 Selection of images for P limiting biofilms exposed to increasing and decreasing transmembrane pressure steps. Images enhanced for
brightness for purpose of presentation only (Image size 1 x 2 mm)
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3.7.3

River water biofilms

S3 Selection of images for river water biofilms exposed to increasing and decreasing transmembrane pressure steps. Images enhanced for
brightness for purpose of presentation only (Image size (Image size 1 x 2 mm (MFS 1, 2 L1) 1.5 x 2 mm (MFS 2 L2).
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3.7.4 Evaluation of compression over time

S4 Evaluation of change in biofilm thickness and roughness over time relative to duration of
exposure to compressive force (Flux).
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S5 Evaluation of change in biofilm thickness over time relative to duration of exposure to
compressive force (TMP).
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4 Stratification in the physical structure and cohesion of membrane
biofilms—implications for hydraulic resistance

This chapter has been published in Journal of Membrane Science as:

Desmond, P., Böni, L., Fischer, P., Morgenroth, E., & Derlon, N. "Stratification in the physical
structure and cohesion of membrane biofilms—Implications for hydraulic resistance." Journal of
Membrane Science 564 (2018): 897-904.
Author contributions:
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4.1 Abstract
This study aimed at evaluating the stratification of the hydraulic resistance over the depth of
membrane biofilms developed during gravity driven membrane (GDM) ultrafiltration. Biofilms
were grown in membrane fouling simulators (MFS) for 25 days under 3 contrasting influent
conditions: nutrient enriched, phosphorus limiting, and river water influent. Shear rheology was
used to determine the biofilms material characteristics (e.g., elasticity, yield stress). Optical
coherence tomography (OCT) was used to determine the response of the biofilms physical structure
(e.g., thickness) to increased hydraulic shear stress from 0 up to 2.6 Pa. Stratification was observed
in nutrient enriched and river water biofilms. Detachment occurred only by erosion of the biofilms
top layer under low shear conditions. A cohesive base layer remained attached to the membrane
surface under high shear conditions, indicating stratification in cohesion over the biofilms depth.
Erosion of the top layer only resulted in a slight decrease in the biofilm hydraulic resistance
indicating that the very cohesive and thin base layer also represent significant hydraulic resistance.
Conversely, P limiting biofilms had uniform structural and mechanical characteristics, detaching
by sloughing and peeling. Biofilms formed under phosphorus limiting conditions had equal
elasticity, yet a lower yield stress compared to nutrient enriched and river water biofilms
respectively and were more susceptible to detachment. The scientific implication of the presented
work demonstrates that biofilm detachment is influenced by both the structural (surface
heterogeneity) and material characteristics (e.g., yield stress) of membrane biofilms, with practical
relevance for hydraulic resistance during GDM filtration.
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4.2 Introduction
Gravity driven membrane (GDM) ultrafiltration is a continuous dead-end filtration process which
tolerates biofilm development for benefit of improved permeate quality and stable, but low
permeate flux (5-10 L/m2/h). The presence of a biofilm at the membrane surface increases the
overall hydraulic resistance. For particle filtration reducing the thickness of membrane fouling
layers (e.g., particle deposition) by hydraulic shear can decrease hydraulic resistance and improve
permeate flux. However, the hydraulic resistance of biofilms formed under GDM conditions is
shown to be independent thickness and more so dependent on internal structure (e.g., density)
(Derlon et al. 2012, Desmond et al. 2018). Thus, it is not clear whether reducing the thickness of
GDM biofilms by hydraulic shear will affect their hydraulic resistance. Similarly, it is not known
whether the cohesion and hydraulic resistance are uniform or stratified over depth of the biofilm.
Thus, the purpose of current study is to evaluate the hydraulic response of membrane biofilms to
hydraulic shear stress and what material (e.g., elasticity, yield stress) and structural factors (e.g.,
morphology) influence this response.
Stoodley et al. (2002) related biofilms detachment to their material characteristics derived from
structural deformation under flow. Therein, biofilms demonstrated a nonlinear elastic response
under hydraulic loading over short-term, and a viscous flow over longer durations characterised by
detachment of the biofilm from its base. Similarly, Blauert et al. (2015b) reported time resolved
measurements of biofilm deformation under flow to describe the biofilms elasticity and Young’s
modulus using optical coherence tomography (OCT). For membrane systems, the instantaneous
response (e.g., detachment) to tangential flow is not known. Dreszer et al. (2014) investigated
biofilm formation under different cross-flow velocities. Therein, the formation of dense and
homogeneous biofilm structures was observed under high shear conditions. However, the biofilms
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structural response to an instantaneous change in shear stress (i.e., investigating cohesion) was not
evaluated.
The biofilm morphology plays an important role in determining its mechanical response to
hydraulic shear stress. For biofilms formed on solid substrata, Coufort et al. (2007) reported macroscale heterogeneity readily detached at low shear stress compared to an underlying homogeneous
physical structure that was resistant to shear stresses of up to 13 Pa. Similarly, heterogeneous
biofilm streamers exhibit lower structural strength than their homogeneous base to which they are
attached (Stoodley et al. 1999). Biofilms formed during GDM ultrafiltration also exhibit a
heterogeneous surface akin to streamer like appendages or a heterogeneous top layer (Desmond et
al. 2018, Peter-Varbanets et al. 2011). However, the mechanical and hydraulic response of the
biofilms physical structure to hydraulic shear stress is not known.
Stoodley et al. (2002) and Blauert et al. (2015b) ultimately assumed that the structural response
can describe the biofilms material characteristics. The assumption that the biofilms structural
response fully describes the biofilms material property may not be correct. Mechanical modelling
by Laspidou et al. (2014) suggests both material and structural characteristics (e.g., heterogeneity)
are independent variables of a biofilms mechanical response to force. Yet, few studies evaluate the
material characteristics of membrane biofilms (i.e., rheological) and how they relate to shearinduced detachment. The material strength of a biofilm, independently of its physical structure, can
be evaluated using shear and oscillatory rheology (Körstgens et al. 2001, Rühs et al. 2013,
Vinogradov et al. 2004, Wloka et al. 2004). Both shear and oscillatory rheology can determine the
yield stress of a material and thus define the stress at which a material begins to deform, break, and
flow (i.e., the materials strength). Complementary use of rheology and OCT will provide a
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functional understanding of how the mechanical characteristics of GDM biofilms can influence
their mesoscale structural response of GDM biofilms to hydraulic shear stress.
The focus of this study is to determine the hydraulic response of membrane biofilms to hydraulic
shear stress and what material (e.g., elasticity, yield stress) and structural factors (e.g., morphology)
can influence this response. Varying nutrient conditions were used to engineer biofilms with
different compositions and physical structures (Desmond et al. 2018). Structural response to
hydraulic shear stress was visualize using OCT. The material strength of biofilm biomass was
analysed using a plate rheometer.

