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Abstract

The aim of this work included the investigation of the impact of membrane material properties

on fouling propensity and permeate �ux decline in MBR biomass systems. Furthermore, the

impact of membrane con�guration on the respective fouling behaviour was of interest. A direct

comparative study of di�erent membrane module con�gurations including a multi-tubular

membrane (MT), a single �at sheet module (FS) and a hollow �bre (HF) pilot scale module

was undertaken. Membrane module �ltration performances, especially with respect to their

fouling propensity under varying hydraulic conditions, were investigated to ultimately evaluate

the impact of varying parameters such as aeration and biomass make up on fouling and to

determine optimised operational parameters. Subsequently, a range of di�erent membrane

materials, such as �at sheet membrane samples made of polyethylene (PE), polyethersulfone

(PES), polysulfone (PS) and polyvynilidene �uoride (PVDF) and a single-tube made of PVDF

and PES were characterised and their fouling propensity to MBR biomass was studied at

bench-scale.

Critical �ux trials were conducted using a novel �ux step method including relaxation periods

and (where con�guration permitted) backwash cycles to be able to study the di�erent �ltration

behaviours deriving from di�erent membrane con�gurations. Trials at di�erent aeration rates

of SADm 0.5 Nm3m2h−1 to 2.0 Nm3m2h−1 at three di�erent MLSS contents showed that

�ltration performance varied signi�cantly for the di�erent membrane con�gurations tested.

This was �rst be explained by the application of the aeration in the di�erent con�gurations

(in-side-out to outside-in �ltration) and furthermore in changed sludge �lterability due to the

e�ects on the biomass during the side-stream vessel passage. For instance, the MT module

showed an increased critical �ux with increased aeration intensity and lower MLSS content,

whereas for the HF and FS module the critical �ux, Jc, decreased with increasing aeration

intensity and Jc increased furthermore with increasing MLSS content.

The FS and HF modules displayed a better �ltration performance at high MLSS contents with

clear correlations between the critical �ux and permeability and the MLSS concentration.

Conversely, the MT module exhibited a better performance at a concentration of 7 g.L−1.

However, in all cases no clear correlation could generally be found between the fouling observed

and other biomass characteristics. Overall, at the more typical MLSS concentration of 12

g.L−1 for the operation of membrane bioreactors, the HF module was found to show the best

performance based on the data of this study and where �ltration tests were all undertaken at
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short-term. Long-term fouling study might reveal di�erent results.

Investigation of membrane materials at bench-scale revealed very di�erent behaviours for the

range of materials tested. Deviations of samples from the same material were found to be quite

high, especially for the PVDF 0.15 µm material. This emphasized the high inhomogeneity

which may occur during membrane manufacturing. The best �ltration performances were

observed with the PE 0.4 µm and PVDF 0.08 µm. The trials furthermore revealed that a

clear selection of a most favourable material is impossible; for example the membrane PVDF

0.15 µm displayed much lower �ltration performance than the PVDF 0.08 µm suggesting that

fouling is not only linked to the type of material but also to other parameters such as pore

size and surface/material preparation. Single-tube trials furthermore revealed results opposed

to the �at sheet material. Bench-scale trials undertaken simultaneously to pilot scale trials

revealed opposing trends. A more detailed analysis of the materials and processes would then

be needed to fully understand the mechanisms occurring.
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1. Introduction

Membrane applications have been in intensive use throughout the last decade in applica-

tions mainly relating to biotechnology and food processing industries. The �rst commercial

introduction of membranes to wastewater applications was initiated by Dorr-Olivier in the

late 1960's with their so-called Membrane Sewage Treatment (MTS) system, consisting of a

biological treatment step and an external ultra�ltration module (Bemberis et al., 1971).

The development of membrane biological reactors experienced its �rst big boost in the 1980's

in Japan, initiated by the "Aqua Renaissance Program '90" in order to develop an innovative

wastewater treatment concept with a small footprint and high e�uent quality suitable for water

re-use (Kimura, 1991). Since then, MBRs gained more and more acceptance in international

markets for being the choice of technology for conventional wastewater treatment plants (Judd,

2006), with an average annual growth rate for the global MBRmarket of 10.9% and an expected

approach of US$363 million in 2010 (Atkinson, 2006).

The main advantages of MBRs to conventional activated sludge plants are:

• Enormous amelioration of e�uent water quality: MBR e�uents were found to meet the

requirements of the EU Bathing Water Directive (EC/160/75) (Günder (2001), Melin

et al. (2006)).

• Possible water Re-use: Due to the high e�uent quality, e�uents are re-usable for e.g.

domestic use, process water or irrigation, which leads to reduction in water costs and

can be of essential impact in arid and semi-arid regions su�ering from water shortages.

• Lower investment costs: MBR treatment plants may have less investment costs due to

omission of �nal sedimentation and downsizing of the activated sludge stage (higher

bacterial concentration within the activated biomass allows higher productivity of the

activated sludge stage)

• Small footprint: MBR treatment plants can reduce the required space to 50% of con-

ventional treatment plants. This is especially of advantage where space is a limiting

factor, e.g. within an extension or new construction of treatment plants where available

building ground is limited or where it might be an advantageous choice of enhancing

the capacity of present treatment plants. Furthermore, MBRs play a promising role in

decentralised wastewater solutions, e.g. household plants.
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• Avoidance of bulking sludge problems: Occurrence of bulking and �oating sludge prob-

lems leading to unacceptable e�uent quality of �nal clari�ers is theoretically not an issue

a�ecting e�uent quality of MBR systems.

Furthermore, there are con�gurational advantages, such as independent control of solid reten-

tion time (SRT) and hydraulic retention time (HRT) , which results in the potential to grow

slow-growing bacteria such as nitrifying and methanogen bacteria, and is hence providing a

higher �exibility of operation. The possibility of running MBRs at very high sludge age and

with almost unlimited MLSS concentrations also enables to adapt the biomass to wastewater

usually di�cult to treat; such as, for example, leachate wastewater (Lyko et al., 2005).

However, fouling is an inherent phenomenon of any membrane process, which leads to lower

e�ciencies of the overall process. In order to overcome permeability losses due to fouling,

overall maintenance regimes, such as frequent air �ushing/scouring, backwashing and chemical

cleaning, have to be applied to remove the foulants. These strategies in turn increase the overall

energy demands and maintenance costs of the membrane system. As such, �nding suitable

strategies to reduce fouling and hence increase the module performance has been a challenge

for all membrane processes, including MBRs.

Fouling factors within MBR �ltration processes are part of a highly complex interaction of

membrane con�guration (material properties, permeate �ow and �ux concept, module con-

�guration), hydrodynamic conditions (submerged, side-stream, aeration with air scouring,

cross-�ow velocity) and process control & biomass make-up (MLSS concentration, SRT, HRT,

organic shock loading).

The major aspects for the selection of membranes in terms of fouling prevention are material

properties, such as pore size distribution, hydrophilicity and surface charge; while con�gu-

rational choices such as hydrodynamical conditions (�ow concept, aeration, relaxation) and

applied �ux concepts (applied trans-membrane pressure (TMP)) may be adjusted to reduce

short- and long-term fouling behaviour (Le-Clech et al. (2006); Zhang et al. (2006), Figure

1.1).

2



Introduction

Figure 1.1.: MBR fouling roadmap - fouling factors and operational design parameters - mod-
i�ed according to Zhang et al. (2006)

The preferred pore size for MBRs is usually within the range of Micro�ltration and Ultra-

�ltration, and recently also within Nano�ltration (Judd, 2006; Rosenberger, 2003). As with

any �ltration process, pore size or more likely pore size distribution and bulk solution char-

acteristics strongly relate to membrane fouling. However, due to the complex nature of feed

characteristics within MBR systems, opposing trends have been reported within literature

depending on the pore size and the type of biomass (Judd, 2006; Le-Clech et al., 2006; Rosen-

berger, 2003; Zhang et al., 2006). Further studied membrane material properties are surface

characteristics, such as hydrophobicity, streaming potential and surface roughness.

Despite the in�uence of membrane material and membrane module con�guration, various

predominant suspected fouling factors originating from feed and biomass characteristics are,

obviously in�uenced by the complexity of the system, very often antithetically discussed in

literature (Judd, 2006; Le-Clech et al., 2006; Rosenberger, 2003; Zhang et al., 2006).

Amongst the discussed parameters for feed & biomass characteristics and process controll are:

• Mixed liquor concentration (MLSS) (Defrance et al., 2000; Le-Clech et al., 2003b; Lee

et al., 2001; Rosenberger, 2003; Rosenberger et al., 2005)

• Particle or �oc size (Wisniewski and Grasmick, 1998)

• Soluble microbial products (SMP) and Extracellular polymer products (EPS), as mainly

Proteins, Polysaccharides and Humic Substances (Huang et al., 2000; Ognier et al., 2002;

Rosenberger et al., 2005; Rosenberger and Kraume, 2002)
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• Colloids (Bouhabila et al., 2001; Defrance et al., 2000)

• Organic loading (He et al., 2005b,a)

• Solid retention time (SRT) (Han et al., 2005; Huang et al., 2001)

The vast amount of opposing results reported in literature appear to be based on the fact that

the number of boundary conditions seems to be inde�nite, as not only the feed characteristics

are important, but also the con�gurational choice including the type of membrane material and

operational parameters. Most data reported in literature is gained through various changes

and examination in the operational parameters, but are quite often based on one single con�g-

urational set up or on comparison of di�erent con�gurations with di�erent bioreactors, hence

resulting in varying biomass properties.
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2.1. Membrane Separation Process

Membranes are applied in water and wastewater treatment as a physical separation process

(liquid permeation). The separation range varies from macro particle, e.g. mixed liquor

suspended solids to low molecular species, e.g. salts and micro pollutants, according to the

type of �lter pore size selected (Figure 2.1).

ST Microscope

►

Scanning Electron Microscope

►

Optical  Microscope

►

Visible to Naked Eye

►

Ionic 
Range

Molecular 
Range

Macro Molecular 
Range

Micro Particle 
Range

Macro Particle 
Range

0.001 µm 0.01 µm 0.1 µm 1.0 µm 10 µm 100 µm 1000 µm

1.000.000500.000200.00020.00010.000200
Approx. range of molecular weight 

[Da, g.mol-1]

►

Reverse 
Osmosis 

P
re
s
s
u
re
 D
if
fe
re
n
c
e
 [
b
a
r]

200

100

10

1

0.1

Nano-

filtration

Ultra-

filtration Filtration 
/Granular Media

Microfiltration

R
e
la
ti
v
e
 S
iz
e
 o
f 

c
o
m
m
o
n
 m
a
te
ri
a
ls

Dissolved Salts Giardia Cystis Colloids Human hair 

Beach Sand 

Suspended Mixed Liquor Solids

BacteriaVirus

Parasites

Bis-phenol A
EDTA
Diclofenac
Amoxillin

Mercury
Benzo-a-pyren
Saccharose

A
p
p
ro
x
im
a
te
 

s
iz
e
 r
a
n
g
e

0.001 µm 0.01 µm 0.1 µm 1.0 µm 10 µm 100 µm 1000 µm

Figure 2.1.: Filtration spectrum of pressure driven membrane technologies (adapted from
Melin and Rautenbach, 2004; Pinnekamp and Friedrich, 2006; Peeters and
Theodoulou, n.d.)
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The separation process for membrane �ltration is based either on size exclusion or solution-

di�usion transport processes depending on the type of membrane application. Though the

membranes are strictly categorized into

• porous membranes and

• di�usion (dense) membranes

to distinguish between the two types of transport processes, it has to be born in mind that

both types of processes may coexist during real membrane �ltration (Pinnekamp and Friedrich,

2006).

For any liquid permeation process, the membrane functions as a �lter separating the permeate

from the feed with the trans-membrane pressure di�erence being the driving force of the

process. The e�ective force is derived from either positive pressure on the feed side or negative

pressure at the permeate side. Depending on the type of �ltration process, the trans-membrane

pressure (TMP) may vary from 0.1 bar to 70 bar, and for some applications like reverse

osmosis TMP may even reach 200 bar (Figure 2.1; Pinnekamp and Friedrich, 2006; Melin and

Rautenbach, 2004 ).

The pressure di�erence describing the trans-membrane pressure is thus generally de�ned by

the pressure on the feed side of the membrane minus the pressure on the permeate side:

TMP = pfeed − ppermeate (Günder, 2001). To overcome higher trans-membrane pressure

di�erences, the pressure gradient needs to be increased and hence processes with higher TMP

usually also require higher pump energy on either permeate or feed side.

The occurring trans-membrane pressure is hence not only impacted by the pressure head

from the feed side and the pressure created on the permeate side, but also by the cake layer

resistance (Rcl) and resistance of the membrane (Rm) itself (Figure 2.3(a)). The accumulation

of particles and solutes on the membrane surface is, amongst others, one of the main factors

opposing the driving force and thus increasing the overall resistance to the �ltration process

(Stephenson et al., 2000). Furthermore, foulants attaching onto the surface or entering the

membrane pores mainly contribute to an increasing ine�ciency of the overall �ltration process.
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Membrane fouling during biomass �ltration is a highly complex process of various interacting

parameters, such as (Judd, 2006; Stephenson et al., 2000):

• intrinsic membrane resistance

• trans-membrane pressure

• cross-�ow velocity

• permeate �ux

• particle size distribution of the bulk phase

• viscosity of the bulk phase

• agglomeration behaviour of the bulk phase

• interacting forces between particles within the bulk phase

• surface interaction between the membrane and particles and solutes of the bulk phase

The majority of membrane fouling processes per se can be described as the increase in trans-

membrane pressure with either a gel or cake layer formation on the membrane surface (cake

formation phenomenon) increasing the resistance of the cake layer or small solute and �ne

particles enter the membrane pores leading to pore blocking, which in turn would increase the

membrane resistance itself (Figure 2.2). While gel layer or cake layer formation is generally

considered to be reversible, the pore blocking is mainly irremovable leading to irrecoverable

increase of membrane resistance.

Figure 2.2.: Schematic presentation of (a) cake blocking and (b) pore blocking.
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Generally, because of the enormous varying causes and interactions, the de�nition of the term

fouling is not consistently used within in literature (Rosenberger, 2003). Commonly, any

pressure loss resulting in �ux decline is declared as fouling. Processes causing �ux decline can

involve (Judd, 2006; Melin and Rautenbach, 2004; Ripperger, 1992):

• adsorption of macromolecular and/or colloidal matter on the membrane surface

• adsorption of small particles in membrane pores

• adhesion and growth of microorganism on the membrane surface (biofouling)

• precipitation of solutes on the membrane surface (scaling)

• membrane aging

The term fouling can thus furthermore be diverted into (Hilal et al., 2005):

• particulate and colloidal fouling

• inorganic fouling

• organic

• biofouling

One major aspect which also leads to a dramatic decline in permeability and is occurring

in membrane �ltration especially at high solid content suspension, such as MBRs, is the

phenomenon of clogging or sludging of the membrane module's void area/separation area.

With MBR set ups being mostly submerged systems, it is consequently di�cult to distinguish

if a sharp increase in membrane resistance is either derived from biomass fouling or from

clogging of the void area of the module.

To predict �uxes derived from steady state membrane �ltration processes, several models

have been developed to simulate di�usion processes; concentration polarisation e�ects include

Brownian di�usion in laminar and fully turbulent �ow processes, and also to describe dynamic

pore and cake formation processes (Belfort et al., 1994; Fane, 1986; Hermia, 1982; Romero

and Davis, 1990). Models based on Brownian di�usion were found to under predict �uxes of

suspensions with particles > 1 µm. To overcome the so-called �ux paradox (Green and Belfort,

1980), terms for shear induced di�usion and inertial lift were included (Davis and Sherwood,

1990; Zydney and Coloton, 1986). While models based on the Brownian di�usion theory are

applicable for molecular solutions and solutions within sub-micron-particle ranges, the models

based on shear induced di�usion were found to be more suitable for suspensions with particles

> 1µm (Nguyen, 2004).
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Another type of model found to be suitable within multi-disperse solutions is based on the

theory that particle deposition onto the membrane surface is governed by the balance of a

combination of drag and lift forces acting on the particle (Figure 2.3). Additional to the

hydrodynamic forces of drag and lift, adhesive and friction force are acting on a deposited

particle (Altmann and Ripperger, 1997). While cross �ow velocity and permeate �ow are

determining the amplitude of drag and lift forces, and interactions of particles or particle

membrane-surface determine the frictions forces, the adhesive forces are being caused by van

der Waals forces and also by electrostatic interactions (Altmann and Ripperger, 1997).

Figure 2.3.: Schematic presentation of (a) pressure distribution in membrane and cake layer
and (b) acting forces on one single particle.

Altmann and Ripperger (1997) showed within their proposed model, that particle deposition

onto the membrane surface is mainly governed by the balance of the lift and drag forces of

the permeate �ow, with smaller particles being more likely to accumulate on the membrane

surface at higher permeate �uxes. In cases that adhesion and friction forces are higher than

the hydrodynamic forces, the particle deposition is likely to become irreversible, which is most

likely for small particles, as only in smaller particle range are adhesive and friction forces

higher than the corresponding hydrodynamic forces (Altmann and Ripperger, 1997).