4.3

Materials and Methods

4.3.1 Biofilm growth-setup
4.3.1.1 Biofilm cultivation
Biofilms were cultivated in membrane fouling simulators (MFS) operated as GDM filtration
systems in dead-end mode at a constant transmembrane pressure of 0.06 mbar. In our system the
transmembrane pressure comes from the feed tank being elevated and providing pressure.
Membrane area was 18.75 cm2. For each MFS, feed water was pumped into the system with a
peristaltic pump as described by Desmond et al. (2018). The MFS were connected to overhead
tanks equipped with overflows through which excess feed water was withdrawn to maintain a
constant water head. Three growth conditions were used: nutrient enriched, a phosphorous limiting
and a membrane system fed by untreated river water. The experiments were undertaken in a 20 °C
temperature-controlled room. Biofilms were grown for 25 days to ensure sufficient structural
development and contrast between each series (e.g., homogeneous vs heterogeneous and to confirm
observation of stable flux for nutrient enriched and river water conditions.
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Figure 4. Overview of experimental systems used for biofilm growth (experiment phase 1): continuous dead-end ultrafiltration. Dependant
variables a) Biofilm structure (n = 4 MFS), b) hydraulic resistance (n = 6 MFS), c) biofilm concentration (n = 2 MFS). After growth, MFS
were transferred to cross-flow system (experimental phase 2) to assess biofilm response to incremental increase in hydraulic shear stress 02.6 Pa. Dependant variables: biofilm a) thickness (n = 4 MFS), b) residual total organic carbon (n = 2 MFS), c) hydraulic resistance (n = 6
MFS).
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4.3.1.2 Membrane preparation
Ultrafiltration membranes (UP150, MicrodyN Nadir, Wiesbaden, Germany) of polyethersulfone
with a nominal cut-off of 150 kDa were used. Membrane coupons were cut, rinsed and washed in
40% ethanol as described by Heffernan et al. (2013).
4.3.1.3 Feed-water preparation
For biofilms grown with synthetic substrate, carbon (C), nitrogen (N) and phosphorus (P) were
added to nanopure water (solvent) in the form of acetate (CH3COO−), ammonium (NH4+) and
ortho-phosphate (PO43−), respectively. A ratio of 100 (C):30 (N):10 (P) and 100 (C):30 (N):0 (P)
for the nutrient enriched and P limiting conditions was used respectively. Essential trace elements
were supplemented to the feed-water (Hammes and Egli 2005). Biofilms formed from the filtration
of river water were fed from an intake source located in Chriesbach river, Dübendorf, Switzerland
(47°24'16. 3"N 8°36'31. 8"E).
Table 1 Feed water nutrient composition

Feed-water type

TOC

NH4+

Nutrient enriched

0.5 mg/L
5 mg/L

P limiting
River water
(*)

PO43−

1.5 mg/L
0 mg/L(*)

1-2 mg/L 0.1 mg/L 0.02 mg/L

No phosphate was added to the feed. Trace amounts of phosphorus were at the detection limit

of .0.1 µg/L.
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4.3.1.4 Bacteria cultivation and membrane MFS inoculation
For inoculation of the MFS, 2.5 mL of defined microbial inoculum was injected into each MFS as
described by Desmond et al. (2018a). The spiked MFS filtered injected bacterial solution for 1824 hours to allow cell coverage over the membrane area.
4.3.2 Biofilm erosion
After 25 days of growth (experimental phase #1, Figure 1), biofilms were transferred to an
automated filtration system and submitted to erosion tests (n = 6 MFS) (Fig. 1) (experimental phase
#2, Figure 1). The filtration system was fed with feed solution reflective of the growth conditions
of the biofilm being sheared. Biofilm erosion was achieved by exposing biofilms for 5 min to predetermined increases in hydraulic shear stress from 0 - 2.6 Pa with an exposure time of 5 min
comparable ranges to Huang et al. (2013)
𝜏=

6 ∙𝜇∙𝑄
𝑏 ∙ ℎ2

(1)

Where τ is hydraulic shear stress (Pa), µ is dynamic viscosity of feed-water (kg/m/s), Q (m3/s) is
water flow, b is channel width (m), and h channel height (m). Hydraulic shear stresses were
calculated from a MFS containing a membrane coupon with no biofilm, operated without
permeation. During operation in cross-flow mode (Figure 1, experiment 2), permeate valve was
closed to prevent permeation and consequent compaction of the biofilm. After each 5-min
exposure, shear stress was dropped to initial value of 0 Pa (dead-end mode), and the permeation
valve was re-opened to measure change in flux following biofilm detachment. The calculated shear
is only an approximation as biofilm growth will reduce the available height and surface roughness
(Blauert et al. 2015a).
.
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4.3.3 Hydraulic parameters
Permeate flux and hydraulic resistances were derived from the mass of collected permeate. The
volume of permeate was determined by dividing the permeate mass by the density of water (1000
kg/m3). The following equations were used for the calculations of the permeate flux (J, [L/m2/h])
∆𝑉

(2)

𝐽 = 𝐴 ∙∆𝑡

where ∆V is the change in permeate volume, A is the filtration area, ∆t is the change time. The total
hydraulic resistance of the fouled membrane (Rtotal) was calculated as
𝑅𝑡𝑜𝑡𝑎𝑙 =

𝑇𝑀𝑃
𝜂 ∙𝐽

(3)

where TMP is the transmembrane pressure and η is the dynamic viscosity of water at a given
temperature. The biofilm hydraulic resistance (Rbiofilm)was calculated according to eq.3:
Rbiofilm = Rtotal – Rmembrane

(4)

where Rmembrane is the intrinsic resistance of the clean membrane measured for a period of 24 h with
nanopure water prior to bacteria inoculation.
4.3.4 Biofilm characterisation
4.3.4.1 Biofilm morphology and quantification
The morphological response of the membrane biofilm to increasing hydraulic shear stress was
resolved on the mesoscale by means of optical coherence tomography (OCT) (model 930 nm
Spectral Domain, Thorlabs GmbH, Dachau, Germany) with a central light source wavelength of
930 nm. For image acquisition, the OCT was coupled to the automated filtration system for in situ
analysis. For the image acquisition OCT images were recorded on line at ca. 4-6 randomized
locations (n = 4 MFS). Image analysis with respect to mean biofilm thickness and surface
roughness were quantified using software developed under Matlab® (MathWorks, Natick, US).
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4.3.4.2 Biofilm harvesting
Biofilms were scraped from the membrane surface via a cell scraper and transferred into sterile
glass beakers. A volume of 30 mL 0.1 M NaCl solution was used to rinse the remaining biofilm
from the membrane and MFS surface. The collected biomass was re-suspended in the washings of
the 30 mL 0.1 M NaCl solution.
4.3.4.3 Total organic carbon
The TOC of all biofilms were measured by an automatic total organic carbon analyser (TOC-V,
Shimadzu, Japan) from harvested biomass samples re-suspended in 30 mL 0.1 M NaCl solution.
Accumulated biomass was expressed as mg C/m2.
4.3.4.4 EPS extraction
EPS and cells were separated from cells through physical extraction. The approach consisted of
sonication (homogenisation phase) and centrifugation (separation phase) steps, respectively. Sole
physical extraction was selected over existing chemical methods to limit contamination of sample
fractions due to sensitivity of subsequent analytical methods. Different extraction tests were
performed to maximize EPS extraction while avoiding cell lysis (detected through soluble ATP
measurement). The harvested biofilm suspensions were placed in an ice bath and sonicated for 120
seconds with 10 s rest intervals using a needle sonicator (Sonoplus HD 3200, Bandelin, Berlin,
Germany). This was repeated three times to ensure full extraction of the biofilms EPS. The protocol
was developed to maximize the EPS extraction while avoiding the cell lysis. Thereafter,
homogenised samples were centrifuged at 5,000 rpm at 20°C for 15 min (UniCen MR, Herolab,
Germany) to separate the EPS from the cells. Centrifugation was repeated to ensure full separation.
The supernatant containing the soluble EPS was decanted from the resolved cell pellet and aliquots
were obtained from the extracellular fraction for measurement of total organic carbon (TOC)
(TOC-L, Shimadzu, Japan), EPS analysis (Polysaccharide, Protein, eDNA).
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4.3.4.5 Total polysaccharide quantification
Concentrations of polysaccharides in the EPS fraction were determined by the Anthrone method.
Anthrone was dissolved in absolute ethanol before adding it to 75% H 2SO4. Absorbance was
measured with a UV-Vis spectrophotometer (Infinite M200, TECAN, Männedorf, Switzerland) at
a wavelength of 625 nm. Glucose was used as a standard and results were expressed in mg C/m2.
4.3.4.6 Total protein quantification
Total proteins in the extracted EPS were quantified using a Bicinchoninic Acid (BCA) kit. Kits for
lower or higher protein concentrations (Micro BCA Protein Assay Kit 23235/ Pierce BCA Protein
Assay Kit 23225, Thermo Fisher Scientific, Waltham, MA, USA) or for higher concentrations were
used for the characterization of the different biofilms. The quantification was carried out according
to the instructions of the manufacturer. The sample to reagent ratio was 1:1 for the lower kit and
1:20 for the higher kit. The solutions were incubated at 60 °C for 1 h (lower kit), respectively at 65
°C for 30 min (higher kit). After the samples were cooled down to room temperature, the
absorbance was measured with a UV-Vis spectrophotometer (Infinite M200, TECAN, Männedorf,
Switzerland) at a wavelength of 562 nm. Bovine serum albumin (BSA) was used as a standard and
results were expressed in mg C/m2.
4.3.4.7 Residual carbon
Detached biomass was collected during erosion experiments and analysed with respect to TOC.
Remaining biomass after 2.6 Pa shear was harvested from the surface of the membrane as described
in section 2.4.2. Detached biomass was added to the value of the residual biomass after 2.6 Pa to
determine initial TOC from residual carbon remaining after a defined shear stress was back
calculated such that:
Residual carbon =

residual mass after erosion
total biofilm mass

(5)

where the total mass is the sum of the mass detached at each shear stress.
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4.3.4.8 Rheological assessment of membrane fouling layers
For sample loading the grown biofilms were gently scraped off the membrane and placed on the
lower plate. All measurements were performed at 20°C and in triplicate. Rheological
measurements were performed on a MCR 501 rheometer (Anton Paar, Austria) using a 25-mm
diameter plate-plate configuration (PP25, Anton Paar, Austria) set to a gap size of 0.5 mm. The
upper and lower plate were both stainless steel. The upper plate was slowly lowered onto the
biofilm and the biofilm was let to rest for five minutes prior to measurements. To minimize
evaporation a solvent trap containing moist sponges was placed over the entire plat-plate flow
geometry. Oscillatory shear frequency sweeps were performed at a fixed strain amplitude of 1 %
and stress sweeps were performed at a fixed angular frequency of 1 rad/s. In simple shear a shear
stress ramp was performed from 0.1 to 100 Pa. The yield stress values were determined graphically
from the flow curves and the oscillatory amplitude sweeps. In simple shear the yield stress was
extracted from the intersection of the shear stress curve with the y-axis at low shear rates. In
oscillatory shear the dynamic yield stress is defined where the storage modulus G’ crosses the loss
modulus G’’ and thus strain softening starts.
4.4