9



2.1 Membrane Separation Process

The dependency of the hydrodynamic forces on particle size is described as follows (Altmann

and Ripperger, 1997):

• lift force FL ≈ d3
p

• drag force of cross-�ow velocity FD ≈ d2
p

• drag force of permeate �ow Fγ ≈ dp

To illustrate, the example of acting forces on one particle in low concentrated suspension

(Figure 2.4) reveals that lift forces exceed drag forces of permeate �ow for particles with a

diameter > 10 µm (Nguyen, 2004). As a consequence, those particles are not expected to

be deposited on the membrane surface, whereas smaller particles will be transported to the

membrane surface and are more likely to build up deposition. For lower permeate �ows, the

force balance will be shifted towards smaller particles, hence leading to the insight that for

smaller permeate drag forces only smaller particles will be likely to deposit onto the membrane

surface (Altmann and Ripperger, 1997; Nguyen, 2004). Furthermore, it is ascertained that

this force balance is responsible for the possibility to increase membrane �uxes by �occulating

processes, thus binding the smaller particle fraction of the suspension (Nguyen, 2004) .

Figure 2.4.: Example of acting drag forces due to permeate �ow on particle in suspension (�g-
ure taken from Altmann and Ripperger, 1997; Nguyen, 2004; boundary condition
given in Nguyen (2004): cross-�ow velocity of 1.5 m.s−1 and low concentrated
suspension).
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In the complex matrix of MBR �ltration, however, where the �uid dynamics are hard to predict

and the high concentrated biomass is most likely to adsorb onto the membrane surface and use

the membrane as growth support regardless of any convection �ow to the membrane surface

(Zhang et al., 2006), de�ning a comprehensive mechanistic model to successfully describe

membrane fouling seems more or less impossible (Drews, 2010). For instance, Howell et al.

(2004) stated that a model describing a current test series revealed only a limited �t while

applying to previous studies leading to the assumption that membrane fouling history will

always represent an unpredictable parameter. Such membrane history will also depend on

cleaning cycles, cleaning regime and the membrane's material response to these factors.

Fouling determination has been undertaken using varying approaches, one amongst them which

is highly reported in literature and frequently used as a short-term test, is the so-called critical

�ux concept. While having been reported to show limitations to full scale applications with

general fouling trends being one order of magnitude smaller, and also providing di�culties

when comparing results deriving from di�erent researches due to an arbitrary de�nition of

the concept per se (Bacchin et al., 2006), the critical �ux concept can be an essential tool

for short-term comparisons of biomass �ltration, membrane characterisation respectively. The

critical �ux concept goes back to Field et al. (1995) and is generally de�ned as the �ux in

which the permeability di�ers compared to the intrinsic clean water permeability (Figure 2.5).

Figure 2.5.: Schematic presentation of the critical �ux concept with Jc in its strong and weak
form relating to the clean water �ux (adapted from Field et al., 1995; ).
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2.2. Membranes and Membrane Module Classi�cation

Membranes used for MBRs can be divided into their material classi�cation, their module

con�guration and the MBR con�guration itself, whereas MBR con�guration is dependent on

the �ow concept and the feed concept respectively; the restraint of membranes in the MBR

reactor, and the type of permeate extraction (Figure 2.6).

Material Classification

Module Configuration

Flow Concept

Feed Flow Concept

Type of module restraint 

within treatment tank

Permeate Extraction

inorganic vs organic

porosity

nominal pore diameter

package density

flat sheet, plate frame or spiral wound

hollow fibre

multi tubular

Membrane : in-to-out vs out-to-in

Module     : submerged vs sidestream

dead end : 

submerged membrane (no cross flow , tangential flow towards membrane)

semi-dead end: 

submerged membrane (with cross flow aeration to prevent fouling)

cross flow :

sidestream with feed cross flow (pump) and aeration cross flow

semi-cross flow
sidestream with limited feed & aeration cross flow (e.g. air-lift)

dynamic cross flow:

cross flow generated by e.g. rotating membranes

vertical vs horizontal

biological tank  vs separated membrane tank

suction (common, permeate side negative pressure by pump)

pressurize vessel (feed side positive pressure by pump)

gravity (seldom, feed side positive pressure by gravity)

Figure 2.6.: Membrane classi�cation (adapted fromMelin and Rautenbach, 2004; Baumgarten,
2007; )

Major speci�cations for the choice of di�erent con�gurations are usually the type of wastewater

to be treated, the costs (investigations and maintenance), the permeate yield per membrane

and the control of fouling or clogging propensity during long term runs (Judd, 2006; Melin

and Rautenbach, 2004).
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2.2.1. Membrane materials

2.2.1.1. Overview of membrane materials applied within MBR systems

The most important membrane (material) qualities are (Rautenbach and Albrecht, 1989):

• high selectivity

• high permeability

• mechanical stability

• temperature stability

• chemical resistance

Rautenbach and Albrecht (1989) placed high selectivity as �rst choice, as low permeability

can be compensated for to a certain extent by an increase in membrane surface area. Raut-

enbach and Albrecht (1989) furthermore stated that for general membrane application, low

selectivity can lead to multi-stage processes where signi�cant wastewater e�uent consent is

required, which in most cases is not economical compared with established conventional pro-

cesses. Within MBR systems, however, permeability plays a major role, as the use of MF and

UF membranes usually reaches the consent of the wastewater treatment plant (Günder, 2001;

Judd, 2006; Melin et al., 2006) but the major problem to tackle remains to be permeability

losses due to fouling. Furthermore, a low-print footage of a wastewater treatment plant is a

high cost advantage, which can be the main factor for a particular choice of technology.

Even though clean water permeability is stated as not being the most important parameter

of membranes for application in MBRs, it has to be stressed that obtaining a certain process

�ux is the crucial design parameter for MBR applications (Pearce, 2008). A lower �ux will

consequently lead to an increase in capital cost, due to e�ects on membrane area and foot-

print, and more importantly to a likely increase in maintenance costs due to higher costs for

permeate suction, air scouring and cleaning (Judd, 2006; Pearce, 2008). Fluxes for clean water

permeability, however, need to be compared to �ltration performances during activated sludge

�ltration as a gel layer formation can reveal a sudden drop of �uxes. For instance, due to

gel layer formation resulting from concentration polarisation on the membrane surface, �uxes

were reported to decrease within seconds from initially over 600 LMH to typically 60 LMH for

ultra�ltration membranes (Baker, 2004).

Besides permeability, a high mechanical stability and a high chemical resistance to cleaning

reagents are also crucial parameters for membranes used in MBR systems (Judd, 2006; Melin

and Rautenbach, 2004; Pearce, 2008; Pinnekamp and Friedrich, 2006).

The preferred pore size for MBRs is usually within the range of micro�ltration and ultra-

�ltration (Judd, 2006; Rosenberger, 2003). Micro- and ultra�ltration membranes used for
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wastewater solid-liquid separation can be produced in various ways and are, with regards

to their material, either classi�ed by their structure (symmetrical, asymmetric, dynamically

formed porous membranes), by their construction material (inorganic vs. organic) or by their

nominal pore size (micro-, ultra�ltration) ( Rautenbach and Albrecht, 1989; Figure 2.7).
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processes
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Figure 2.7.: Membrane material classi�cation - Modi�ed according to Rautenbach and Al-
brecht (1989) with MF/UF/NF applications considered in this study being
highlighted

While a symmetrical membrane is of roughly a similar homogeneous construction over its

depth, an asymmetrical membrane usually consists of two layers; one active �ltration layer

and one supportive layer (Baker, 2004; Pinnekamp and Friedrich, 2006; Figure 2.8). With

the supportive layer being generally very porous and its only purpose providing mechanical

strength to the membrane, the active �ltration layer determines the membrane's separation

properties and this layer should remain as thin as possible to keep the initial membrane

�ltration resistance as low as possible (Pinnekamp and Friedrich, 2006; Stephenson et al.,

2000). Whilst the top layer and the supportive layer of phase inversion membranes are made

of similar material, composite membranes consist of two di�erent types of materials so that

both layers can be optimised regarding their required properties (Baker, 2004; Pinnekamp and
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Friedrich, 2006).

Figure 2.8.: Schematic presentation of various membrane structures according to Günder
(2001), illustrating SEM images taken from membrane samples available within
this study (note: orange arrow indicated direction of permeate �ow)

Available types of membranes materials comprise of organic (polymeric) and inorganic (ce-

ramic/metallic) materials with polymeric membranes being used most commonly within MBR

technology (Judd, 2006; Mulder, 1997). Ceramic membranes, such as aluminium, zirconium,

silicium and titanium oxide composites, show higher hydraulic, thermal and chemical resistance

than polymeric materials, but are limited in their geometry and are furthermore signi�cantly

more expensive (Mallevialle et al., 1996; Mulder, 1997).

To give a rough estimation, Stephenson et al. (2000) disclosed the production costs of simple

polymeric membranes as less than 10 GBP per m2 membrane, while the costs for ceramic

ultra�ltration or micro�ltration membranes were reported to well exceed 1,000 GBP per m2

membrane. However, the use of ceramic membranes might be expanding as their higher

hydraulic and chemical strength may compensate higher costs due to longer membrane life-

time (Cicek et al., 1999).

Zhang et al. (2005) reported the successful application of a stainless steel membrane module

with a nominal pore size of 0.2 µm on a bench-scale MBR, whereas usually metallic membrane
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�lters have very special applications which are not necessarily related to MBR technology

(Judd, 2006; Mulder, 1997).

Recent research also concentrates on �nding appropriate low rejection membranes based on

non-woven fabric (Chang et al., 2001, 2003; Fuchs et al., 2005; Judd, 2006; Meng et al., 2005;

Moghaddam et al., 2002; Seo et al., 2002). However, a pilot scale demonstration of an non-

woven fabric (NWF) at the Industrial Research Institute (ITRI) in Taiwan showed signi�cant

internal fouling with organic material within a few days of operation, leading to a drop in

permeability to very low values (Judd, 2006). Nevertheless, it has to be admitted that the

replacement costs of such material is very low and ongoing research into these materials for

MBR technology may suggest the commercialisation of non-woven materials in the future

(Judd, 2006). Furthermore, Zahid and El-Shafai (2011) recently reported the successful appli-

cation of three di�erent textile materials as �ltration media in MBRs. E�uents of all three set

ups (Acrylate, Polyester or Nylon on a stainless steel tube as the supporting material) tested

over a period of 60 days in MBR were found to meet Saudi Arabian and Egyptian regulatory

standards for use in agricultural irrigation. The average trans-membrane pressures were re-

ported to vary between 0.2 to 0.4 bar at �uxes of 14.6 to 15.1 LMH with corresponding HRT of

8.0 to 8.9 hours . Despite the fact that the set up was mentioned to represent a cost-e�ective

alternative to commercially available MBR materials, Zahid and El-Shafai (2011) stated fur-

thermore that during the operating period of 60 days, �ux recovery of the textile material

could be achieved by mechanical cleaning solely, hence reducing maintenance costs further by

the absence of chemicals as cleaning agents.

Polymeric membranes can be manufactured from any polymer in principal, whereas only a

limited number of materials meet the requirements for the application of membrane separation.

The most common materials used for membranes in MBRs are (Judd, 2006):

• Polysulfone (PS)

• Polyethersulfone (PES)

• Polypropylene (PP)

• Polyethylen (PE)

• Polyvinylidene di�uoride (PVDF)

• Polyacrylonitrile (PAN)

Main di�erences of the commercially used polymeric membrane materials are; their ability to

modify their properties in terms of pore size and mechanical strength, the hydrophilicity of

the material's surfaces, their chemical resistance and last but not least the overall production

costs (Baker, 2004; Judd, 2006; Pearce, 2008). For instance, PVDF membranes show limited

ability for modifying pore size properties and are hence mainly made as coarse ultra�ltration
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membrane or within the micro�ltration range (Pearce, 2008). PVDF membranes have also

been shown to reveal excellent strength, �exibility and adequate permeability (Pearce, 2008),

but are, on the other hand, known to create high production costs.

PP and PE membranes are two polymeric membranes which can only be produced in micro-

�ltration range, but are inexpensive in production and reveal reasonable strength, a general

hydrophilic surface and the susceptibility to oxidation can be improved by surface modi�cation

(Baker, 2004; Pearce, 2008).

PS and PES membranes on the other hand, can be produced in a broad range of pore sizes with

a narrow pore size distribution and the surface properties can be modi�ed through polymer

blend. As both types of material are produced in large quantities, production costs are cheaper

compared to PP, PE or PVDF (Mulder, 1997). However, due to the very good performance

of PVDF membranes and the resulting higher membrane lifetime, several companies o�er

membrane modules made of PVDF and consequently this polymer is currently dominating

the MBR market (Pearce, 2008).

A very recent market survey revealed that ≈ 20% of the listed iMBR materials are made of

PES/PS material, whereas over 55 % of the membrane materials for the total iMBR market are

made of PVDF (Santos and Judd, 2010). Amongst the 25% of remaining products, materials

such as PAN (polyacrylnitril) and PVA (polyvinyl alcohol) were reported to be used.
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2.2.1.2. Impact of membrane material properties on �ltration performance in MBRs

Despite the important role of con�guration and hydrodynamic changes on the maintenance

of high �uxes (see section 2.2.2, page 21), an adequate membrane morphology is expected to

contribute signi�cantly to the overall process optimisation. Zhang et al. (2006) proposed that

within their road map of fouling , membrane material properties such as pore size distribution,

hydrophilicity, surface roughness and surface charge, were major aspects for the selection of

membranes in terms of fouling prevention ( Figure 1.1, page 3).

As with any �ltration process, pore size or more likely pore size distribution and bulk solution

characteristics strongly relate with regards to membrane fouling (Le-Clech et al., 2006; Pin-

nekamp and Friedrich, 2006). However, likely due to the complex nature of feed characteristics

within MBR systems, opposing trends have been reported within literature depending on the

pore size and the type of biomass (Judd, 2006; Le-Clech et al., 2006; Rosenberger, 2003). This

can partly also be attributed to the wide variety of materials studied (pore size distribution,

material, hydrophilicity), the complex and wide di�erences of bulk characteristics and last but

not least the conditions of hydraulic performances and the type and duration of tests applied.

While generally a higher porosity is bene�cial for higher �uxes, the interrelation of membrane

fouling to pore size is stronlgy dependent on the characterisation of the feed solution. Le-Clech

et al. (2003b) compared submerged MT modules with di�erent pore sizes (200 kda, 0.1 µm,

1 µm) and di�erent lumen diameter under varying MLSS concentrations (4, 8 and 12 g.L−1)

and varying aeration rates. During the conducted critical �ux trials, no e�ect of pore size on

Jc was observed other than at lowest pore size (200kDa) and low MLSS values.

Hughes and Field (2006) compared the resistance to �ltration of micro�ltration PS membranes

(0.1 µm, 0.2 µm, cone-and-plate test cell, 44.12 cm2) under washed, unwashed yeast and yeast

extracted EPS solution at low concentration (0.97 g.L−1, 0.73 g.L−1, 0.14 g.L−1) and observed

a similar fouling rate for the unwashed yeast (0.2 mbar.min−1), a small increased fouling rate

for the 0.2 µm membrane for the unwashed yeast (0.51 mbar.min−1 to 0.48 mbar.min−1), but a

signi�cantly higher fouling rate of the EPS solution on the 0.2 µm membrane (0.2 mbar.min−1

to 0.08 mbar.min−1). Furthermore, Hughes and Field (2006) observed that a regime of cleaning

and �ltration repetition cycles would a�ect most the 100kDa tested nano�ltration membrane

where an average increase of 19% in intrinsic membrane resistance (Rm) was measured after

each experiment and cleaninig cycle, whereas the same experiments exhibited on micro�ltration

membranes (0.1 µm, 0.2 µm, same manufacturer, same material) did reveal an increase of Rm

after each cycle from 0.4% to 2.5%.

Mueller and Davis (1996) studied e�ects of varying membrane morphologies with the same

nominal pore size of 0.2 µm on protein fouling and concluded that the tested PC and CE mem-

branes with higher surface porosity yielded in higher permeability, but also revealed extensive

internal fouling prior to external fouling took place. The tested PVDF and PS membranes
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on the other hand, showed lower porosity with few pores which led to lower permeability and

quick external pore blocking by proteins. Furthermore, modi�ed micro�ltration membranes

with hydrophilic-coated membrane surfaces were found to exhibit lower �uxes, but similar

fouling patterns to unmodi�ed membranes (Mueller and Davis, 1996).

Jin et al. (2009) compared di�erent pore-sized ceramic �at sheet membranes (80, 100, 200

and 300nm) in submerged mode with MLSS ranging around 5 g.L−1, where no in�uence of

EPS could be found and the rejection rate was observed to be higher, the smaller the pore

size. In overall, Jin et al. (2009) concluded that the membrane with the biggest pore size

exhibited the highest fouling potential, while fouling potential was observed to be the least for

the membrane with the smallest pore size.

Another crucial aspect during membrane �ltration comparison is the length of the investigation

period. For instance, He et al. (2005a) compared �ve di�erent PES ultra�ltration membranes

with pore size ranging from 20 kDa to 700 kDa for their suitable application in anaerobic

wastewater �ltration. While during the initial start-up, the �ux decline of the smaller pore

size membrane was reported to be most signi�cantly due to concentration polarization. This

changed over long-term �ltration with the 700 kDa membrane having been reported to exhibit

pore clogging. The authors attributed this to the higher membrane surface roughness and

stated furthermore that the �ux decline of the high MWCO membrane was di�cult to recover.

In addition, not only does the pore size determine the membrane fouling tendency, but also

material related characterizations, such as membrane material and its hydrophilicity. For

instance, Kimura et al. (2006) investigated fouling of di�erent NOM fractions on di�erent

membrane materials (PAN 80kDa, PAN 100kDa, PVDF 0.1 µm, PE 0.1 µm). Between the

two MF membranes tested, the PVDF 0.1 µm exhibited a higher fouling rate for irreversible

fouling than the PE 0.1 µm. No signi�cant irreversible fouling was observed for the two

ultra�ltration membrane materials. Alkaline extraction revealed that hydrophilic fraction was

responsible for the irreversible fouling which the authors mentioned was in occurrence in one

of their previous studies (Kimura et al., 2004). Opposite trends to the observations made by

Kimura et al. (2006), were reported by Yamato et al. (2006) while analysing di�erent fouling

behaviour between two di�erent types of membrane material modules (PE and PVDF) with the

same pore size (0.4 µm). In this study, the PE membrane was found to foul more rapidly than

the PVDF membrane module and fouling was dominated by irreversible foulants. The PVDF

membrane on the other hand, was reported to be fouled mainly due to increased carbohydrate

concentration within the mixed liquor, which was consequently reversible. Attached foulants

desorbed from the membrane surface could not be related to the extent of fouling observed

during �ltration performance.