Results

4.4.1 Biofilm morphology
Biofilms formed under nutrient enriched and river water condition had a largely heterogeneous
morphology with respect to the spatial distribution of biomass across the surface of the membrane
(Fig. 2). Increasing hydraulic shear stress lead to detachment of the upper layer leaving behind a
dense homogeneous base layer which was resistant to the maximum applied shear stress of 2.6 Pa.
Biofilms formed under P limiting conditions had a largely homogenous morphology. Increasing
hydraulic shear stress caused P limiting biofilms detach in patches across the surface of the
membrane from the surface of the membrane at low hydraulic shear stress. At higher shear stress,
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biofilms began to peel from the surface of the membrane exposing large sections of the membranes
surface area with no observable biofilm.
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Figure 2 Figure 5 3-D optical coherence tomography (OCT) of the structural response of biofilms formed under nutrient enriched, P limiting
and river water conditions to increasing hydraulic shear stress of 0.8, 2, and 2.6 Pa. A: surface heterogeneity, B: streamer-like appendage
C: base layer, D: homogeneous physical structure, E: break in internal structure (sloughing), F: biofilm peeling, G: exposed membrane
surface (red dashed line = biofilm/membrane interface, volume of observation = 1.5 mm (z) x 2 mm (y) x 2 mm (x)).
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4.4.2 Biofilm physical structure
4.4.2.1 Effect of hydraulic shear stress on biofilm thickness
Physical structure was monitored to determine the structural response of membrane biofilms to
increased hydraulic shear stress (Fig. 3). For biofilms grown under nutrient enriched and river
water conditions, increasing hydraulic shear stress from 0 to 2.6 Pa led to a reduction in mean
biofilm thickness from 556 ± 151 µm, (n = 3 MFS), to 128 ± 15 µm, (n = 4 MFS), and from
311 ± 115 µm to 99 ± 26 µm (n = 4 MFS), respectively (Fig. 3a, c). The retained base layer
proved to be highly resistant to shear conditions and resisted detachment up to 2.6 Pa. This
indicates stratification in the cohesion of biofilms formed under nutrient enriched and river
water conditions, given the readily detachment of the top layer at lower shear stresses and
retention of a biofilm at stress stresses above 1 Pa.
For biofilms formed under P limiting conditions, increasing hydraulic shear stress from 0 Pa to
2.6 Pa led to a reduction in mean biofilm thickness from 286 ± 121 µm, (n = 4 MFS) to 47 ±
15 µm, (n = 3 MFS) (Fig. 3b). At low shear stresses, the biofilm detached in clumps exposing
areas of the membrane surface to the bulk. At higher shear stresses, the biofilm fully pealed
from the surface of the membrane.
4.4.2.2 Effect of hydraulic shear stress on residual TOC
Biofilm detachment was assessed by monitoring of residual carbon concentration at defined
shear steps. Nutrient enriched and river water biofilms had greater residual total organic carbon
compared to P limiting biofilms up to 2.6 Pa hydraulic stress. The concentration of residual
biomass after 2.6 Pa were 725 ± 174 mg C/m2 (n = 2 MFS) and 680 ± 132 mg C/m2 (n = 2 MFS)
for nutrient enriched and river water conditions respectively (Fig. 3d, f). P limiting biofilm had
residual carbon concentrations of 63 ± 0.61 mg C/m2 (n = 2 MFS) after 2.6 Pa hydraulic shear
stress, indicating lower residual on the surface of the membrane (Fig. 3e).
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Figure 3 Quantification of biofilm structural response to increased hydraulic shear stress with
respect to mean biofilm thickness (a-c), and residual biomass (d-f). Each point measured under
dead-end mode after exposure to defined hydraulic shear stress without permeation (permeate
valve closed). Error bar: Standard deviation, (n = 2-4 MFS).
4.4.3 Hydraulic response to hydraulic shear stress
4.4.3.1 Effect of hydraulic shear stress on hydraulic resistance
For biofilms formed under nutrient enriched conditions, increasing shear stress from 0 to 2.6
Pa (independent variable) over increments of 0.2 Pa decreased hydraulic resistance from 2.3
·1012 ± 2.5·1011 1/m (n = 6 MFS) to 1.5 ·1011 ± 2.78·1010 1/m (n = 6 MFS) (Fig. 4a).
For river water biofilms increasing shear stress from 0 to 2.6 Pa decreased hydraulic resistance
from 5.4 ·1012 ± 4.7·1011 1/m (n = 4 MFS) to 3.0 ·1012 ± 4.4·1010 1/m (n = 4 MFS) (Fig. 4c).
For both nutrient enriched and river water biofilms, hydraulic shearing failed to fully decrease
the overall hydraulic resistance within range of the intrinsic resistance of the membrane (ca.
5·1011 1/m) indicating the presence of a base layer with poor permeability. Removal of the base
layer by physical scraping returned hydraulic resistance to 7·1011 ± 4.5·1010 1/m (n = 6 MFS)
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and 7.63·1011 ± 7.33·1010 1/m (n = 6 MFS). Increasing shear stress from 0 to 2.6 Pa over
increments of 0.2 Pa in biofilms formed under P limiting conditions lead to a reduction in
hydraulic resistance from 1.4 ·1013 ± 4.8·1011 1/m (n = 6) to 8.2 ·1011 ± 1.4·1011 1/m (n = 6
MFS) (Fig. 4b). Physical scraping of the P limiting biofilms slightly reduced hydraulic
resistance to 6.4·1011 ± 5.61·1011 1/m (n = 6 MFS) which was within range of the intrinsic
resistance of the membrane at 5.1 1011 ± 1.1·1010 1/m (n = 6 MFS).
4.4.3.2 Effect of hydraulic shear stress on flux recovery
For biofilms formed under nutrient enriched conditions, increasing shear stress from 0 to 2.6
Pa over increments of 0.2 Pa increased permeate flux from 11 ± 1.09 L/m 2/h (n = 6 MFS) to
19.91 ± 9.6 L/m2/h (n = 6 MFS) (Fig. 4d). For river water biofilms increasing shear stress from
0-2.6 Pa over increments of 0.2 Pa increased permeate flux production from 5 ± 0.3 L/m2/h (n
= 6 MFS) to 9 ± 0.87 L/m2/h (n = 6 MFS) (Fig. 4c). Increasing shear stress from 0 to 2.6 Pa
over increments of 0.2 Pa in biofilms formed under P limiting conditions lead to greater flux
recovery from 2.06 ± 0.5 L/m2/h, (n = 6 MFS) to 32 ±0.64 (n = 6 MFS) (Fig. 4b), within range
of initial permeate flux.
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Figure 4 Biofilm hydraulic response to shear stress with respect to hydraulic resistance (a-c)
and permeate flux (d-f). Error bars: Standard deviation. black line: initial permeate flux.
4.4.4 Biofilm rheological analysis
Material properties such as viscoelasticity and yield stress of biofilms grown under nutrient
enriched, phosphorus limiting conditions and in river water were assessed using simple shear
(Fig. 5 a – c) and oscillatory shear rheology (Figure 5 d – f). Flow curves show a yielding
behaviour at low shear rates followed by shear thinning once the yield stress in overcome and
the sample is flowing. Oscillatory frequency sweep tests revealed gel-like properties for nutrient
enriched, P limiting and river water biofilms showing almost parallel evolution of storage
modulus (G’) and loss modulus (G’’) over the tested frequency range (Fig. 5 d - f). Higher
angular frequencies (approx. 20 rad/s) showed the occurrence of inertia given the soft character
of this biomaterial.
The biofilms yield stress behaviour in simple shear and in oscillatory shear are summarized in
Figure 5 (a–c). P limiting biofilms yielded at a shear stress of ≈ 0.8 Pa in simple shear whereas
nutrient enriched biofilms yielded at ≈ 3 Pa compared to the substantial higher yield stress of
the river water biofilm (≈ 203 Pa). The observed trend in yield stress behaviour of the three
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differently grown biofilms is reflected in the viscoelastic properties as depicted in Figure 5 (d–
f). All biofilms show a gel-like behaviour with both storage and loss modulus being parallel to
the frequency axis. The values of the storage modulus increase from P limiting (6 Pa) to nutrient
enriched (20 Pa) to river water (80 Pa). As the storage modulus reflects the elasticity of a nonyielded, i.e., intact biofilm, a direct correlation to the yield can be established.

Figure 5 Biofilm hydraulic response to shear stress with respect to hydraulic resistance (a-c)
and permeate flux (d-f) after exposure to hydraulic shear stress. Each point measured under
dead-end mode (permeate valve open) after exposure to defined hydraulic shear. Error bars:
Standard deviation. black line: initial permeate flux (n = 6 MFS).
4.5

Discussion

4.5.1 Stratification in the cohesion of membrane biofilms
Stratification in the cohesion of a biofilm is defined as the non-uniform detachment of biomass
with increasing hydraulic shear stress (Coufort et al. 2007). Monitoring biofilm detachment by
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OCT revealed differences in how P limiting, nutrient enriched and river water biofilms detached
over their depth. Detachment of nutrient enriched and river water biofilms exhibited a gradual
detachment of biomass when exposed to step-wise increase of the hydraulic shear, indicated by
greater reduction in thickness at low hydraulic shear stress, but lower variation in thickness at
higher shear stress indicating greater cohesion of the biofilm towards the membrane surface.
Stratification of the cohesion was thus observed for both the nutrient enriched and river water
biofilms. The formation of a loosely attached, heterogeneous top layer and its erosion from the
biofilms cohesive base, is analogous to the findings of Coufort et al. (2007) within a comparable
range of hydraulic shear stress (Pa). Therein, authors provided early reports of stratification in
the cohesion of biofilms formed in annular reactors on a solid substratum. Biofilms exhibited
increased mechanical resistance to shear stress over their depth, an observation later
corroborated by Derlon et al. (2008) and Paul et al. (2012) and the findings of the current study.
Detachment mechanism for the P limiting biofilms differed from that of nutrient enriched and
river water biofilms. Detachment of the P limiting biofilms occurred through (1) local sloughing
and then (2) peeling:
1. Sloughing: Sloughing is an empirically defined phenomena, occurring when the biofilm
detaches in localized sections equivalent to the biofilms overall thickness (Choi and
Morgenroth 2003). Quantifying the areas of local detachment, we demonstrate the
localised areas of detached had a comparable thickness to the average thickness of the
overall biofilm. Thus, fulfilling criteria to be defined as detachment by sloughing.
2. Peeling: Peeling is defined in the literature as the bending back of the biofilm with the
flow direction, breaking the adhesion of the material with its substratum (Begley et al.
2013, Ziemba et al. 2016). In our study, peeling of the P limiting biofilm was observed
using time-lapse OCT. Therein, at high hydraulic shear stress, P limiting biofilms were
observed to bend backwards with the flow direction, breaking the adhesion between the
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biofilm and its substratum, thus removing the biofilm from the membrane surface.
Removal of the biofilm was further confirmed by the reduction in thickness of the
biofilm and reduction in residual TOC of biofilm mass, as well as significant reduction
in hydraulic resistance.
Ziemba et al. (2016) suggested peeling behaviour (b) of microbial biofilms is related to low
elasticity modulus (storage modulus G’). which increases the biofilms resistance to the
initiation of peeling (Begley et al. 2013, Ziemba et al. 2016). In the current study, P limiting
biofilms had equal and lower elasticity (storage modulus G’) compared to nutrient enriched
biofilms and river water biofilms respectively, indicating P limiting biofilms should also show
similar resistance to peeling. Yet, P limiting biofilms peeled from the surface of the membrane.
Peeling was only initiated in biofilms that were constituted by biomass with a low yield stress
under simple shear, and which fragmented and sloughed from the membranes surface at low
shear stress. Thus, we suggest the lower yield stress of P limiting biofilms weakened the
biofilms internal cohesion, increasing susceptibility to sloughing, facilitating the consequent
peeling of the biofilm from the surface of the membrane.
Rheological parameters of top and the base layers of nutrient enriched and river water biofilms
were not investigated. A sufficient quantity of detached biomass could not be recovered for
rheological analysis. Thus, it was not possible to assess whether the rheological properties of
membrane biofilms change with depth. Cao et al. (2016) however suggest local variation in
biofilms material characteristics using microrheological approach and could be a considered
method for assessing local material properties of membrane biofilms over depth.
4.5.2 Stratification in the physical structure and hydraulic resistance of heterogeneous
membrane biofilms
Nutrient enriched and river water conditions resulted in the development of a heterogeneous
top layer and homogeneous base layer. Erosion of nutrient enriched and river water biofilms
thick rough surface layer did not reduce the biofilms hydraulic resistance. Instead, the hydraulic
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resistance of the remaining homogeneous base layer (Rbase) dominated over all hydraulic