Several research studies were conducted on surface modi�cation of membrane to enhance the

surface hydrophilicity and hence to reduce the fouling propensity. Polymeric membranes, such

as polyethylene (PE), polypropylene (PP), poly-vinildylene �uoride (PVDF), and polysul-
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phone (PS), naturally being more hydrophobic can be blended with hydrophilic polymers or

surface treated to make them hydrophilic (Gander et al., 2000). For instance, several studies

have shown that hydrophobicity in UF and MG play an important role in fouling in terms

that hydrophilic membrane tend to su�er less from �ux decline than hydrophobic ones (Fane

et al., 1991; Futamura et al., 1994; Gekas and Hallström, 1990; Persson et al., 1993).

Surface coating with polyelectrolytes was shown to slightly increase hydrophilicty of naturally

hydrophobic PES membranes (Kochan et al., 2009). However, the applied surface coating was

also shown to increase membrane rejection signi�cantly and consequently decrease the perme-

ability of the coated membranes. Surface plasma-treatment was also shown to be a suitable

surface modi�cation method, however long-term experiments did reveal a higher permeability

decline of the modi�ed membrane than the unmodi�ed one (Tyszler et al., 2006).

Nevertheless, Buetehorn et al. (2009) reported in a summary of di�erent research tasks the

successful application of analytical tools for membrane surface characterization to identify

surface modi�cation of membranes and consequently elucidating optimised residence time for

chemical post-treatment during membrane manufacture. The membrane optimisation was

furthermore reported to have been successfully veri�ed during 15 months of pilot testing for

wastewater treatment.

A signi�cant increase in permeability was also reported to occur after wetting PES hollow �bre

and PS �at sheet membrane materials with isopropyl alcohol and ethanol respectively (Kochan

et al., 2009). However, while the higher permeability lasted partially for clean water trials,

�ltration performance with supernatant of activated sludge did not show any enhancement.

Roudman and DiGiano (2000) reported also an increase in permeability after membrane sur-

face treatment, where the membrane was reported to have become more hydrophilic after

treatment and subsequent ultra pure water permeation, but after permeation of NOM con-

taining water surface energy was found to have approached the same surface energy as the

untreated membrane, indicating NOM adsorption.

A protein (BSA) fouling study conducted by Marchese et al. (2003) on surface modi�ed PES

membranes with PVP (polyvinyl-pyrrolidone) to increase permeability while remaining selec-

tive revealed that due to its hydrophobicity PVP acts as a prevention to BSA pore blockage

to some extent.
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2.2.2. Membrane Modules and Con�guration

The term con�guration can be used for either the module con�guration or how the module is

integrated within the bioreactor, hence representing the process con�guration of the overall

treatment process. Membrane module con�gurations applied in wastewater treatment are

• Plate-and Frame/ Flat Sheet (FS)

• Hollow Fibre (HF)

• Multi-Tubular (MT)

The technical requirements for optimised module con�guration are derived from the purpose of

the membrane module itself. In general, and also for �ltration in MBRs, typical requirements

include (Judd, 2006; Melin and Rautenbach, 2004; Stephenson et al., 2000):

• even cross-�ow along the membrane surface

• low pressure loss, hence low permeability loss (low fouling/scaling propensity)

• high packing density

• low production costs

• low cleaning demands and possibility for e�cient low cost cleaning

• low replacement costs

• low clogging propensity

The �at sheet membrane is generally mounted onto a support plate with drainage and ar-

ranged in parallel within cascade modules. Flat sheet panels are generally low in packing

density, but can compensate with higher permeability values (table 2.1). The main disadvan-

tage of this type of module is the lack of backwash as fouling control. However, as the usual

�at sheet membrane modules are restricted to relaxation periods during �ltration only (as

applying backwash would detach the materials from their supporting panel), the new genera-

tion of (mainly ceramic) �at sheet materials comprise this disadvantage and show resistance

to backwash pressures of up to 1000 mbar (Agfa-Gevaert NV, 2010; Grelot et al., 2007; ItN

Nanovation AG, 2010).

Hollow �bre modules are usually are self-supporting membrane tubes with an internal di-

ameter (ID) of 0.5 to 5.5 mm. Some modules, so called capillary tubes, use �ne �bres with an

ID of less than 0.5 mm. The thin membrane tubes are usually pressure proof with moderately

applicable backwash �ows. One major advantage of this is the high packing density, however

it also allows susceptibility to module clogging/sludging.

Multi-tubular modules modules are usually side-stream operated modules, but are very

rarely used submerged. Generally tubular modules are not pressure proof and hence require an
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additional supporting tube. The permeate �ow is opposed to that of HF and FS in wastewater

application, from in-to-out, which consequently also leads to susceptibility of lumen clogging.

However, due to the very good controllable hydrodynamics within the tubes, sludging problems

can generally be avoided.

Some of the desirable module characteristics con�ict one another, and as such a compromise

has to be made according to the priority of needs. For example, self-supporting materials have

to be used for HF or MT, which consequently results in higher initial membrane resistances

and hence lower permeability rate per square-meter of membrane in comparison to �at sheet

membrane material where the thin membrane material is mounted on an additional frame

support. On the other hand, these lower permeability rates can be easily compensated with

higher package density per module, hence increasing the membrane area per module and

furthermore leading to usually smaller footprints for HF submerged membrane concepts than

for �at sheet. To illustrate, data from full scale modules commercially available for MBR

application was taken from Judd (2006) and permeability rates for clean water was plotted

against the packing density of the membrane module (Figure 2.9). Notably, the PAN �at sheet

material indicated with a nominal pore size of only 40kDa revealed clean water permeability

as high as the microporous PE 0.4 µm membrane. Furthermore, Kimura et al. (2004) observed

a very good �ltration performance of PAN material compared to others, regardless of the very

low nominal pore size of the membrane surface.
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Figure 2.9.: Comparison of permeability and packing density of di�erent commercially avail-
able modules for MBR application (data taken from Judd, 2006 )
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Table 2.1.: Properties, advantages and disadvantages of di�erent membrane con�gurations
used in wastewater treatment processes (adapted from Judd, 2006; Pinnekamp
and Friedrich, 2006; Stephenson et al., 2000 )

Membrane Module Multi-Tubular Hollow Fibre Flat Sheet

Permeate �ow in-to-out out-to-in out-to-in
concept in-to-out

Flow concept cross-�ow (semi-)dead-end (semi-)dead-end
semi-cross-�ow semi-cross-�ow semi-cross-�ow

Feed �ow concept sidestream (very rarely
submerged)

submerged (very rarely
sidestream)

submerged

inner diameter; 5.5 - 25mm 0.25 - 5.5 mm 4∗ to 8∗

separation∗ [mm] 0.04-0.25 mm

Packing density <80-300 <1.000 <100-200
[m2.m−3] <10.001

typical intrinsic
permeability
[LMH.bar−1]

200 - 1000 200 - 800 500 - 2000

typical net �ux [LMH] 20 - 100 20 - 30 15 - 25

Recommended MLSS
[g.L−1]

15 - 30 10 - 15 10 - 15

Energy consumption
(membrane only)
[kWh.m3]

2 - 10 0.3 - 0.6 0.3 - 0.6

Advantages • low pressure loss • high packing density • low risk to clogging
• high cross-�ow
velocities possible

• low speci�c production
costs

• possibility of single
membrane replacement

• low risk to
plugging/clogging at
high cross-�ow velocities

• back�ush at moderate
�uxes

• back�ush at high �uxes

Disadvantages • low packing density • low to moderate
resistance to pressure

• low packing density

• susceptible to
module/�bre clogging

• for most con�guration
no back�ush possible

• in-to-�ow: suceptible
to plugging
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High packing density generally comes with higher sludging propensity. This problem can

be overcome by applying optimum operational conditions. Some suppliers also innovate their

products to overcome disadvantages derived from the type of con�guration, and new membrane

market penetration is likely to shift the former necessary compromises. For instance, hollow

�bre membrane modules derived from Kochmembrane systems (Puron) are less prone to �bre

sludging as the hollow �bres are mounted on one side only (the permeate withdrawal), while

the other end is �oating free.

Furthermore, ceramic membranes, known for their strength and lifetime but also for their

formerly high production costs, are currently entering the MBR market at reasonable prices

and with package plant designs ready to serve small communities (ItN Nanovation AG, 2010).

Flat sheet membranes made of PUR/PVC are reported to withstand backwash pressures of

up to 1000 mbar (Agfa-Gevaert NV).

2.2.3. Membrane Technology in Wastewater Treatment

Two main MBR process con�gurations exist; immersed (submerged MBR, iMBR) or side-

stream (sMBR) (Judd, 2006). While side-stream MBR systems are frequently used within

industrial applications and actually go back to the �rst stages of MBRs (Smith et al., 1969;

Sutton, 1997), nowadays submerged or immersed MBR systems are preferably used for com-

munal wastewater treatment plants.
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Figure 2.10.: Schematic overview of MBR process con�guration: (a) side-stream, (b) air-lift
side-stream, (c) submerged (iMBR) with membrane integrated into aeration
tank, (d) submerged (iMBR) with separated membrane tank

The submerged process itself can be diverted into MBR plants having the membrane sub-

merged into the aeration tank or into a separated biomass tank. While the side-stream

MBR usually only refers to the classical side-stream concept, nowadays it is getting more

and more common to apply so called air-lift systems, meaning the membrane is placed as a

quasi sidestream con�guration outside the bioreactor, while the biomass is mainly passed by

using aeration only. This air-lift concept is mainly applied on multi-tubular membranes and

also hollow �bre membranes, where the membrane module is placed within an extra membrane

holding vessel. However, apart from a few drinking water plants, the HF side-stream concept

has not been frequently used.

Furthermore, there are submerged systems (e.g. some Kubota full scale plants) which are using

gravity for permeate extraction. This is without doubt playing a major role in the overall

costs as it is saving installation costs and moreover maintenance costs of pumps (such as

electricity), but might also place limitations in reactions to higher hydraulic loads, especially

when the membranes permeability have declined signi�cantly. Huber and Martin Systems

provide �at sheet membrane panels with additional shear to control fouling created by rotating

the membrane panels/disc respectively. While this technique provides a signi�cant advantage
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in fouling control, additional energy consumption has to be considered. A summary of most of

the currently available membrane module con�gurations is provided in table 2.2 (Santos and

Judd, 2010).

The general advantage of placing membranes into separated membrane compartments are:

(a) better control of MLSS content with the biomass, (b) avoiding changes in feed hitting the

membranes directly, and (c) disconnecting the membrane compartment from the biomass for

maintenance, e.g. intensive cleaning or membrane replacement. The disadvantages are usually:

(a) higher foot-print of the plant and (b) higher maintenance due to additional pumps.

Table 2.2.: Available Membrane Modules - from Santos and Judd (2010)
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2.3. Foulants and fouling control concepts in MBRs

Fouling control in MBR comprises of several concepts, from the general set up (design pa-

rameters such as load, F:M ratio, type of membrane material and membrane con�guration) to

pre-treatment of the in�uent to optimised operation conditions in order to control hydrody-

namics of the membrane module compartment (Figure 1.1, page 3).

Pre-treatment of the feed is generally undertaken by applying appropriate �ne screens in

order to �lter out materials which could impair the overall operational performance of the

MBR by clogging and tressing membrane modules. Such materials include hair, debris, lint

and other �ne material (Le-Clech, 2010). While conventional �ne screens with average gaps of

2.0 mm were found to result in insu�cient removal of the �ne material, very �ne screens with

gaps as small as 0.5 mm are generally applied within MBR systems (Judd, 2006; Le-Clech,

2010). Furthermore, chemical processes are used to establish chemical boundary conditions

which the membrane material is able to withstand. Such processes include precipitation,

coagulation, �occulation, anti-scalants and pH-adjustment (Hilal et al., 2005), however, these

are mainly used for industrial applications.

Operational parameters to control clogging and fouling formation on the membrane surface

include the following (Drews, 2010; Judd, 2006; Stephenson et al., 2000):

1. Biological Parameters

• SRT

• HRT

• loading rate/type of feed

• MLSS (also eventually soluble microbial products, extracellular products)

• dissolved oxygen level; nitrate concentration

2. Hydraulic Parameters

• cross-�ow velocity due to con�guration

• type of �ltration (constant �ux, constant TMP)

• �ltration cycles and �ltration duration

• aeration (rate, intermittent; coarse, �ne aeration)

• cleaning procedure (intervals, chemicals)
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As indicated in Chapter 1, e�ects of di�erent biological parameters are reported in opposing

trends with regards to overall membrane �ltration performance by numerous researches in

literature and intensive summaries have been published (Chang et al., 2002; Drews, 2010;

Judd, 2006; Le-Clech et al., 2006; Meng et al., 2009).

The main aspects for biological operational parameters which can be in�uenced by membrane

operators and which are usually also indicated with an optimum range by membrane module

suppliers are commonly activated sludge parameters, such as SRT, HRT, MLSS,viscosity, DO

content, temperature, pH and sludge loading rates. Within MBR research these parameters

have been extended to particle size, fractional dimension, soluble microbial products and

extracellular microbial products.

MLSS content is generally know to contribute to cake layer formation and is therefore one

of the �rst suspects to contribute to fouling in MBRs. However, opposing trends have been

reported with cake layer resistance either decreasing or increasing with MLSS content or

threshold values for MLSS. For instance, no impact of either MLSS, EPS or viscosity on the

sludge �lterability could observed by Rosenberger and Kraume (2002) while comparing various

sludge samples from 8 di�erent MBRs using a �at sheet test cell device (MLSS was reported

to range from 2 to 24 g.L−1).

Schwarz et al. (2007) observed a threshold value for MLSS concentration of ≈ 5 g.L−1, be-

low which the hypothesis that Jcrit decreases with increasing MLSS is true. Above a MLSS

concentration of ≈ 5 g.L−1, �ux-management techniques to prevent serious cake formation

were stated to be more important than MLSS. Trussell et al. (2007) revealed within a very

concise overview of several studies conducted on a HF submerged (ZENON) membrane, that

the exposure time towards high MLSS content resulted in a greater permeability decline in

permeability with MLSS. Itonaga et al. (2004) investigated the operation of pilot scale sub-

merged HF and stated an upper limit for MLSS concentration for e�cient operation of MBRs,

which was suggested to be around 10 g.L−1. An exponential relationship of increasing �ltra-

tion resistance with increasing MLSS has been reported by Meng et al. (2006), investigating

fouling aspects on a PE 0.1 µm hollow �bre membrane with MLSS content ranging from 5

to 25 g.L−1. Wu and Huang (2009) also observed a threshold value for MLSS concentration,

which was determined with 10 g.L−1. Below that threshold value no impact of MLSS on

�ltration resistance could be observed on a bench-scale MF hollow �bre (0.4 PE), while above

the threshold value a linear increase in �ltration resistance with increasing MLSS content was

found to be statistically signi�cant.

Feed water characteristics were reported to play a major role in �ltration performance

by Guglielmi et al. (2007a); Lyko et al. (2008b), with Lyko et al. (2008b) �nding that the

F:M ratio for full scale plants in�uences sludge �lterability. An increased fouling rate with

increased ratio of P/C within the feed was reported by Arabi and Nakhla (2008), with the

highest fouling at a ratio of P/C ≈ 8:1 and lowest fouling at P/C ratio at ≈ 2:1. Lower
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EPS concentration at higher P/C rates was found to result in smaller �ocs and higher cake

resistance (Arabi and Nakhla, 2008).

SRT is also being reported to play an important role when assessing the fouling propensity of

activated sludge. Pollice et al. (2007) reported sludge �lterability and capillary suction time

to be at a minimum for SRT in the range of 40-80 days, with SRT tested from 20 days to

complete retention. Furthermore, in a literature survey Pollice et al. (2005) stated that higher

SRT might be bene�cial due to lower EPS carbohydrate content for sub-critical �ltration

conditions, but come in turn with higher MLSS levels thus exposing higher fouling propensity

at super-critical �ltration scenarios. A trend in higher fouling propensity at lower SRT due

to higher EPS was also observed by others (Ahmed et al., 2007). Furthermore, (Masse et al.,

2006) reported lower EPS in biomass deriving from MBR with increasing SRT.

Lee et al. (2003) investigated micro�ltration HF membrane made of PP and suggested fouling

could be related to EPS composition of the biomass. The study furthermore indicated that

the overall fouling resistance improved with increasing SRT, whereas it was not indicated if

this improvement might also be in�uenced by the membrane exposure over time. However,

hydrophobicity of the biomass, biomass surface charge and microbial activity were stated as

potential key factors in estimating resistance caused by microbial �oc.

Soluble microbial products (SMP) and extracellular microbial products (EPS) are

thought to contribute to membrane fouling, but with opposing trends being reported. The

opposing observations might be in�uenced by the di�erent membrane con�gurations used

within the various research studies. In terms of di�erent membrane con�gurations, for instance,

Drews et al. (2007) stated after having determined a non impact of carbohydrates on ultra

�ltration �at sheet membranes (PAN and PES, ≈ 0.037 µm) that higher susceptibility to

carbohydrate fouling could be found for micro�ltration membranes, and largely hollow �bre

membranes.