resistance of the biofilm (Rtotal), as indicated by the recovery of hydraulic resistance from of the
intrinsic resistance of the membrane (Rmembrane, ca. 1011 1/m), when scraped from the surface of
the membrane. A decrease in surface thickness and mass did not result in a decreased hydraulic
resistance. For particle filtration the assumption that flux is proportional to cake layer thickness
and thereof, flux recovery will be proportional to cake layer detachment is thus not valid for
biofilms formed under nutrient enriched and river water conditions due to stratification in their
physical structure. For GDM systems, shear-induced detachment is thus not a guaranteed
solution for reducing the hydraulic resistance of membrane biofilms due to the development of
a highly cohesive homogeneous biofilm at the surface of membrane which dominates the
overall hydraulic resistance of the biofilm and resists detachment.
4.5.3 Practical implications
GDM filtration systems operated under P limiting conditions had higher hydraulic resistance
during dead-end operation compared to nutrient enriched and river water biofilms. P limiting
biofilms had lower residual TOC and a greater decrease in hydraulic resistance compared to the
nutrient enriched and river water biofilms when exposed to hydraulic shear stress.
The low residual TOC of P limiting biofilms, after hydraulic shearing, supports the observation
of Vrouwenvelder et al. (2010) who demonstrates the utility of P limiting conditions in
preventing development. Therein, P limitation is suggested to restrict biofilm formation by
limiting cellular growth, which is hypothesised to limited EPS production. However, reducing
EPS production under P limiting conditions was contested by Desmond et al. (2018) who
demonstrated that P limiting conditions can limit cell proliferation, but exacerbates EPS
production. The different observations may also relate to the fact that P was excluded from the
system of Vrouwenvelder et al. (2010) due to the use of ferritin mediate sequesation of free
phosphorus. In the feed-water of Desmond et al. (2018) and in the current study, while
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phosphorus was not added, it was in fact present below the limit of detection in the nanopure
water that used as the solvent- This was indicated by the incorporation of phosphorus into the
biofilms biomass, thus indicating the presence of phosphorous in the feed-water, albeit at
concentrations below the limit of quantification.
In the current study however, we demonstrate P limiting conditions mitigate biofilm
accumulation, following application of hydraulic shear, by inducing the production of an EPS
of lower material strength (i.e., lower yield stress) compared to nutrient enriched and river water
conditions, making P limiting biofilms more susceptible to shear-induced detachment by way
of sloughing and peeling from the surface of the membrane.
While desirable for conventional filtration processes, the sloughing of the P limiting biofilms
is an unwanted phenomenon for GDM filtration, given the goal is to tolerate a degree of biofilm
formation for flux stabilisation and improved permeate quality. Full removal of the biofilm
from the surface of the membrane can decrease the degradation of assimilable organic carbon
(AOC), leading to increased microbial growth in the permeate (Derlon et al. 2014). The “ideal”
GDM system would ideally retain some residual biofilm under hydraulic shear for benefit of
substrate removal, while having a low hydraulic resistance. However, while a cohesive base
layer was retained under nutrient enriched and river water conditions, which may maintain AOC
removal, the decrease in thickness failed to decrease hydraulic resistance, as the retained base
layer dominated the overall hydraulic resistance of the system. Reducing a fraction of total
accumulated mass from the surface of the biofilm may also decrease overall hydrolysis and
improve permeate quality. For GDM ultrafiltration efforts to increase permeation in membrane
systems which aim to tolerate a membrane biofilm for benefit of stable flux and improved
permeate quality should focus on increasing membrane area and/or heterogeneity of the
biofilms base layer (e.g., predation) for greater flux production (Klein et al. 2015) or adapting
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process operation to limit accumulation of a stratified physical structure (e.g., intermittent
cross-flow).
4.6

Conclusions
• Nutrient environment can determine both the physical structure and material properties
of membrane biofilms, and in turn the biofilms mechanical response to hydraulic shear
stress.
•

P limiting biofilms had lower material strength (yield stress) compared to nutrient
enriched and river water biofilms, which was linked to an increased susceptibility to
shear induced detachment, thereby decreasing hydraulic resistance.

•

Biofilms formed under nutrient enriched and river water conditions had a higher
material strength (yield stress), which agreed with their greater resistance to hydraulic
shear stress. Erosion of the biofilms surface had negligible impact on hydraulic
resistance, indicating hydraulic resistance is dominated by the retained homogeneous
base layer.