For long term trials, this was also observed by Torres et al. (2008) while comparing Kubota �at

sheet and Zenon HF MBR pilot plants for wastewater treatment of oil re�nery. After 6 months

of operation, both plants were found to meet the local legislative requirements regarding the

e�uent quality (CONAMA 357, Brazil) , whereas in regards to the overall performance, the

HF module did show much higher permeability values during the start of the pilot plant. On

the contrary to the FS module MBR, the permeability decline had not reached a stabilized

plateau state after 5 months of operation. The authors suggested this might indicate the higher

susceptibility of the HF module to irreversible fouling, hence the result of pore penetrating

macromolecules and �ne colloids.

However, Itonaga et al. (2004) reported no clear correlation between measured dissolved or-

ganic matter (DOC, carbohydrates, proteins) and membrane fouling on two parallel run HF

submerged MBRs. Instead, colloidal fractions within the supernatant seemed to play an im-
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portant role in membrane fouling (Itonaga et al., 2004). In fact, Fan et al. (2006) also reported

colloidal TOC being the main fouling parameter with Jc decreasing with increasing colloidal

TOC, whereas no clear relationship could be drawn to MLSS content which varied from 7 to

21g.L−1. Furthermore, J was reported to decrease with increasing soluble carbohydrates and

increasing EPS, whereas EPS was directly related to colloidal TOC. Humic substances and

proteins showed less impact.

Fan et al. (2006) drew a empirical relationship to estimated Jc from colloidal organic carbon

content, but stated that the correlation is expected to be highly in�uenced by the membrane,

module con�guration and operating parameters. Similar conclusions have been drawn by

Howell et al. (2004) where a model was �tted for one type of experiment, however could not

be applied to previous fouling studies. Howell et al. (2004) stated this being most likely a�ected

by the complexity of the nature of membrane �ltration where the impact of membrane fouling

history on future �ltration performances is very unlikely to be predictable

On the other hand, Hai et al. (2005) compared the �ltration performance of a FS and HF

module with same nominal pore size (0.4µm) and indicated that the FS was observed to foul

slightly more than the HF. Also permeability was reported to be unrecoverable following a

mechanical cleaning. Similar observations were reported by Howe et al. (2007), where micro�l-

tration and ultra �ltration membranes of both types, �at sheet and hollow �bre were compared

for their fouling propensity. Flat sheet membranes made of 0.22 µm PVDF and 100kda PS

were found to foul more rapidly than hollow �bre membranes made either of 0.1 µm PVDF

and 100kda PS (Howe et al., 2007). However, Howe et al. (2007) stated furthermore that

no straightforward conclusion could be drawn for �ltration assessment between the di�erent

con�gurations as fabrication process of the membrane material might have had an enormous

impact.

At this point it should be reiterated that di�erence will also derive from the operational set

up, hence the conditions of membrane testing. Le-Clech et al. (2005) also revealed higher

critical �uxes for a submerged multi-tubular membrane than for a side-stream operated MT

membrane. Aeration e�ciency on fouling control was also reported to be higher for the

submerged module. Furthermore, as previously indicated the membrane material will also

impact on the observed fouling behaviour. Alvarez-Vazquez et al. (2008) compared the fouling

of a ceramic and polymer membrane trialled in the same high fouling conditions and reported

critical �uxes of 36 and >60 LMH for the polymeric and ceramic membrane respectively.

A comparative study of side-by-side �ltration at �ve di�erent MBR pilot plants in Hawaii

(Babock Jr. et al., 2007), reported an optimum �ltration performance at a MLSS content

of 10-12 g.L−1 for a MLSS range from 6-16 g.L−1 being tested. During the comparative

study all six MBRs revealed similar good treatment and e�uent quality reaching standards

suitable for water recycling. The authors concluded that the major di�erences between the

individual techniques would be nitri�cation/denitri�cation capacities, and maintenance and
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operational costs, which are mainly in�uenced by power requirements, membrane cleaning

frequency, robustness of the system (Babock Jr. et al., 2007). However, detailed �gures

estimating the overall di�erence in costs for the systems tested were not stated. Overall, there

be di�culties in directly assessing the performance of the di�erent con�gurations reported in

literature as they are usually operated according to indicated optimised operation conditions

provided by membrane suppliers, which may di�er widely.

To reduce negative impacts of potential foulants, current research also investigates the addition

of polymers or activated carbon to reduce macromolecular substances within the bulk phase

to enhance �ltration performance (Iversen et al., 2009), whereas the techniques for full scale

applications seem to still be facing limitations.

Hydraulic Parameters

Hydraulic operational parameters applied to create a reduction in particle deposition on the

membrane surface are

• aeration

• air sparging

• back pulsing

• backwash

All the above mentioned measurements are undertaken to increase shear on the membrane

surface in order to help reduce permeability decline resulting from cake layer formation or

polarisation concentration.

High shear dynamic �ltration is furthermore reported to be a promising technology especially

for applications requiring high selectivity and high concentration factors, as the bene�ts of

rotating or vibrating membranes on reducing the concentration polarization and thus increas-

ing the �ux have been well documented (Ja�rin, 2008). A signi�cant reduction in membrane

production costs, and furthermore a simpler construction and less frequent membrane replace-

ment by using ceramic membranes have been considered to enhance the potential market

application signi�cantly (Ja�rin, 2008). However, apart from the two previously mentioned

set up by Huber and Martin Systems, dynamic �ltration is not frequently used within MBRs

for wastewater treatment, which is mainly due to the necessity of a low cost solution rather

than high selectivity.

The measurements for particle deposition control di�er according to the set up, but are also

in�uenced by new market materials. For instance, hollow �bre membranes are generally re-

ported to withstand high backwash regimes, which in turn help to maintain high permeabilities.
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2.3 Foulants and fouling control concepts in MBRs

Within MBR systems, however, the formation of a loose and porous cake layer might be ben-

e�cial to prevent pore penetration of �ne material. This porous cake layer is suspected to be

destroyed by frequent backwash regimes.

However, Grelot et al. (2007) investigated the fouling behaviour of a novel back �ushable �at

sheet material (A3 water solution, 0.2µm PVDF) which was arranged in a double deck system.

The optimum net �ux was determined with 26.4 LMH and gave a stable permeability of around

500-600 LMH.bar−1 at SADm of 0.34 Nm3m22h−1 and a �ltration/relaxation cycle of 8 min on/

2 min o�. The suspected higher fouling of modules within double deck con�guration was not

observed. While the biomass �ltration performance reported was in range with other materials

reported (table 2.3), it would be interesting to compare the long-term fouling behaviour of

this new con�guration with and without backwash to investigate the potential drawback of

backwashing on irreversible and irrecoverable foulants.

Wu et al. (2008) reported a better �ltration performance with higher initial �ux (60 LMH) for

a very short period prior to the individual �ltration cycle. This improved �ltration performance

was attributed to lower pore penetration due to the creation of a porous cake layer.

Membrane aeration is used for general supply of oxygen to the biomass, but also to scour

the membrane surface to control fouling and gel layer formation. While �ne bubble aerators

are used for oxygen supply, aerators used for fouling control are generally of coarse bubble

aeration. Membrane scouring has been found to show positive e�ects on membrane �ltration

performance due to reduction of particle deposition or reduction of concentration polarization

(Wintgens et al., 2003), whereas the advantages of increased aeration were also reported to be

e�ective only up to a threshold value above which a further increase in aeration did not result

in further membrane �ltration improvements (Bouhabila et al., 1998; Le-Clech et al., 2003b;

Ueda et al., 1997).

Nywening and Zhou (2009) reported a proportional relationship between stable fouling resis-

tance and permeate �ux, and an inverse relationship to scouring aeration intensity, derived

from experiments on a HF pilot scale plant (Zenon, ZW-500G-SMC). The authors also reported

that the e�ects of permeate and aeration on fouling ratios were found to be independent which

led to an empirical relationship.

Ndinisa et al. (2006) reported a threshold value of aeration similar to the studies on single

or multi-tubular tubes systems, on a bench-scale �at sheet module (Kubota, A4 size) above

which no further increase in fouling control was observed. Meng et al. (2008) carried out

a comprehensive study on membrane fouling in submerged membrane bioreactors operated

under di�erent aeration intensities and reported negative impacts of too low and too high

aeration rates on membrane performance. While the lower aeration intensity was reported

to lack reduction of particle deposition, the very high aeration rate created �oc rupture and
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hence resulted in higher fouling potential of the bulk phase.

Overall, the increased membrane �ltration performance with increased aeration is related to

the higher cross-�ow velocity cause by the altered aeration, however there are also reports in

literature where increased cross-�ow velocity did not result in an increased membrane �ltration

performance (Busch et al., 2007; Drews et al., 2010; Prieske et al., 2008). A threshold value has

been reported for aeration rates above which the contradictory observed increase in cake layer

resistance with increasing aeration rate would result in better fouling control (Busch et al.,

2007). The suggested aeration rate was 0.1 m3 per seconds for the HF module application the

model was developed for (Busch et al., 2007).

Conversely, Drews et al. (2010) observed lower critical �uxes with higher cross-�ow velocity

at constant aeration rates, whereas increasing aeration at constant cross-�ow velocity resulted

in increased critical �uxes. The observations were attributed to the balance of lift and drag

forces similar to the model of Altmann and Ripperger (1997). Within their CFD validated

calculations, the lower critical �ux could be related to a sub micron critical particle size of 0.85

µm at the higher cross �ow velocity of 0.4 m.s−1. Lowering the cross �ow velocity resulted

in a larger diameter for critical particle size (3 µm at CFV of 0.2 m.s−1)and subsequently

led to higher critical �uxes (8 LMH instead of 2 LMH, Drews et al. (2010)). The parameter

determining the increased critical �ux with increased aeration at constant cross �ow velocity

would consequently be the di�erent shear force exhibited on the membrane surface.
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Table 2.3.: Examples of application of di�erent membrane module con�guration
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2.4. Con�gurational Aspects on Overall Costs

The main drawback for elevated installation of MBR plants is still their higher speci�c costs

per cubic meter of wastewater treatment compared to conventional activated sludge plants.

Commonly, these di�erences in costs are considered to derive from the main operational costs

for MBRs, which are attributed to higher aeration costs necessary for membrane air scouring

and usual higher oxygen demand due to higher MLSS content of the biomass. However,

the required pre-treatment steps with �ne screens are incurring additional costs compared to

conventional activated sludge plants (Wintgens, 2005).

Costs for MBRs depend strongly on the con�guration and the size of the MBR plants. Smaller

MBR plants usually come with higher speci�c costs per cubic meter of permeate. For instance,

the MBR Roedingen with 2.200 PE was indicated to have a speci�c energy demand of 1.7 to

2.7 kWh per m3 of permeate, whereas the speci�c energy costs of the much bigger MBR plant

Nordkanal, with its 80.000 PE were indicated on average 0.89 kWh.m−3 (Wintgens, 2005).

The latter value represented approximatively only 0.3 kWh.m−3 in additional costs compared

to a conventional activated sludge plant of similar size (Wintgens, 2005).

Speci�c energy requirements for membrane systems vary widely with the submerged systems

considered being the most cost e�ective due to the lack of pumps (table 2.4).

Table 2.4.: Speci�c energy demand per membrane �ltration process (Baumgarten, 2007)

membrane �ltration process speci�c energy demand

MF, UF dead-end 0.1 - 0.3 kWh.m3

MF, UF semi-cross-�ow 0.5 - 2.0 kWh.m3

MF, UF cross-�ow 2.0 - 10.0 kWh.m3

NF, RO cross-�ow 0.5 - 5.0 kWh.m3

Overall the costs determining the speci�c costs per treated cubic meter wastewater are (Melin

and Rautenbach, 2004):

1. Investment cost

2. Maintenance cost

3. Capital cost
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Fletcher et al. (2007) investigated the costs of di�erent con�gurations based on single household

MBRs and concluded that capex costs would decline signi�cantly with increasing PE, with

MT design being lower HF, lower FS modules. However, capex and opex costs were reported

to be interchangeable with one declining and the other one increasing, and hence total costs

di�ered signi�cantly with HF con�guration at the lower cost end and MT at the upper (Fletcher

et al., 2007).

However, the assumption for the costs consideration undertaken by Fletcher et al. (2007)

included pump systems for the MT con�guration. Therefore, opex might be signi�cantly

reduced by applying a LE (low energy) MT membrane only, such as an air-lift side-stream

con�guration, even when consequently lowering the assumed �ux.

A further advantage which should not be neglected is the opportunity of water re-use of

membrane e�uents. For instance, Möbius and A.Helble (2006) compared the costs for a MBR

and a SB-BB designed to treat industrial wastewater deriving from the paper industry. They

concluded that the MBR plant would have resulted in 30% higher investment costs and 67%
higher annual overall costs compared to the standard SB-BB with higher maintanance costs

for the MBR consisting mainly of energy requirements, chemicals and membrane replacements

(Figure 2.11).

However, major advantages of the MBR system were considered to be the signi�cantly lower

foot-print and the high quality of e�uent ful�lling standards for internal water recycling, which

would in turn result in a major reduction of the overall costs compared to the SB-BB system.

Figure 2.11.: Comparison costs for MBR vs SB-BB for industrial wastewater treatment (paper
industry; data from Möbius and A.Helble, 2006 ).
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Membrane replacement costs experienced a rapid decline during the last two decades since

the �rst full scale plants went into operation. So did the average cost per square meter of

membrane of a Kubota membrane sheet dropping from $400 in 1992 to less than $50 in 2005

(Judd, 2006). Higher installation capacities, optimised plant design and operation furthermore

resulted over time in a decline of the costs per cubic meter of permeate (Judd, 2006).

Further improvements regarding the overall cost of MBRs are expected if the MBR market is

to undergo a concept of standardisation as it had been undertaken, for instance, for RO market

(De Wilde et al., 2007). However, according to the survey undertaken by De Wilde et al.

(2007), the current market situation including the ongoing research on process improvements

did not reach a �nal state and hence the immediate introduction of a standardisation might

be counterproductive.

A full scale investigation was undertaken by Brannock et al. (2010) to determine the energy

requirements on complete mixing of sludge by comparing two full scale plants and concluded

that even though both plants were close complete mixing, due to the lower packing density

the �at sheet pilot plant required more energy per square meter of membrane area to achieve

the same state of mixing as the hollow �bre pilot plant. The conclusion was that the hollow

�bre module was more energy e�cient than the �at sheet module.

Brepols et al. (2008) provided an overview of retro�tted full scale wastewater plants with

MBR technology, and concluded that with an adequate diligence of the planning engineer,

MBR technology provides several promising aspects of upgrading conventional wastewater

treatment plants, especially in cases where higher e�uent quality parameters need to meet

regulations, e.g. for water reuse.

Yoon et al. (2004) untertook a cost estimation for aeration and sludge treatment of MBRs

and for a wastewater of 400 mg.L−1, the steady state model was expected to increase from 11

g.L−1 to 15 g.L−1 MLSS when HRT was decreased from 16h to 12h. The economical optimum

was considered under the above conditions to be HRT 16h and MLSS 11 g.L−1, which would

then result in a minimum air requirement of 13.3 m3.min−1 when in�uent was 100 m3.d−1.

An optimum air requirement was also reported by Garces et al. (2007), whereas Verrecht et al.

(2008) concluded that a reduction in �ux to half of its value would result in energy savings of

45%.
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3. Aims and Research Objectives

The proposed research is to investigate the e�ects of con�gurational aspects on the operation

of membranes in MBRs. As previously described there is a very complex interacting process

in�uencing the rate of fouling and hence permeability losses during the process of activated

sludge �ltration. While many researches studied intensively the impact of varying process

parameters, such as organic loading, F/M ratio and varying aeration intensity on the speci�c

fouling phenomenon, the set up is quite often based on a single con�guration. This research

focuses on a direct comparison of three di�erent full-scale sized membrane con�gurations

operated in parallel as air-lift side-stream mode from a 2.2m3 aeration tank.

The three air-lift side stream operated modules are a multi-tubular membrane (MT), a single

�at sheet module (FS) and a hollow �bre (HF) module, where special membrane holding

vessels are designed to facilitate the operation of FS and HF membranes in air-lift side-stream

mode with simulative separation distances prevalent in submerged modus. For hydrodynamic

comparison, the �ltration path length of each membrane module was �xed to 1.45m. The

aeration tank itself consists of an internal submerged HF module (membrane area, A=17.5m2)

which is functioning as a HRT control module and enables the operation of the side-stream

modules decoupled from the overall hydraulic overall performance of the pilot plant.

Filtration performances are compared under steady and unsteady state operations of the

biomass with di�erent MLSS (mixed liquor suspended solid) content. The overall performance

is assessed throughout the operation while running at constant speci�c aeration demands and

varying �uxes for each air-lift module by applying the so called critical �ux concept. Biomass

properties and potential foulant parameters (such as suspended solids, total solids, particle

size, COD, proteins and carbohydrate concentration in supernatant and permeate lines) are

monitored for each de�ned condition.

In parallel to the aeration trials of the pilot plant, bench-scale material tests are conducted

to allow an eliminative approach for fouling e�ects on di�erent materials while being of the

same con�guration. Flat sheet and single tube materials are tested for the varying membrane

resistances (intrinsic, cake layer, reversible and irreversible fouling) and also for desorbed

potential foulants on their surfaces. Membrane materials are furthermore analysed for their

surface characteristics to determine whether hydrophobicity, porosity or surface energy have

an impact on their fouling propensities.
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3. Aims and Research Objectives

The evaluation of the outcomes of all di�erent research tasks will be interlinked under the

aspect of cost assessments of MBRs (Figure 3.1).

Figure 3.1.: Aims and Objectives - E�ects of investigated operational parameters on perfor-
mance of di�erent con�gurations
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4. Materials and Methods

4.1. General

The proposed research was to investigate the e�ects of con�gurational aspects on the operation

of membranes in membrane biological reactors (MBRs). Core experiments were undertaken at

a pilot plant, designed and set up to allow a direct comparison of the three most commonly used

membrane con�gurations for MBRs within wastewater treatment. The three con�gurations

were a multi-tubular membrane (MT), a single �at sheet module (FS) and a hollow �bre (HF)

module. All three modules were operated in parallel as air-lift side-stream mode from one

2.2m3 biological aeration tank to allow a direct comparison under same biological condition

and �xed hydraulic operation mode (same SADm, same membrane path length, operation as

air-lift sidestream in a con�ned vessel).

The pilot plant was set up at Cran�eld University Pilot Hall and fed with real domestic

sewage and allowed an individual �ow control for each side-stream module decoupled from the

pilot plant's overall hydraulic condition. Tests were undertaken to study the e�ects of varying

aeration scenarios under di�erent biomass parameters on each module performance using short-

term critical �ux tests and long-term subcritical tests. Biomass properties and potential

foulant parameters (such as suspended solids, total solids, particle size, COD, proteins and

carbohydrate concentration in supernatant and permeate lines) were monitored for each trial.

In parallel to the aeration trials of the pilot plant, bench-scale material tests were conducted

to allow an eliminative approach for fouling e�ects on di�erent materials while being of the

same con�guration. Di�erent �at sheet and single-tube materials were tested for the varying

membrane resistances (intrinsic, cake layer, reversible and irreversible fouling) and also for

adsorbed potential foulants on their surfaces. Membrane materials were furthermore analysed

for their surface characteristics to determine the impact of hydrophobicity, porosity and surface

energy on membrane fouling propensity.
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4.2 Materials

4.2. Materials

4.2.1. Membrane Materials

The membranes tested and analysed consisted of di�erent commercially available polymeric

materials which were at the time amongst the most commonly applied in MBRs:

• chlorinated polyethylene (PE)

• polyethylsulfone (PES)

• polyvinylidene di�uoride(PVDF)

• polysulphone (PS).

Flat sheet material tests were run in parallel to the pilot scale trials to allow an eliminative

approach for di�erences in �ltration performance deriving from either hydrodynamical impacts

either due to con�gurational aspects or due to material properties. Flat sheet materials were

therefore chosen due to their availability for use in full-scale MBRs and their potential match

to the pilot plant modules in terms of materials and pore size.

An exact match in terms of material comparison between pilot scale and bench-scale materials

was given for the �at sheet material (T01-T10) and the �at sheet membrane module (FS),

and also for single-tube membrane (sMT-04) and the multi tubular module (MT). A complete

overview of the di�erent tested materials and their respective pore size is summarised in Table

4.1.
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Table 4.1.: Overview of tested membranes

ID material pore size [µm] separation(a)

or
diameter(b),(c)

[mm]

BENCH-SCALE - �at sheet material

K01 - K10 PE 0.4 9 (a)

M01 - M10 PES 0.04 (150kDa) 9 (a)

P01 - P05 PS 0.05 9 (a)

T01 - T10 PVDF 0.08 9 (a)

B01 - B05 PVDF 0.15 9 (a)

BENCH-SCALE - single-tube material

sMT01 PES tbi 11.7 (b)

sMT02 PES tbi 11.7 (b)

sMT03 PES tbi 8 (b)

sMT04 PVDF 0.03 8 (b)

PILOT-SCALE - membrane material

MT PVDF 0.03 8 (b)

FS PVDF 0.08 6

HF1 PS 0.08 (300kDa) 1.4 (c)

HF PES 0.04 2.4 (c)

AK (HF) PVDF 0.1 -

(a) separation distance of �at sheet test cell device; (b) inner diameter of lumen; (c) outer diameter of �bre
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4.2.2. Pilot Plant

4.2.2.1. Design and Set Up

The MBR pilot plant was designed and set up to enable a direct comparison of three di�erent

membrane module con�gurations; a multi-tubular membrane (MT), a single �at sheet module

(FS) and a hollow �bre (HF) module. The three di�erent types of modules were all operated

in parallel in air-lift side mode from a 2.2m3 aeration tank to allow a direct comparison

under �xed hydraulic conditions (air-lift side-stream solely, same SADm, same membrane

path length; Figure 4.1 and 4.2).

A special vessel made of persplex-glass (Model Products, Wootton, UK) was designed to

facilitate the operation of the �at sheet membrane (FS) in air-lift side-stream mode. After

a �rst stage operation of the pilot plant, it became necessary to exchange the �rst HF side-

stream module (HF 1, manufactured to be operated in air-lift mode) to a second di�erent

type of hollow �bre module (HF), where the holding vessel was also specially designed for

this purpose. For both vessels of FS and HF, simulative separation distances prevalent in

submerged modus were chosen for their design. The design of the HF vessel also considered

a separation panel at the entrance of the feed line to prevent the biomass from hitting the

membrane �bres at a right incidence angle. The multi-tubular module (MT) arrived purpose-

built from the membrane manufacturer.

For hydrodynamic comparison, the �ltration path length of each side-stream membrane mod-

ule was �xed to 1.45m where possible. The aeration tank itself consisted of an internal sub-

merged HF module (membrane area, A=17.5m2) which functioned as a HRT-control module

and enabled the operation of the side-stream modules decoupled from the hydraulic overall

performance of the pilot plant. All used membranes in pilot scale and their main parameters

are summarised in Table 4.2.

Permeate was withdrawn under suction from each module using peristaltic pumps (Watson

Marlow, Falmouth, UK model 620DuN (MT), 520Du (HF, FS) and Varmeca/Watson Marlow

(submerged HRT-control module); PP1-PP4 in Figure 4.1). Each membrane module was facil-

itated with an individual clean-in-place (CIP) tank where permeate was collected for individual

monitoring of permeate quality and separated backwash operation per module, where module

con�guration permitted. To decouple the operation of the side-stream membranes from the

overall performance of the pilot plant, the permeate collected in the individual side-stream-CIP

tanks was looped back into the main aeration tank via gravity.
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Figure 4.1.: Scheme of Pilot Plant

Pressure was measured in each permeate line (MT, FS, HF and HRT-control module) using

voltage (0-5V) vacuum pressure transducers (Sensit, -1 to 1 bar, -0.5 to 0.5 bar respectively,

RM&C, Padley, UK & ALTHEN GmbH, Kelkheim, Germany) with a high accuracy of of

0.15% FS. Pressure for each side-stream module at inlet (feed line) and outlet (retentate line)

was monitored using a voltage (0-5V) pressure transducer ranging from 0 bar to 1 bar (RS,

Corby, UK) with an accuracy of 0.25% FS. The trans-membrane pressure (TMP) of each

membrane was recorded and monitored online on a computer using two data loggers (Pico

data logging system, ADC-16 and PicoLog data acquisition software, Pico technology Ltd.,

Cambridge, UK). Due to experienced signal interference caused by the quantity of voltage

pressure transducers connected to each data logger, the terminal boards of the data logger

were equipped with 330nF capacitors (Kemet, RS, Corby, UK) in addition to the required 10k

metal �lm resistors (Tyco Electronics; RS, Corby, UK) for signal conversion (all calculations

according to data-logger manufacturer: Pico technology Ltd, Cambridge, UK).
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Figure 4.2.: Pictures of Pilot Plant: (A) HRT-control module prior installation, (B) MT, FS
and HF1 running under biomass �ltration

Table 4.2.: Overview of membrane modules operated at pilot scale

ID Type of
Membrane

Operation
Mode

Filtration
Length
[m]

Membrane
Surface
Area [m3]

Packing
Density
[m2m−3]

Material Nominal
pore size
[µm]

MT Multi Tubular Air-lift
sidestream

1.45 3.10 364 PVDF 0.03

FS Flat Sheet Air-lift
sidestream

1.45 1.40 76 PVDF 0.08

HF1 Hollow Fibre Air-lift
sidestream

0.75 3.04 632 PS 0.05

HF Hollow Fibre Air-lift
sidestream

1.45 2.75 242 PES 0.04

AK Hollow Fibre Submerged -
HRT control

1.5 17.5 n.a. (5.3) PVDF 0.1
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Air was supplied to the bottom of each individual membrane module to allow membrane

scouring (coarse bubble aeration) and to provide an air-lift to each side-stream module. The

FS membrane was �tted with an aeration tube simulating an air supply similar to a full

scale application, while the MT, HF and submerged HRT-control module were equipped with

an individual aeration system deriving from the membrane manufacturers. Air supply was

controlled using two di�erent types of air rotameters (Key Instruments, RS, Corby, UK)

enabling the range of a speci�c membrane aeration demand (SADm) per module from 0.1

to 2.0 Nm3m−2h−1. Aeration for biomass growth was distributed to the aeration tank via

plate air di�users (�ne bubble aeration) and was also controlled using air�ow meters (Key

Instruments, RS, Corby, UK). For certain experiments the air �ow between the individual

air�ow meters and membrane modules were also monitored for air pressure changes (pressure

transducers, 0-1 bar, 0.25% FS accuracy, RS, Corby, UK).

Air was provided via two air compressors (AC1 and AC2, Figure 4.1). AC 1 was the main line

air compressor for the Cran�eld University Pilot Hall, where the air was cooled and �ltered

and mist and oil separated before being distributed via main rings to the individual working

bays. AC 2 was a stand-alone air compressor (Model Products, Wootton, UK) used as a

back-up aeration system for emergencies and was solely connected to the core parts of the

pilot plant the aeration tank, and the submerged HRT-control module.

The aeration tank was equipped with a level control �oat switch (RM&C, Padley, UK) for the

in�uent (fed by gravity from main ring system of the pilot hall) and a relay-level-switch (RS,

Corby, UK) which was connected to the permeate pump of the HRT-control module (PP4,

Figure 4.1) to enable an automatic stop of permeate withdrawal at a critical low level set for

the top end of the HRT-control module.

Temperature was monitored at di�erent levels via two submerged digital thermometers (RS,

Corby, UK), and pH and dissolved oxygen (Hanna Instruments Ltd, Leighton Buzzard, UK)

were measured on-site, in-situ (biomass of aeration tank) and ex-situ (retentate lines).

4.2.2.2. Operation

The MBR pilot plant was set up at Cran�eld University Pilot Hall where it was fed with raw

sewage deriving from the on-site primary settler of Cran�eld University wastewater treatment

works. The wastewater was considered to be of municipal character and the consented dry

weather �ow (DWF) for this wastewater treatment works was given as approximately 675

m3h−1 (Le-Clech, 2002).

The pilot plant was initially seeded with return-activated sludge (RAS) taken from a nearby

conventional activated sludge plant (Cotton Valley STW, Anglian Water, Milton Keynes).

The biomass was mixed with sewage (2:1), aerated and after 12 hours of acclimatisation the
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membrane �ltration was initiated at low to moderate �uxes with an initial chosen SADm value

of 0.5Nm3m−2h−1 per module. Intermittent �ltration cycles with short backwash cycles, where

con�guration allowed, were chosen (Table 4.3) and incrementally increased to reach an HRT

value of 32 hrs. The installation of the HRT-control module (AK) was able to be carried out

three months after the starting up-phase and HRT values were subsequently decreased from

36 hours (without AK) to 24 hours (with AK).

After the start up phase it became necessary to exchange the originally installed hollow �bre

side-stream module (HF1) with an alternativew manufactured hollow �bre module (HF) due

to re-occurring clogging problems with HF1. All tests thereafter were run with this second

HF module (HF) (Table 4.2 ).

Table 4.3.: Start up of pilot plant: Chosen �ltration parameters

Parameter MT FS HF 1

Flux range [LMH] 8.0 - 22.3 10.0 - 18.0 3.7 - 9.0

Filtration 540 s 540 s 540 s

Relaxation 50 s 60 s 50 s

Backwash 10 s - 10 s

Backwash intensity equal to operated
�ux

- equal to operated
�ux

SADm [Nm3m−2h−1] 0.5 0.5 0.5 - 1.25

The pilot plant was operated under varying conditions, accomplishing tests under alternating

biomass parameters. Parts of the main experiments were run under certain MLSS contents,

where HRT was adapted to reach the targeted MLSS content.

The research at pilot scale was divided into two sections:

• Short term �ltration tests - Critical �ux trials under varying operational parameters

(steady and unsteady state, varying MLSS and SADm values)

• Long term fouling tests - Continuous �ltration to verify short term fouling tests and

to identify daily �uctuation of sludge �lterability and potential foulants (�xed SADm,

varying �uxes)
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4.2.2.3. Cleaning and Clean Water Trials

4.2.2.3.1. Side-stream Modules

Intensive clean water tests were conducted prior the start-up of the pilot plant. A special clean

water column (CWC; Model Products, Wootton, UK) was set up in parallel to the aeration

tank to allow an intensive mechanical cleaning of the side-stream modules and clean water

tests prior to and after each test trial. The CWC consisted of approximately 200L working

volume and was �lled with fresh tap water for each individual test. The column was set up

to enable an individual working system completely decoupled from the biomass �ltration unit

(Figure 4.1). The feed lines were set up to be interchangeable between feed connectors of the

aeration tank and the CWC, and the retentate lines of each side-stream module were equipped

with an extension to be attached for clean water trials. Permeate lines were chosen to be of

�exible hose material and could therefore easily be switched from the CIP tanks of the side-

stream modules to the clean water column. Temperature of the water was monitored with a

submerged digital thermometer (RS, Corby, UK).

Prior to each critical �ux trial, the membrane modules were methodically cleaned. Mechanical

cleaning of the side-stream modules was conducted by attaching the modules to the CWC and

�ushing them with clean tap water under intermittent aeration. In case of heavy clogging (MT

module), a series of rapid increase-decrease of aeration intensity combined with a quick 75%
opening-closing of the valve situated at the MT retentate line and a moderate to high backwash

intensity with clear water (tap water, J20 > 35 LMH) while the feed-line was detached proved

to be most e�ective to push out the high density sludge causing the lumen clogging. Flushing

of the membrane modules was repeated after renewing the water of the CWC until the water

remained adequately clear. Clean water tests were undertaken for all side-stream modules

and chemical cleaning was added when required to maintain permeability rates. Prior to

each new set of experiments, chemical cleaning was conducted notwithstanding from overall

permeability performance.

Chemical cleaning was undertaken with either sodium hydroxide solution (NaOH, pH 11) or

sodium hypochlorite solution (NaOCl, 500 mg.L−1 and 1000 mg.L−1) according to the degree

of fouling. Membranes were �rst mechanical cleaned, the clean water column was re�lled

with fresh water and chemicals were applied to the membranes under low �ow rates via the

permeate lines. It has to be noted that, according to the membrane manufacturer, an in-situ

cleaning with gentle backwash was also possible for the �at sheet module (FS). Chemicals

were left soaking for 2 hours and the membranes were subsequently �ushed for a further 30

minutes with clean water (CWC) at an aeration rate of 0.5 Nm3m−2h−1. Clean water tests

were conducted and in cases where the permeability recovery rates showed to be lower than

90%, the cleaning procedure was repeated and the type of cleaning solution was changed when

considered necessary.
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4.2.2.3.2. Submerged Module

Intensive clean water test were carried out prior to installation of the HRT-control module

(Figure 4.2). The submerged module served as an HRT-control module solely and was operated

in continuous mode without any relaxation or backwash cycle. Chemical cleaning was con-

ducted whenever permeability deteriorated considerably, the latest when TMP value increased

above 350 mbar, which became necessary on average every 4-5 months of operation. The

HRT-control module was chemically cleaned in-situ by gently backwashing in either sodium

hydroxide solution (NaOH, pH 11) or sodium hypochlorite solution (NaOCl, 500 mg.L−1 and

1000 mg.L−1) according to the degree of fouling. The membrane was soaked for 2 hours,

operation was initiated at low to moderate �ux and permeability was compared to the initial

clean water permeability of the virgin membrane material. In cases of insu�cient results, the

cleaning procedure was repeated until moderate permeability could be achieved. Intensive

ex-situ cleaning became necessary once during the operation over a period of 20 months. For

this ex-situ cleaning the membrane module was taken out of the bioreactor and �rstly me-

chanically cleaned (hosed-down with tap water), and then soaked for 24 hours in 0.1% sodium

hypochlorite solution. During this ex-situ cleaning procedure of the HRT-control module, the

side-stream modules were operated under moderate �uxes to maintain the biomass.
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4.2.2.4. Pilot Plant Performance - Start-Up Phase

After a clean water testing of the modules, the pilot plant was sludge seeded with RAS from

a nearby full-scale conventionally activated sludge plant, the modules were initiated at low

to moderate �uxes and permeate suction was incrementally increased or stabilised over the

following weeks. The air lift aeration rate was �xed at a SADm value of 0.5 Nm3m−2h−1 for

each module and intermittent �ltration cycles with short backwash cycles, where con�guration

allowed, were chosen as previously described (Table 4.3, page 48).

4.2.2.4.1. Membrane modules �ltration performance

All modules showed a signi�cant drop in permeability under biomass �ltration compared to the

determined clean water permeability. While the clean water permeability for the MT module

was 720 LMH/bar, the permeability during the start-up phase dropped from 250 LMH/bar

to an average of 50 LMH/bar during the operational period (Figure 4.3). Similar results were

found for the FS module (Kintrinsic ≈ 950 LMH/bar; Kstartup ≈ 100 LMH/bar; Kaverage

≈ 50 LMH/bar) and HF1 module (Kintrinsic ≈ 120 LMH/bar; Kstartup ≈ 80 LMH/bar;

Kaverage ≈ 22 LMH/bar).