•

For practice, P limitation decreases the cohesion of membrane biofilms, thus facilitating
biofilm detachment and the reduction of the filtration resistance. However, application
of P limiting conditions is not suited to GDM application due to the high hydraulic
resistance during dead-end operation.

•

Nutrient enrichment is, on the other hand, best suited for constant TMP, dead-end
operation with no cross flow (i.e., GDM filtration) as application of cross-flow limited
is ineffective in reducing hydraulic resistance due the development of a cohesive base
layer which dominates overall hydraulic resistance.
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4.7
4.7.1

Supplementary information (SI)
Compositional analysis of membrane biofilms

Table 1 Compositional analysis of membrane biofilms grown under nutrient enriched, P limiting and river water conditions after 25 days of growth.

Growth condition
Nutrient enriched
P limiting
River water

Total organic carbon (mg TOC/m2)
1,156 ± 2
1,373 ± 72
945 ± 262

Total protein (mg C/m2)
239 ± 24
113 ± 23
91 ± 73

Total polysaccharide (mg C/m2)
670 ± 171
1,396 ± 525
1096 ± 136

132

4.7.2

2D optical coherence tomography of biofilm structural response to hydraulic shear stress

4.7.2.1 Nutrient enriched biofilms
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S1 Selection of OCT images showing 2D biofilm physical structure of nutrient enriched biofilms after exposure to a defined hydraulic shear stress
(Pa) (Image size 2mm (w) x 1.6 mm (h). Images enhance by contrast for display purposes only.

4.7.2.2 P limiting biofilms

S2 Selection of OCT images showing 2D biofilm physical structure of P limiting biofilms after exposure to a defined hydraulic shear stress (Pa)
(Image size 2mm (w) x 1.6 mm (h)). Images enhance by contrast for display purposes only.
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4.7.2.3 River water biofilms

S3 Selection of OCT images showing 2D physical structure of river water biofilms after exposure to a defined hydraulic shear stress (Pa) (Image size
2mm (w) x 1.6 mm (h). Images enhance by contrast for display purposes only.
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4.7.3 Rheological assessments

S 4 Experimental set-up of plate rheometer with sample loaded encased in a solvent trap
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S5 Storage and loss modulus tested under oscillatory shear stress

S6 Assessment of complex viscosity
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S7 Sweep curves determining extent of deformation and recovery.

S8 Determining point of yield stress from point of shear thinning
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S9 Influence of time on biofilm storage and loss modulus
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5 Conclusions and outlook
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5.1 Main conclusions of individual chapters
In the current thesis, we evaluated the link between hydraulic resistance and the structural and
mechanical characteristics of membrane biofilms. We have demonstrated that hydraulic
resistance can be adversely affected by the development of specific physical structures (e.g.,
homogeneous and dense structures) and deformation. Our findings have provided the
fundamental understanding necessary for intelligent design and operation of gravity driven
membrane (GDM) filtration systems, allowing one to avoid the formation of a biofilm with
undesirable physical and mechanical characteristics. We have identified six key conclusions
from the findings of the preceding chapters with relevance for the hydraulic performance of
GDM filtration systems:
5.1.1 Composition and micro-scale distribution of EPS determines biofilm structure
In chapter 2 we evaluated the link between EPS composition and biofilm physical structure.
We demonstrated composition and distribution of EPS was linked to the meso-scale physical
structure of membrane biofilms and in turn its hydraulic resistance. P limiting biofilms formed
dense and homogeneous physical structures with homogeneous spatial distribution of anionic
functional groups corresponding to polysaccharides and eDNA. Nutrient enriched and N
limiting conditions formed heterogeneous physical structures with a heterogeneous spatial
distribution of anionic functional groups. We propose the high concentrations of
polysaccharides and eDNA favour close range electrostatic interactions leading to the formation
of homogeneous physical structures of low permeability. At lower concentrations, functional
groups are heterogeneously distributed in space, limiting potential for electrostatic interactions,
imperative for the formation of an otherwise dense homogeneous structure.
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5.1.2 Density of membrane biofilms exerts greater hydraulic resistance than thickness
In chapter 2 we evaluated the link between physical structure of membrane biofilms and their
hydraulic resistance. We demonstrated that hydraulic resistance is more so determined by
density than thickness. P biofilms had a hydraulic resistance several orders of magnitude higher
than the N limiting biofilm, despite having a comparable thickness. We suggest the higher
hydraulic resistance of biofilms formed under P limiting conditions compared to the nutrient
enriched and N limiting condition is due to a greater density. This hypothesis is supported by
comparison of biofilms density. Biofilms grown under P limiting conditions had a significantly
higher density than those formed under nutrient enriched and N limiting conditions
respectively. Given passage length of the nutrient enriched biofilm is greater, we conclude that
the hydraulic resistance of membrane biofilms has greater dependency on density than biofilm
thickness.
5.1.3 Irreversible compression of membrane biofilms is due to mesoscale structural
heterogeneity
In chapter 3 we evaluated the influence of biofilm structure on the irreversible deformation of
membrane biofilms. We demonstrated initial morphology did in fact govern the compression,
relaxation and hydraulic response of membrane biofilms to increased TMPs during GDM
ultrafiltration. Heterogeneous biofilm structures were irreversibly compressed, with only partial
recovery of initial thickness following decreased TMP. Compression of homogeneous
structures (P limiting biofilms) was fully reversible. Irreversible compression also led to an
irreversible increase in hydraulic resistance following restoration of initial TMP and permeate
flux due to an anticipated reduction in internal porosity. Further work is needed on quantifying
internal porosity of membrane biofilms to confirm this observation, empirically or by model
development.