While the HF1 module already revealed a TMP increase at low �ux during the �rst hours of

operation, both the MT and the FS module only showed an increase of TMP taking place after

�ux increase (Figure 4.3). The �ux increase during the unstabilised period was necessary as

the HRT of the pilot plant needed to be decreased from 95 hours down to 32 hours. After the

installation of a submerged HRT-control module (Nov 2007), the pilot plant could be operated

at relevant HRTs (starting with 24 hours down to 8 hours) and all side-stream modules were

able to run independently from the overall hydraulic conditions of the pilot plant.

51



4.2 Materials

Figure 4.3.: Continuous �ltration operation during start up phase from Aug 2007 - Dec 2007.
Transmembrane pressure and permeability development per air-lift sidestream
module. (*sub-inst. shut down of pilot plant due to installation of HRT-control
module)
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Multi-tubular module

Even though the module was operated at a relatively low aeration rate for this type of con-

�guration (SADm = 0.5 Nm3m−2h−1 only) and without cross-�ow pumping, the �ltration

performance could be kept at moderate fouling rates (TMP < 0.5bar) at constant �uxes of
J20 ≈ 18 LMH, where an in-situ cleaning (1000ppm of NaOCl for 2 hours) after 1.5 to 2

months seemed to be su�cient.

Flat sheet module

After a shut-down of the line due to a crack in the side-stream Plexiglas vessel, the FS mod-

ule showed, similarly to the MT module, a relatively stable operational condition (TMP <

0.25bar) at J20 ≈ 12.7 LMH, with an identical in-situ cleaning regime.

Hollow �bre module

The HF module revealed a steady TMP rise and hence permeability decline after having

started biomass �ltration even without �ux increase. After one week of operation, the average

trans-membrane pressure was recorded with 0.45 bar resulting in a permeability of less than

20 LMH/bar (Figure 4.3). After another week of operation (�ltration cycle of 540 s / 50s

o� / 10 s backwash with �ux of backwash equivalent to �ux of �ltration mode, SADm = 0.5

Nm3m−2h−1), the module exhibited a rapid increase in trans-membrane pressure resulting in

a signi�cant �ux decline and a further decrease of permeability. At this stage, it was decided

to increase the aeration rate from SADm = 0.5 Nm3m−2h−1 to SADm = 0.75 Nm3m−2h−1.

After three weeks of operation, the module was found to be heavily clogged with biomass

which resulted in a disruption of biomass cross-�ow and a major TMP increase occurred from

0.55 bar up to 0.82 bar. Thereafter, the permeate �ux was lowered to an average of J20 ≈ 5.5

LMH and a daily relaxation period of 2 hours was introduced. The TMP could be stabilised at

around 0.6 bar and after a �rst cleaning with a sodium hydroxide solution at pH 11 (duration:

2 hours), the TMP dropped to below 0.5 bar.

However, after one more week of operation (J20 ≈ 4.8 LMH, SADm = 0.75 Nm3m−2h−1), the

module suddenly revealed several broken �bres (resulting in a high amount of biomass inside

the CIP tank) and the �bre bundle itself was found to be twisted inside the module housing.

The module was shut down and removed for a thorough cleaning and �bre repair. In total, 6

�bres were identi�ed to have been broken and were pinned down according to the instructions

given by the manufacturer. Even after a thorough cleaning was applied, it was found that,

�nally, the module could not be operated under stable conditions during biomass �ltration for

a period longer than 24 hours. The highest possible �ux after an intensive cleaning procedure

(recovery rate of initial permeability was 2/3 after 1000 ppm of NaOCl cleaning for 2 hours)
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and one full week of clean water �ushing was found to be 9 LMH, but only for clean water

�ltration. A �ltration trial of the cleaned module with a �ux of 9 LMH resulted in a complete

clogging and �bre twisting after only 5 hours of operation. This setback re-occurred during

trials under increased aeration rates of up to SADm = 1.25 Nm3m−2h−1.

Even a biomass �ltration trial of the cleaned module at a very low permeate �ux of 3.7 LMH

with an aeration increase from SADm = 0.5 to 0.75 Nm3m−2h−1 resulted in slight clogging

at the bottom of the bundle after the �rst 10 hours of operation and a complete membrane

vessel clogging and twisted �bre bundle after 55 hours of operation (Figure 4.4). After this,

the module was sent back to the manufacturer for analysis.
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Figure 4.4.: HF1 Module - Re-start at low �ux and increased aeration rates after intensive
module cleaning: reoccurring event of clogging, �bre twisting and �bre breakage.
(a) TMP and permeability development, (b) picture of the clogged module with
twisted �bres.
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4.2.2.4.2. Biomass parameters

During the start-up phase (Aug 2007 - Dec 2007), the pilot plant biomass was adapted and

partially stabilised. The HRT during the start-up period was 95 hours and was decreased to

an average of 32 hours over the testing period, where a further decrease to 24 hours took place

after the installation of a submerged HRT-control module (Nov 2007). The MLSS content

changed from an initial value of 6.1 gL−1 to an average of 4.5 gL−1 MLSS (Table 4.4). After

installation of the HRT-control module and operation at moderate HRTs, more relevant values

of MLSS content could be achieved. The COD removal rates during the reported period were

all within satisfactory ranges from 82.0% to 97% with an average removal rate of 95%.

Table 4.4.: HRT and biomass parameters during pilot plant start up-phase: Aug 2007 - Dec
2007

Parameter HRT
[h]

MLSS
[gL−1]

SMPProteins[mgL−1]SMPCarbohydrates[gL
−1]SMPDOC [gL
−1]CODEffluent

[mgL−1]
COD
removal
[%]

Minimum 24 2.0 9.4 7.8 32.2 10.0 82.0

Maximum 95 6.1 31.8 13.6 45.2 45.6 97.2

Average 32 4.5 17.9 21.5 39.5 22.5 94.5

Initial measurements were undertaken to determine possible di�erences in fouling control of

the three air-lift side-stream modules. Values for SMP content of proteins and carbohydrates

(polysaccharides) varied between 9.4 and 31.8 mgL−1 for proteins and between 7.8 and 21.5

mgL−1 for carbohydrates (Table 4.4). No signi�cant impact between the values of SMP con-

tent and TMP increases could be observed during this start-up period, which may, however,

be due to the short period of observation and the unstabilised biomass conditions. Results for

observed retention rates of potential foulants (SProteins, SCarbohydrates, SDOC) showed that,

though operated at constant low hydraulic �ux and the same aeration rates, the retention

performances of each module varied signi�cantly (Figure 4.5 - representing one week of mea-

surements during the unstabilised period). Surprisingly, the observed carbohydrate retention

of the HF module resulted in signi�cantly high negative retention values, which may have been

caused by concentration or accumulation of carbohydrates at the membrane surface, enhanced

by the low air-lift e�ciency observed for this particular module.
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Figure 4.5.: Observed retention of SMP values during start-up period

4.2.2.4.3. Summary

During the start-up period between September 2007 and December 2007, the HF side-stream

module (HF1) revealed operational problems due to re-occurring clogging of the membrane

vessel. These periods of clogging made an increase of aeration necessary, which in turn seemed

to cause �bre breakage. Those clogging problems seemed to occur due to an ine�cient air-

lift based on the narrow space between the �bre bundle and membrane holding vessel, which

mainly became e�ective at higher operated permeate �uxes. A second HF side-stream module

(HF) was commissioned, which was �tted into a specially designed holding vessel to allow a

better air-lift of the biomass while simulating separation distances used at full scale. This

module (HF) was operated from February 2008 onwards and all �ltration performance results

reported hereafter are based on that second HF module (HF). From November 2007 onwards,

the HRT-control module could be installed into the bioreactor and the pilot plant was subse-

quently run at relevant HRTs ranging from 8 hours to 24 hours, where all pilot module trials

could run decoupled from the overall hydraulic performance. Monitored SMP values did not

reveal any signi�cant impact on the TMP evaluation observed during this start-up period.
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4.2.3. Bench-scale

Bench-scale tests were determined to identify the potential impact of di�erent biomass param-

eters on the �ltration performance of di�erent commercially available membrane materials.

The bench-scale section was divided into �at sheet materials and single-tube materials. An

overview of all tested membrane materials are given in Section 4.2.1, where bench-scale mate-

rials are also speci�ed as materials used for pilot scale experiments.

4.2.3.1. Flat Sheet Test Cell Device

Bench-scale �ltration experiments were conducted on aperplex-glass membrane test cell with

an active �ltration area of 0.0153 m2, a �ltration path length of 170 mm and a separation

distance of 9 mm (Figure 4.6).

Generally, the system was composed of a 9 L batch vessel from which the biomass, and water

respectively, was pumped at constant cross-�ow velocity (0.2ms−1) by a centrifugal pump over

the membrane surface (Figure 4.7).

Trans-membrane pressure (TMP) changes were monitored online (Permeate line: 0-5V pres-

sure transducer of 0.15% FS accuracy; -0.5 to 0.5 bar and -1 to 1 bar; RM&C, Padley, UK &

ALTHEN GmbH, Kelkheim, Germany. Feed and Retentate line: 0-5V pressure transducer of

0.25% FS accuracy; 0 to 1 bar; RS, Corby, UK) and �uxes were recorded. The temperature

was measured (submerged thermometer; RS, Corby, UK) and regulated when necessary using

a waterbath with thermostatic control (immersion thermostat GD120; Grant Instruments Ltd,

Cambridge, UK).

Critical �ux tests were undertaken with

• biomass derived from a full scale MBR plant (Wessex Water, Swanage: design �ow for

this MBR plant is given with 12.700 m3d−1 and a total membrane area of 15.840 m2.

Further details see Judd, 2006)

• biomass derived from the pilot plant

Membrane materials were furthermore analysed for their clean water permeability, cake layer

permeability and post-cleaning permeability using ultra pure water and a �ltration protocol

according to the critical �ux protocol (section 4.3.1.3 and 4.3.1.2, page 63-65). Between each

critical �ux experiment biomass and the clean water tests, the equipment was �ushed several

times and the test cell including all piping systems were cleaned thoroughly with tap water

and subsequently �ushed with ultrapure water.
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Figure 4.6.: Flat Sheet Test Cell Device: Measurements

Figure 4.7.: Flat Sheet Test Cell Device: (A) Scheme of single �at sheet device and (B) Picture
of �at sheet test device
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4.2.3.2. Single-tube Test Device

A single-tube test cell device was set up in parallel to the existing single �at sheet device

(Figure 4.8) to enable the comparison of di�erent tube materials under tests run similarly to

the �at sheet trials. Single-tubes were potted in clear persplex-glass tube (Model Products,

Wootton, UK) with a length of 1.0m, providing an active �ltration length of 0.97m.

Critical �ux tests were undertaken with biomass deriving from the pilot plant using an in-

cremental �ux increase similar to the pilot scale experiments (section 4.3.1.2, page 63). The

membrane materials were furthermore analysed for their clean water permeability, cake layer

permeability and post-cleaning permeability using ultra pure water and a �ltration protocol

according to the critical �ux protocol (section 4.3.1.3 and 4.3.1.2, page 63-65). Analogue to

the �at sheet experiments, all equipment was cleaned thoroughly in between critical �ux trials

and clean water tests. For each test, trans-membrane pressure (TMP) changes were monitored

online (Permeate line: PT of -0.5 to 0.5 bar and -1 to 1 bar, RM&C, Padley, UK & ALTHEN

GmbH, Kelkheim, Germany; Feed and Retentate line: PT of 0 to 1 bar, RS, Corby, UK) and

�uxes were recorded.

Figure 4.8.: Single-tube Test Device: (A) Scheme of single-tube test device and (B) Picture of
single-tube and �at sheet test devices.
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4.3. Methods

4.3.1. Membrane Characterisation

Di�erent commercially available membranes (�at sheet material and single-tube material)

were tested for their surface characteristics and �ltration performances. Membrane materials

tested included polymeric membranes made of PVDF, PES, PS and PE with varying pore

sizes (Table 4.1). Membranes were analysed for their surface properties (RMS surface rough-

ness, contact angle, surface energy, SEM imaging), for their �ltration performance (ultra pure

water permeability, critical �ux trials, cake layer resistances) and also for adsorption of po-

tential foulants onto the membrane surfaces (foulant fractionation; cake layer, reversible and

irreversible fouling resistance).

4.3.1.1. Surface characterisation

4.3.1.1.1. Atomic Force Microscope - AFM

Atomic force microscopy is a powerful technique to allow imaging of non-conducting surfaces

down to the sub-nanometre level without the need for any additional sample preparation.

The atomic force microscope is run in two basic modes: contact and tapping . In contact mode

the AFM tip is in contact with the surface continuously, whereas in tapping mode (also called

intermittent contact mode) the AFM cantilever is vibrated above the sample surface, so the tip

is only in contact with the surface intermittently. This helps to reduce shear forces associated

with the tip movement. For most imaging in AFM tapping mode is the recommended mode.

Contact mode AFM is only used for speci�c applications, such as force modulation where the

tip is pushed into the surface in order to measure local variations in hardness.

AFM images were taken using either a Veeco Explorer system or a Veeco Dimension 3000

(Veeco Instruments, Santa Barbara, California, USA) in tapping mode using silicon probes

(SFM silicon probes, Veeco Explorer: 0.1-0.025 Ohm-cm Antimony (n) doped Si, non-coated

tapping mode cantilevers for VEECO AFM; FESP-CLBR; Veeco Dimension: pointprobe plus

PPP-cont with a nominal radius at 20 nm, HRF Silicon and Veeco Instruments).
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4.3.1.1.2. Scanning Electron Microscopy (SEM)

A scanning electron microscope (SEM) can be a powerful analytical tool to study the structure

of micro�ltration membranes (pore size 0.08 to 10 µm). A beam of high-energy primary

electrons hits the membrane surrounded by a vacuum, so that low-energy secondary electrons

are stricken out of the very �rst molecule layers of the conductive material surface. The

intensity of the signal, which is increasing with a decreasing distance between emitter and

membrane surface, is recorded by a detector. Therefore, zones of a higher level (like areas with

adsorbed foulants, for example) appear as bright spots on the screen. During the experiment,

the emitter is moved along the �xed membrane, so that the whole surface structure can be

scanned. Concurrently, x-rays are emitted while the membrane surface is bombarded with

high energy electrons. By analysing the x-rays, the chemical composition of a sample down

to 1 m depth is observable, which can be used for the identi�cation of inorganic fouling on

membranes. This is known as the electron dispersion analysis system (EDAS).

Samples were analysed using Philips XL-30 scanning electron microscopes (Philips Analytical,

Munich, Germany) to provide a high resolution �eld emission microscopy and EDAS. A sam-

ple preparation was carried out by coating samples with palladium as the conducting layer.

Images were obtained using a 10kV accelerating voltage and varying magni�cations. Higher

accelerating voltages were avoided as beam damage was observed on the specicims.

4.3.1.1.3. Contact Angle Measurements and Determination of Surface Free Energy

Contact angle measurements are used to characterise the wettability or hydrophobic/hy-

drophilic characteristics of membranes (Melin and Rautenbach, 2004). Contact angle mea-

surements are taken using the sessile drop method, whereby a droplet of the wetting liquid

was placed onto the membrane surface and the contact angle is determined by the angle

between the membrane surface and the tangent at the drop boundary.

Samples were pre-washed for 24 hours in DI water (membrane surface up-side down) to remove

any coating layer or dried in desiccators and kept in Petri-dishes prior to taking measurements.

Membrane samples of material B and P (Table 4.1, page 43) were washed in sodium hydroxide

solution (NaOH, pH 11, 40◦C) to remove surface coating as indicated by membrane manufac-

turer.

A 10 µL drop of each wetting liquid (Table 4.5) was dispensed on the prepared membrane

surface and allowed to come into equilibrium. Images of the drop were taken using a Jai-CV-

M90 Interlaced CCD camera and contact angles were measured from both sides of the drop

using Image Pro Plus software. Each membrane material was analysed on 10 random surface

samples. All wetting chemicals were purchased from Sigma-Aldrich (Gillingham, UK) and

chosen to determine the hydrophobicity and the surface free energy (van Oss, 2003) of the

membrane samples (Table 4.5).
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Table 4.5.: Contact angle measurement - surface tension (γL ), surface tension components
(γLWL , γABL ) and parameters (γ−L , γ

+
L ) [mJ.m

2] of the used high-energy contact
angle liquids at 20◦C

Liquid CAS γL γLWL γABL γ−L γ+
L

Reference

Polar

Water (ultrapure, 8MΩ) 7732-18-5 72.8 21.8 51.0 25.5 25.5
van Oss (2003)

Glycerol 56-81-5 64.0 34.0 30.0 57.4 3.9
van Oss (2003)

Ethylene glycol 107-21-1 48.0 29.0 19.0 47.0 1.9
Yildirim (2001)

Formamide 75-12-7 58.0 39.0 19.0 39.6 2.3
van Oss (2003)

Dimethylsulfoxide 67-68-5 44.0 36.0 8.0 30.0 0.5
Ozcan and Hasirci (2008)

Apolar

Diiodmethane 75-11-6 50.8 50.8 ≈ 0.01 0.0
van Oss (2003)

1-Bromonaphthalene 90-3-11 44.4 44.4 0.0 0.0
Yildirim (2001)

The determination of surface free energy parameters of the membrane material was carried

out according to the matrix method proposed by van Oss (2002)

(γLWL1 )1/2 (γ−L1)1/2 (γ+
L1)1/2

(γLWL2 )1/2 (γ−L2)1/2 (γ+
L2)1/2

(γLWL3 )1/2 (γ−L3)1/2 (γ+
L3)1/2


(γLWS )1/2

(γ+
S )1/2

(γ−S )1/2

 =
1
2

γL1(1 + cosθ1)
γL2(1 + cosθ2)
γL3(1 + cosθ3)

 (4.1)

The work of adhesion WSL between water and membrane surfaces was determined according

to the acidbase approach of the Young-Dupre equation (Ozcan and Hasirci, 2008; van Oss,

2002)

WSL = 2(
√
γLWS γLWL +

√
γ+
S γ

−
L +

√
γ−S γ

+
L ) (4.2)

and γSL as the interfacial surface tension of two interacting surfaces (e.g. membrane surface

and water) according to the equation (Ozcan and Hasirci, 2008):

γSL = γS + γL − 2(
√
γLWS γLWL +

√
γ+
S γ

−
L +

√
γ−S γ

+
L ) (4.3)
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4.3.1.2. Filtration Protocol - Critical Flux, Continuous Flux

4.3.1.2.1. Critical Flux

The concept of Critical Flux has been intensively used for fouling determination of membranes

in membrane �ltration systems. Research studies over the last decade have created several

aspects under which critical �uxes are de�ned (Bacchin et al., 2006; Espinasse et al., 2002;

Field et al., 1995; Howell, 1995; Le-Clech et al., 2003c).