142

5.1.4 Compression of heterogeneous biofilm structures is not directly linked to change in
hydraulic resistance
In chapter 3 we evaluated how hydraulic resistance was linked to compression of membrane
biofilm. It was demonstrated that compression of heterogeneous biofilm structures was phasic,
involving: (a) a large decrease in mean biofilm thickness/roughness that results in the formation
of homogeneous structures. Collapse of the rough surface layer had little to no impact on
hydraulic resistance, indicating their limited resistance to hydraulic flow and (b) lower relative
change in mean biofilm thickness, corresponding to the compression of consolidated
homogeneous biofilm structure
5.1.5 Structural and material characteristics of membrane biofilms determine mechanism of
shear-induced detachment
In chapter 4 we evaluated what physical morphology and material characteristics (e.g. yield
stress) could determine the biofilms hydraulic response to hydraulic shear stress. We
demonstrated biofilm detachment is linked to the biofilms physical structure (e.g.,
heterogeneity and material properties (e.g., Yield stress). P limiting biofilms for example had
lower material strength (yield stress) compared to nutrient enriched and river water biofilms,
which was linked to sloughing of the biofilm from the surface of the membrane, allowing
greater flux recovery. Biofilms formed under nutrient enriched and river water conditions had
a higher material strength (yield stress) and detached only by erosion of their surface layer into
the bulk liquid, leaving behind a cohesive base layer resistant to hydraulic shear stress, which
agreed with their greater resistance to hydraulic shear stress.
5.1.6 Hydraulic resistance is not proportional to thickness due to stratification in physical
structure of membrane biofilms
In chapter 4 we evaluated the assumption that hydraulic resistance is uniform of the thickness
of the biofilm. However, application of hydraulic shear stress revealed stratification in the
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structure, cohesion and hydraulic resistance of membrane biofilms formed under nutrient
enriched and river water conditions. Detachment of a thick heterogeneous surface layer failed
to reduce the biofilms hydraulic resistance. The retained homogeneous physical structure
appeared to dominate the overall hydraulic resistance, which was confirmed when physical
removal led to flux recovery within range of the intrinsic resistance of the membrane,
demonstrating hydraulic resistance of the base layer is the main bottle-neck for hydraulic
transport. This challenges the assumption that permeate flux is proportional to fouling layer
thickness and thereof flux recovery will be proportional to detachment.
5.2

Outlook

Herein, we demonstrate that the hydraulic resistance of membrane biofilms formed during
GDM ultrafiltration is inextricably linked to their composition, structure and mechanical
strength. We demonstrated the effects of process parameters such as (a) nutrient composition,
(b) TMP, and (c) cross flow on biofilm physical structure and mechanical response, with strong
effects on the biofilms hydraulic resistance and have identified the attributes of an “ideal” GDM
biofilm.
The “ideal” membrane biofilm will have the following features:
(a) heterogeneous physical structure for low hydraulic resistance,
(b) incompressible to allow increased flux production proportionally to the increase in
water head, and
(c) uniform hydraulic resistance to allow erosion of surface to result in a decrease in
hydraulic resistance
However, in practice, we have determined that cultivating an “ideal” membrane biofilm remains
a challenge. As an example, maintaining a balanced nutrient matrix is essential for achieving a
stable permeate flux due to promotion of EPS required for the formation of a heterogeneous
physical structure (Desmond et al., 2018a). However, correcting nutrient imbalances of influent
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may not be feasible in decentralised application, requiring additional substrate, pumps and
expert operational knowledge (e.g. chemical dosing). For grey-water treatment however,
current work is underway at Eawag formulating hand-washing soaps with a balanced nutrient
ratio to ensure adequate biological activity for substrate removal, whilst allowing the
development of heterogeneous biofilm structures with low hydraulic resistance. Mechanically,
the heterogeneity required for lower hydraulic resistances can also decrease the structural
strength of the biofilms. We demonstrated this resulted irreversible compression of
heterogeneous biofilms and increased hydraulic resistance (Desmond et al., 2018c).
Meanwhile, the formation of dense homogeneous base layers at the surface of the membrane,
with high mechanical cohesion, limits the utility of hydraulic cross flow to reduce hydraulic
resistance despite retaining a residual biofilm for continued AOC removal (Desmond et al.,
2018d). Thus, towards the goal of increasing hydraulic performance of GDM systems whilst
retaining heterogeneous biofilms for benefit of improved permeate quality, greater efforts
should be placed on the evaluating the feasibility of in-place, low technological solutions to
increase the heterogeneity of the homogeneous base layer, as it represents the main bottle neck
of permeate flux.
As an example, the utility of predation in increasing permeate flux by increasing structural
heterogeneity is well documented (Derlon et al., 2012, Klein et al., 2016). However, the
practical feasibility (e.g., cultivation/viability/dosing) and long-term application of predation
appears challenging. Simpler approaches for reducing the hydraulic resistance of the
accumulated biofilm are warranted. TMP relaxation, as an example, may weaken the cohesion
between the base layer and the surface of the membrane (Wu et al., 2008). Weakening the
cohesion of the base layer to the membrane may assist detachment of a portion of biofilms base
layer, thereby decreasing filtration resistance. Application of intermittent shear, while originally
anticipated to prevent the development of a base layer, due to exposure of the membrane surface
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of substrate, led to the formation of a thin dense homogeneous biofilm with a high hydraulic
resistance and cohesion (Desmond et al., 2018b). Similarly, air sparging during GDM operation
(i.e., with permeation) during GDM ultrafiltration operated with backwash, has been
demonstrated to significantly increase the rate of irreversible resistance compared to sparging
only during backwash (Lok et al., 2017). Alternatively, pre-treatment can greatly affect fouling
layer composition and biofilm physical structure (Tang et al., 2018). Loading of large inorganic
particles has demonstrated utility in increasing structural heterogeneity and decreasing
hydraulic resistance of GDM biofilms (Chomiak et al., 2014). Again, the increased
heterogeneity due to particle deposition likely decreases the structural cohesion of the biofilm,
increasing its susceptibility to shear induced detachment.
Future efforts should thus evaluate how process design and operation can limit the formation
of dense homogeneous base layers and assist the development of membrane fouling layers with
greater heterogeneity for improved permeability, whilst simultaneously retaining the biofilm
for benefit of improved permeate quality.
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