This study is using the empirical approach �rst described by Field et al. (1995) where the

critical �ux is de�ned as the �ux below which 'a decline of �ux with time does not occur;

above it fouling is observed' (Le-Clech, 2002), combined with a novel �ltration protocol which

is aimed to enable a better comparison of the respective pilot trials to membrane operation in

full scale MBRs (Figure 4.9).

Critical Flux tests were undertaken with a novel �ltration protocol, where the �ux step con-

sisted of two �ltration cycles including relaxation and backwash where module con�guration

permitted (Figure 4.9 (b) and (c)). This protocol was chosen as common critical �ux deter-

mination is based on sole �ltration which might provide an overestimation of critical �uxes

due to the absence of cake layer controlling operational parameters, such as relaxation and

backwash.

To complete the research, a number of critical �uxes were undertaken, according to the classical

incremental step increase (Figure 4.9(a)). Throughout the research, changes in �ux step height

became necessary to follow certain operational protocols and a summary of all critical �ux

�ltration protocols used is provided in Table 4.6 (page 65).

4.3.1.2.2. Continuous Flux

Continuous �ltration trials were undertaken for the start-up phase of the pilot plant (see

Table 4.3, page 48), bench-marking trials of biomass parameters and sub-critical �ux trials.

All continuous �ux studies were undertaken with the same �ltration protocol where varying

�uxes were applied (Table 4.7, page 66).
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Figure 4.9.: Critical Flux Scheme: (a) classical incremental increase with no relaxation and no backwash, (b) novel �ltration protocol
with 2 �ltration cycles per step including relaxation periods, (c) �ltration protocol like (b) but including short backwash
intervals
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Table 4.6.: Summary of undertaken critical �ux protocols

ID step
height

step
length

�ltration cycle
backwash
intensity

aeration cross-
�ow

[LMH] [�ltration
cycle]

�ltration
[s]

relaxation
[s]

backwash
[s]

(air) (cf)

bench-scale - �at sheet material

BS-1 2 one 600 - - - no constant

BS-2 3 two 540 60 - - no constant

BS-3 3 two 540 60 - - yes constant
- air lift

bench-scale - single-tube material

ST-1 5 one 600 - - equal to �ux no constant

ST-2 5 two 540 50 10 equal to �ux no constant

pilot-scale

FS-1 3 two 540 60 - - yes air-lift

FS-2 5 two 540 60 - - yes air-lift

MT-HF-1 3 two 540 50 10 equal to �ux yes air-lift

MT-HF-2 5 two 540 50 10 equal to �ux yes air-lift

FS-MT-HF 5 one 900 - - - yes air-lift

BS - bench-scale �at sheet; ST - single-tube (bench-scale);

MT - multi-tubular (pilot-scale); FS - �at sheet (pilot-scale); HF - hollow �bre (pilot-scale)

4.3.1.3. Calculation of �ltration parameters

4.3.1.3.1. Temperature Correction

To compensate for the increasing permeate �ux with decreasing viscosity of the permeate,

temperature correction was calculated according to Rautenbach and Albrecht (1989) (equation

4.4), where T = 20◦C was used as reference temperature and the normalised �ux is indicated

as J20:

Jt
J20

= 1.025T−20 (4.4)

with T = Temperature in ◦C.
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Table 4.7.: Filtration protocol for continuous �uxes

Parameter MT FS HF

Flux range [LMH] 3.0 - 30.0 3.0 - 30.0 3.0 - 30.0

Filtration 540 s 540 s 540 s

Relaxation 50 s 60 s 50 s

Backwash 10 s - 10 s

Backwash intensity equal to operated
�ux

- equal to operated
�ux

4.3.1.3.2. Permeability

Permeability of membrane materials was conducted according the di�erent �ltration protocols

applied for biomass �ltration (Figure 4.9). Permeability of membranes (either bench or pilot

scale) was determined using ultra pure water and following the protocol according to that ap-

plied for the individual critical �ux trial, but in any case without applying the backwash option

to avoid an increase in permeability; e.g for the post-sludge trial by backwashing steps. Perme-

ability tests were conducted for the virgin membrane state (prior to �rst sludge exposure), cake

layer permeability and reversible/irreversible fouling. Permeability was temperature corrected

and expressed as K20 in LMH.bar−1 according to the following equation:

K20 =
J20

P
(4.5)

4.3.1.3.3. Determination of Filtration Resistances

Membranes were analysed in bench-scale experiments for their varying permeabilities prior to,

during and after sludge exposure and also after a chemical cleaning step using the respective

bench-scale test devices (Section 4.2.3).

The membrane resistances were calculated using Darcy's law and applying a modi�ed mem-

brane resistance in-series determination (Bae and Tak, 2005; Field et al., 1995). As analyses

within these experiments were conducted under incrementally increasing and subsequently

decreasing �uxes, the membrane resistance determination was de�ned for data points gained

at a �ux of J = 20 LMH = J20(LMH20) and J = 21 LMH = J20(LMH21).

The resistances of each step at J20(LMH20), J20(LMH21) respectively, were determined according

to the following equations:
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J =
∆p
η ·Rt

(4.6)

with Rt = Rm +Rc +Rf (4.7)

and Rf = Rrev +Rirrev (4.8)

where

J = the permeation �ux (m3m2s−1)

∆p = the transmembrane pressure (TMP in Pa)

η = the viscosity of the permeate (Pa s)

Rt = the total resistance (m−1)

Rm = the intrinsic resistance (m−1)

Rc = the cake layer resistance (m−1)

Rf = the fouling resistance (m−1)

Rrev = the reversible fouling resistance (m−1)

Rirrev = the irreversible fouling resistance (m−1)

Clean water permeability of the virgin membrane material conducted with ultrapure water

determined the intrinsic membrane resistance Rm.

The total membrane resistance Rt was taken as the median at the peak period (J20(LMH20),

J20(LMH21)) of the critical �ux �ltration steps under biomass �ltration.

Cake layer and reversible/irreversible fouling resistances were determined measuring the mem-

brane's permeabilities with ultrapure water after the biomass �ltration step (post-sludge per-

meability, Rpost−sludge=Rm2) and after the alkaline cleaning step (Rpost−clean = Rm3). The

fouling resistance was subsequently calculated as Rf = Rm2 - Rm. The reversible and irre-

versible fouling resistances could furthermore be di�erentiated from Rpost−sludge = Rm2 and

Rpost−clean = Rm3 according to Rrev = Rm2 - Rm2 and Rirrev = Rm3 - Rm.
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4.3.1.3.4. Determination of Fouling Rates and Novel Critical Flux Parameters

Analyses of critical �ux steps varied according to the �ltration protocol applied (Table 4.6).

While fouling parameters of the classical incremental �ux step method were analysed according

to Le-Clech et al. (2003c) (classical dP/dt, Figure 4.10), new parameters were introduced for

the novel �ltration protocol helping to illustrate further degrees of fouling rates (dPp,s/dt and

dPi,s/dt, Figure 4.11).

For each �ux step (n) of the classical incremental �ux step method, the initial trans-membrane

pressure (TMPi), de�ned as the trans-membrane pressure measured after the initial sudden

increase, and the peak TMP (TMPp), de�ned as the TMP value at the end of the �ltra-

tion cycle, were determined as the average of 10 measurements (1 measurement/second) to

compensate for deviations deriving from oscillations of the pressure gauge. From these two

parameters, the average transmembrane pressure (Pave), the fouling rate dP/dt (representing

the slope mn of increase in �ltration resistance, Figure 4.10) and the fouling velocity dR/dt

were calculated (Table 4.8).

For each �ux step (n) of the novel �ux step method, the initial (TMPi) and peak trans-

membrane pressure (TMPp) were determined for each �ltration cycle (nA and nB) resulting

in four relevant TMP values per �ux step: TMPi,A, TMPp,A for cycle nA and TMPi,B,

TMPp,B for cycle nB (Figure 4.11).

From these TMP values, fouling parameters similar to the classical �ux step method were

analysed for each �ltration cycle: the average trans-membrane pressure per �ltration cycle

(Pave,A, Pave,B), the fouling rate dP/dt per �ltration cycle (dPA/dt = mn
A and dPB/dt = mn

B,

Figure 4.11) and the fouling velocity dR/dt per �ltration cycle (dRA/dt, dRB/dt, Table 4.8).

To provide a possible estimation of potential fouling rates applicable for full scale �ltration, it

was decided to use two �ltration cycles per �ux step and to determine the so-called initial or

root-step fouling rate dPi,s/dt (slope m
n
i,s) and the peak step fouling rate dPp,s/dt (slope m

n
p,s)

between the respective �ltration cycles (nA, nB; Figure 4.11). This method was elaborated on

to ameliorate the comparability of short-term critical �ux tests to long-term �ltration experi-

ments and also between di�erent �ltration protocols (fouling rate increase between backwash

and non backwash critical �ux trials). Furthermore, these values also enabled the calculation

of novel fouling velocities between root (initial) and peak TMP values per �ux step (Table

4.8).

Fouling parameters for continuous �ltration trials were analysed as analogues with the initial

trans-membrane pressure representing the starting point and the peak trans-membrane pres-

sure representing the respectively indicated peak trans-membrane pressure at the indicated

time interval (TMP(tn)).
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Figure 4.10.: Critical �ux determination of classical incremental �ux step: (a) Sample curve -
illustration of �rst 6 �ux steps; (b) Determination of dP/dt according to Le-Clech
et al. (2003c).
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Figure 4.11.: Critical �ux determination for novel �ltration protocol: (a) Sample curve -
illustration of �rst 4 �ux steps; (b) Determination of dP/dt, dPp,s/dt, dPi,s/dt.
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Table 4.8.: Critical �ux determination - Data analysis

Parameter Symbol Unit Calculation

general equations

Flux J20 L.m−2h−1

(≡ LMH)
Equation 4.4; page 65

Mean
permeability

K20,ave LMH.bar−1 Equation 4.5; page 66, with P = Pave

Resistances
(total, fouling,
cake layer)

Rt, Rf ,
Rcl

m−1 Equation 4.6,4.7; page 67

classical incremental �ux step method - without backwash 1

Mean
trans-membrane
pressure

Pave mbar Pave =
TMPn

i +TMPn
p

2

Fouling rate classical dP/dt mbar.min−1 dP/dt (≡ mn) =
TMPn

p−TMPn
i

tnp−tni

Fouling velocity classical dR/dt m−1.s−1 dR/dt =
R(TMPn

p )−R(TMPn
i )

tnp−tni

novel �ltration protocol - including backwash/relaxation 2

Mean
trans-membrane
pressure

Pave mbar Pave(A,B) =
TMPn

i(A,B)+TMPn
p(A,B)

2

Fouling rate classical dP/dt mbar.min−1 dP/dt (≡ mnA,B) =
TMPn

p(A,B)−TMPn
i(A,B)

tn
p(A,B)−t

n
i(A,B)

root,step dPi,s/dt mbar.min−1 dPi,s/dt (≡ mni,s) =
TMPn

i,B−TMPn
i,A

tn
i,B
−tn

i,A

peak,step dPp,s/dt mbar.min−1 dPp,s/dt (≡ mnp,s) =
TMPn

p,B−TMPn
p,A

tn
p,B
−tn

p,A

Fouling velocity classical dR/dt m−1.s−1 dR/dt =
R(TMPn

p(A,B))−R(TMPn
i(A,B))

tn
p(A,B)−t

n
i(A,B)

root,step dRi,s/dt m−1.s−1 dRi,s/dt =
R(TMPn

i,B)−R(TMPn
i,A)

tn
i,B
−tn

i,A

peak,step dRp,s/dt m−1.s−1 dRp,s/dt =
R(TMPn

p,B)−R(TMPn
p,A)

tn
p,B
−tn

p,A

With: n: step number; i: initial; p: peak; s: step; A,B : �ltration interval of step (s↪→B-A).

For detailed illustration of calculation parameters: see 1 Figure 4.10(b); 2 Figure 4.11(b)
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4.3.1.4. Fractionation of Potential Foulants

To identify the e�ect of potential foulants on the overall �ltration performance of the mem-

brane materials, bench-scale materials and long-term exposed pilot and full scale materials

were examined for potential attached foulants, such as colloidal carbons, proteins and carbo-

hydrates.

4.3.1.4.1. Bench-scale material

Following the biomass �ltration trial (critical �ux step), membranes were analysed for their

potential attached foulants, divided into cake layer foulants and removable foulants (reversible

fouling) which were extracted using an ultrapure water (cake layer) and alkaline cleaning

(reversible fouling) step.

Flat sheet membrane material was placed in a zipper bag, and for cake layer removal 50mL

of deionised water, and for alkaline cleaning step (reversible fouling) 50mL of NaOH solution

(pH 11), were added to the sample. The materials were �attened and immersed in solution,

and were shaken at a bench-top platform shaker (Fisher Scienti�c, Loughborough, UK); for

ultrapure water solution for 1 hour at 200rpm and for NaOH for 2 hours at 200rpm . The solu-

tions were collected and analysed for their protein, carbohydrate and organic carbon content,

while the membranes were subsequently analysed for their permeability.

Single-tube membranes were analysed according to the protocol of the �at sheet membranes,

while the amount of cleaning solution (ultrapure water, NaOH-solution) was reduced to 40mL

and the membranes were thoroughly closed on the top and bottom of the membrane to avoid

any liquid loss prior to placing the tubes on the bench-top platform shaker.

4.3.1.4.2. Pilot-scale and full-scale material

Pilot-scale �at sheet modules and material deriving from long-term used full-scale �at sheet

modules were also analysed for foulants attached to the surfaces. Membranes were separated in

grid squares sizes according to the �at sheet test cell device and ultrapure water permeability

was performed prior to and after cleaning steps (ultrapure water cleaning, NaOH-cleaning).

Solutions for analyses of potential attached foulants were collected during the cleaning proce-

dure according to the protocol described previously.
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4.3.2. Wastewater and Biomass Characterisation

4.3.2.1. Sampling

Samples for analysis were collected in wide neck amber glass bottles (Fisher Scienti�c, Lough-

borough, UK) which had been pre-cleaned thoroughly and rinsed in acetone. Sample points

at the pilot plant were the middle of the aeration tank, the retentate lines of the air-lift side-

stream modules and the individual permeate lines. Samples were collected according to the

individual test trial run, which were

• continuous run: three times a week

• critical �ux trials: one sample of biomass tank at the start of the experiment and a full

set of sampling at the advancing step of J = 30 LMH

Samples for bench-scale tests were taken at the start of experiment (biomass sample) and at

advancing step of J = 20 LMH (biomass and permeate). Samples were taken immediately to

the laboratories of Cran�eld University and stored in the wastewater cold room at 4◦C until

analysing was conducted, not longer than 3 hours after sampling.

4.3.2.2. SMP and EPS extraction

4.3.2.2.1. Preparation of Solid Free Fraction (SMP)

Preparation of wastewater and sludge fractions (supernatant) free of suspended solids was

required for the determination of soluble COD, soluble protein, soluble carbohydrates, nitrite,

nitrate and DOC, UV and turbidity analyses. The solid free fractions of sludge samples were

prepared by centrifuging samples for 10 minutes at di�erent speed rates/centrifugal forces:

• 3,000 g

• 4,5000 g

• 10,000 g

in a Rotana 96 R centrifuge (Hettich, Tuttlingen, Germany). The supernatant produced was

decanted and �ltered through a glass �bre �lter (Schleicher and Schuell, Grade GF 52) to

remove any residual suspended particles. Raw wastewater samples were �ltrated without the

centrifuging step. Sample analyses according to the common protocol of Eurombra were

undertaken at a centrifugal force of 10,000 g and are the results which are reported most in

this thesis unless otherwise stated.

73



4.3 Methods

4.3.2.2.2. Extraction of Extracellular polymeric substances (EPS)

Samples for analysis of extracellular polymeric substances (EPS) were prepared according to

two di�erent protocols which were

1. extraction via a heating method

2. extraction with cation-exchange resin (CER).

4.3.2.2.2.1. EPS extraction via heating method

Extracellular polymeric substances (EPS) extraction was based on a modi�ed heating method

according to Zhang et al. (1999). 200 ml of biomass of a thoroughly mixed activated sludge

sample was centrifuged at 10,000g for 10 minutes and the supernatant was decanted. 200 ml of

DI water was added to the sludge pellet and the content was thoroughly mixed (hand shaken)

to resuspend the sludge pellet. The samples were placed into a water bath and heated at 80◦C

for 10 minutes. The bottles were centrifuged while still hot at 10,000 g (4,500 g respectively)

for 20 minutes. The supernatant was �ltrated through a 70 mm Schleicher & Schuell Grade

GF 52 glass �bre �lter paper (Patterson Scienti�c, Bedfordshire, UK). The supernatant gained

was used for analysis of (cell-bound) EPS (= EPSHEAT ).

4.3.2.2.2.2. EPS extraction via CER

Extracellular polymeric substances (EPS) extraction using a cation-exchange resin (CER) was

undertaken according to protocol reported by Frølund et al. (1995, 1996).

The bu�er solution with pH 7.0 consisted of 2 mM Na3PO4, 4 mM NaH2PO4, 9 mM NaCl

and 1 mM KCl (all chemicals Fisher Scienti�c, Loughborough, UK). The cation-exchange resin

(CER) was supplied from Dowex R© Marathon R© (91973, Sigma-Aldrich, Gillingham, UK).

70-75g CER was weighed out per gram of volatile suspended solids (gVSS) of the sludge

sample and equilibrated for 1 hour in the bu�er solution (pH7). A 200mL sludge sample

was centrifuged at 2,000g (10,000g respectively) for 10 minutes at 20oC. The supernatant

was removed ('centrifugate'= soluble microbial products (SMP)) and the sludge pellet was

re-suspended in a bu�er solution to reach a �nal volume of 200mL. The re-suspended sludge

was transferred to an extraction vessel and the equilibrated cation-exchange resin (70-75g per

gVSS) was added.

The suspension was stirred for 2 hours at 600ppm and subsequently the CER was allowed to

settle. The supernatant was removed and centrifuged at 10,000 g for 10 minutes at 20o and

�ltered through a 70 mm Schleicher & Schuell Grade GF 52 glass �bre �lter paper (Patterson

Scienti�c, Bedfordshire, UK). The supernatant gained was used for analysis of (cell-bound)

EPS (= EPSCER).
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4.3.2.3. Standard analytical procedures

Temperature and dissolved oxygen (DO in mgL−1) were measured on-site using a Jenway 9071

portable dissolve oxygen meter. Samples were analysed at the laboratories using the following

standard analytical tools and procedures (Table 4.9).

Table 4.9.: Analytical standard methods

Parameter Unit Equipment/Tools

pH - HI 8424 pH meter (Hanna Instruments, Leighton
Buzzard, UK)

Conductivity µS Jenway 3540 pH and conductivity meter (Camlab
Ltd, Cambridge, UK)

Turbidity NTU Turbidimeter Hach 2100N (Camlab Ltd,
Cambridge, UK)

Dissolved organic carbon (DOC) mgL−1 Organic carbon analyser Shimadzu TOC-5000A
(Shimadzu, Milton Keynes, UK)

Chemical Oxygen Demand (COD) mgL−1 Merck Cell Tests (Merck (VWR International),
Poole, UK)

Ammonium (NH4+) mgL−1 Merck Cell Tests; Merck (VWR International),
Poole, UK

Nitrate (NO3−) mgL−1 Merck Cell Tests; Merck (VWR International),
Poole, UK

Nitrite (NO2−) mgL−1 Merck Cell Tests; Merck (VWR International),
Poole, UK

Phosphate (PO4
3−) mgL−1 Merck Cell Tests; Merck (VWR International),

Poole, UK
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4.3.2.4. Protein and Carbohydrate determination

4.3.2.4.1. Protein determination

Protein concentration was measured using a modi�ed method according to Lowry et al. (1951)

and Frølund et al. (1995). Reagents were all purchased from Sigma-Aldrich (Gillingham, UK)

and prepared as follows: A: 143 mM NaOH and 270 mM Na2CO3

B: 57 mM CuSO4

C: 124 mM Na2-Tartat

D: mixture of reagents A, B, C in ratio of 100:1:1 (always prepared on day of measurements)

E: Folin-Cioucalteu-reagent (1:2 in DI water)

The analysis was carried by adding 1.5mL of sample into a thoroughly pre-cleaned glass cell

test tube and mixed rapidly with 2.1mL of reagent D using a Vortex-Mixer (Fisher Scienti�c,

Loughborough, UK) and left for 10 minutes at room temperature. 0.3mL of reagent E was

added rapidly (Vortex-Mixer), the test tube was sealed with a lid and subsequently left for

another 45 minutes at room temperature. Samples were always analysed in triplicates.

Adsorption was measured at 750nm (AquaNova 6000 spectrophotometer, Camlab, UK) against

an ultra pure water blank. For CER extracted EPS samples, the extraction bu�er solution

was used as blank. Measurements were taken three times from each tube by turning the

tube slightly within the spectrophotometer cell to reduce in�uences of tube surface anomalies.

Where necessary samples were diluted to keep adsorbance below 1.0.

Calibration was carried out with protein standard bovine serum albumin (BSA, Sigma-Aldrich,

Gillingham, UK) as Protein Standard. As the standard curve for calibration adsorbance

against protein concentration (Figure 4.12) is not linear (Lowry et al., 1951), the Protein

concentration (P in mgL−1) was calculated according the following equation (Coakley and

James, 1978):

P = Protein [mg/L]:

P =
87.829 ·A

1−0.403 ·A
(4.9)

where A = mean of measured absorbance:

A =
P

0.403 · P+87.829
(4.10)
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Figure 4.12.: Protein Calibration with BSA solution

4.3.2.4.2. Carbohydrates

Carbohydrates were analysed according to Dubois et al. (1956).

Reagents

5% (w/w) phenol solution (Sigma - Aldrich, Gillingham UK)

97% sulphuric acid (97%Fisher Chemicals, Loughborough, UK)

The analysis was undertaken by pipetting 1.0mL of sample into a thoroughly pre-cleaned

glass cell test tube, then 1mL of 5% phenol-solution was added and mixed thoroughly using

a Vortex-Mixer (Fisher Scienti�c, Loughborough, UK). Samples were left for 10 minutes at

room temperature and 5mL of 97% sulphuric acid was added rapidly (in stream) to ensure a

fast reaction of both reagents (heating reaction). Samples were left for cooling for 5 minutes

at room temperature, and tubes were sealed and mixed again. After another 25 minutes left

at room temperature, the samples were measured for their adsorbance. Samples were always

analysed in triplicates.

Adsorption was measured at 490nm (AquaNova 6000 spectrophotometer, Camlab, UK) against

an ultra pure water blank. For CER extracted EPS samples the extraction bu�er solution was

used as blank. Measurements were taken three times from each tube by turning the tube

slightly within the spectrophotometer cell to reduce in�uences of tube surface anomalies.

Where necessary, samples were diluted to keep adsorbance below 1.0. Calibration (Figure

4.13) was carried out using glucose as standard (D-glucose monohydrate).
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Figure 4.13.: Carbohydrate Calibration with glucose as standard solution

4.3.2.5. UV-VIS Adsorbance - SUVA

Ultraviolet absorbance at a wavelength of 254nm (UV254 in m−1) was measured using UV

quartz cuvette and a Jenway UV/Visible spectrophotometer (Jenway 6505, Patterson Scienti�c

Ltd, Luton, UK), where ultra pure water was used as a blank for calibration.

Speci�c UV absorbance (SUVA) was calculated as the UV absorbance at 254nm (m−1) divided

by the DOC (mgL−1) using the following equation:

SUVA [Lmg−1m−1] =
UV A

DOC
· 100 (4.11)

with UVA [cm−1] =
A

d
(4.12)

where

UVA = the calculated UV absorbance of the sample in cm−1

A = the measured UV absorbance at 254nm

d = the quartz cell path length in cm−1
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4.3.2.6. High performance size exclusion - HPSEC

HPSEC analysis using a High Pressure Liquid Chromatography (HPLC) apparatus (Shimadzu

VP series, Shimadzu, Milton Keynes, UK) was undertaken for liquid samples analogues a

method used by Germain (2004). A BIOSEP-SEC-S3000 column was used with a 7.8 mm

inner diameter x 30 cm and was �tted with a GFC-3000 disc 4.0 mm inner diameter x 30 mm

and a security guard column (Phenomenex UK, Cheshire, UK). The UV detection was set to

a wavelength of 254 nm.

Elution times from protein with known molecular weights (Sigma Aldrich, UK) were deter-

mined according to Germain (2004) (Table 4.10):

Table 4.10.: Elution times from protein with known molecular weights (Germain, 2004)

Molecular weight [kDa] Elution time [min]

12.4 8.72
29 8.55
66 7.12
150 6.81
200 6.38
443 5.83
669 5.69
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4.3.2.7. Mixed liquor suspended solids, total solids and volatile solids

4.3.2.7.1. Suspended Solids - MLSS content

Suspended Solids (SS) or Mixed Liquor Suspended Solid (MLSS) content is determined by

Standard Method 2540D (APHA, 1998). Schleicher & Schuell Grade GF 52 glass �bre �lter

papers (Patterson Scienti�c, Bedfordshire, UK) are ignited in a furnace at 550◦C for 1 hour

and then cooled in a desiccator until required. The pre-ignited �lter papers are weighed

immediately prior to use. Well mixed samples are �ltered under a vacuum through the pre-

ignited and pre-weighed �lter papers. The volume is chosen to yield a dried residue between

2.5 mg and 200 mg. The �lter papers are subsequently dried in an oven at 105◦C overnight,

cooled in a desiccator and reweighed. The suspended solids content is calculated according to

the following equation:

SS [mgL-1] =
(m105 −mc) · 1000

Vs
(4.13)

where

m105= weight of dried residue + dish in mg

mc = weight of crucible in mg

V s= volume of sample in mL

4.3.2.7.2. Total Solids

Total solids (TS) is determined by Standard Method 2540B (APHA, 1998) for liquid samples.

Porcelain crucibles are pre-ignited in a furnace at 550◦C for 1 hour and cooled in a desiccator

until required. The crucibles are pre-weighed and �uid sludge is pipetted together with a well-

mixed homogeneous sample into the pre-weighed crucible. The volume of sample is chosen in

a volume of 10 to 30 mL to yield a residue of between 2.5 mg and 200 mg. The crucible is left

overnight in a 105◦C drying oven and the evaporated samples are transferred to desiccator for

cooling and then re-weighed. Total Solids (TS in mg total solids per L) content is determined

according to the following equation:

TS [mgL-1] =
(m105 −mc) · 1000

Vs
(4.14)

where
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m105 = weight of dried residue + dish in mg

mc = weight of crucible in mg

V s = volume of sample in mL

All analysed sludge samples are carried out in triplicates. The cycle of drying, cooling, desic-

cating and weighting is repeated until a constant weight is obtained, or until weight change is

less than 4% of previous weight or 0.5 mg, whichever is less.

4.3.2.7.3. Volatile Solids

Volatile Suspended Solid (VSS) and Volatile Total Solid (for liquid samples, VTS) contents are

determined by Standard Method 2540E (APHA, 1998). The residue obtained from Standard

Method 2540D (SS) and 2540B (TS) respectively are ignited at 550◦ C for 2 hours in a furnace

and then cooled in a desiccator upon removal. The dish (crucible or �lter paper) is re-weighed

and the volatile solids content is calculated according to equation below.

VSS, VTS [mgL-1] =
(m105 −m505) · 1000

Vs
(4.15)

where

m105 is the weight of the dish containing the dried mass, in mg

m505 is the weight of the dish containing the ignited dry mass, in mg

Vs is the volume of sample in mL

4.3.2.8. Particle Size and particle surface

Sludge particle sizes were measured using the Malvern Mastersizer 2000 particle analyser

(Malvern Instruments Ltd, Worcestershire, UK). The Mastersizer uses an optical unit to detect

the light scattering pattern of sludge particles dispersed in deionised water. Diluted sludge

suspensions were circulated through a measurement cell where the particle �elds were exposed

to an analysing laser beam. The pattern of light scatter could be used to calculate the particle

sizes that created the scatter by using Mie theory, which predicts the way light is absorbed

and scattered by spherical particles.

All sludge samples were analysed using the same standard operating procedure. The stirrer

was set at 350 rpm. Sludge samples were added to the water tank (�lled with permeate from
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the respective membrane modules), supplying the particle suspension to the measurement cell

until the laser obscuration (fraction of light lost by scattering and absorption from the analyser

beam) was between 10% and 20%. Ten measurement cycles are taken with a 3 second delay

between cycles and an average measurement is calculated. The measurement time was set

at 20 second (at 1000 snaps/second) in order to ensure that particle size distributions of the

sludges were adequately represented by allowing coarser particles enough time to �ow through

the measurement beam.

The Mastersizer measurement is volume-based and according to Mie theory, assumes that the

particles causing light absorption and scatter are perfect spheres. Consequently, the results

are both volume based and expressed in terms of equivalent spheres. The percentage volume

of particles is plotted against particle size (µm). The following parameters were reported:

• Mass Median Diameter (D [v, 0.5]): the particle size (µm) at which 50% of the sample
is smaller and 50% is larger

• D [v, 0.1]: the particle size (µm) below which 10 % of the sample lies

• D [v, 0.9]: the particle size (µm) below which 90 % of the sample lies

• D [4, 3]: the volume mean diameter (µm)

• D [3, 2]: the surface area mean diameter (sauter mean) (µm)

• SpSA: speci�c surface area (m2g-1)

To assess the potential �oc rupture which was expected to have occurred due to exerted shear

on the biomass while passing the side-stream modules, the particle fractionation (FI) was

calculated using the following equation:

FI [%] =
d0.5RET

d0.5AT
· 100 (4.16)

where

d0.5 RET = particle size of the retentate line

d0.5 AT = particle size of the aeration tank
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4.4. Statistical Analyses

Describing membrane fouling by comprehensive mechanistic model seems to be currently im-

possible due to the very complex interaction of biomass make-up, con�guration and membrane

properties (Drews, 2010).

Due to the complex interaction, a statistical analysis was performed to assess the potential

impact of determined foulants on membrane �ltration performance or membrane fouling by

applying simple linear Person correlation using the data software STATISTICA (StatSoft,

Inc.).

As parameters may not be linear dependent, and some data in this work did not provide enough

sets to allow a su�cient degree of freedom for tailored tests, data points were furthermore

compared graphically for assessing empirical relationship. Generally, graphical data plots

were compared applying linear or potential correlation, but where necessary the best-�t was

provided for assessing potential empirical correlation.
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5. Results and Discussion: Critical �ux

trials under di�erent �ux step protocols

5.1. Scope

The phenomenon of fouling of membranes within MBR �ltration processes still remains a

process di�cult to predict. This is likely due to the very complex interaction of membrane

material, hydrodynamic con�guration and biomass make-up. Due to the complexity of the

system, describing critical �uxes by a comprehensive mechanistic model is to-date considered

as impossible (Drews, 2010). Short-term tests are therefore an inevitable tool to compare

�ltration performances of membranes (material or con�guration) and to predict the membranes

applicability within the media to be �ltered. Filtration modes such as relaxation or backwash

are routinely applied within full scale applications as fouling control parameters (Judd, 2006;

Stephenson et al., 2000) and are thus important parameters which might need to be considered

when modelling fouling propensity within short-term tests, especially when comparing di�erent

membrane con�gurations.

The classical �ux step protocol (Field et al., 1995), probably most commonly used within

many research studies (Bacchin et al., 2006), is, however, limited to continuous �ltration

and is hence not allowing representation of the di�erences between the varying membrane

con�guration. Moreover, the fouling determined for each subsequent step is prestressed by the

existing fouling of its precursor step which might lead to an overestimation of the critical �ux

and which furthermore does not allow prediction of reversibility (Bacchin et al., 2006). For

instance, Le-Clech et al. (2003c) reported higher TMP values during the decreasing loop than

during the increasing loop for all critical �ux trials conducted.

To identify the applicability of short-term critical �ux tests for use in a full scale operation

facilitating a comparison between di�erent membrane module con�gurations, two di�erent

�ltration protocols were applied under �xed aeration rates (SADm in m3m−2h−1 of 1.5 (MT)

and 1.0 (FS, HF)):

a) classical incremental �ux step protocol according Le-Clech et al. (2003c)

b) novel �ltration protocol with 2 �ltration cycles per �ux step, including relaxation and

backwash
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The tests were conducted according to the �ltration protocol described previously (see Material

& Methods section 4.3.1.2, page 63) and data analyses for fouling parameters were conducted

according to the determination methods described in the Material & Methods section 4.3.1.3

(page 65).

Repetition trials for each �ltration mode at �xed aeration rates were undertaken at a MLSS

content of 12 g.L−1 (n = 4, 6) and tests were completed with duplicated trials (n = 2, 3) at
two further MLSS values (3-4 g.L−1, 6-7 g.L−1, see Chapter 6). It was aimed to undertake

critical �ux trials as sets at varying seasons whereas each individual test series within the set

were undertaken within the shortest period of time, to avoid changes in biomass. Finally, the

novel �ltration protocol was also deployed for consecutive �ltration runs and sub-critical long-

term fouling trials (Chapter 6). To complete the study, �ltration experiments on bench-scale

materials were conducted in parallel to the pilot scale �ltration trials.

A comparison of TMP vs. �ux pro�les between both �ux step methods revealed the anticipated

discrepancy between classical fouling rates dP/dt of the individual �ltration steps (Figure

5.1). While the classical �ux step method commonly showed higher fouling propensity (higher

Pave, lower K20,ave) than the backwash/relaxation �ux step protocol, classical dP/dt rates

were found to be higher for the backwash/relaxation �ltration mode due to the nature of the

�ltration cycle.

This e�ect could be well observed especially for higher �uxes and for declining steps (illus-

trated for the MT module in Figure 5.1). Similar results were observed by Germain (2004),

where higher fouling rates (expressed as dP/dt) were reported for critical �ux trials with back-

wash than for classical critical �ux trials while overall �ltration performance increased whilst

applying backwash mode.

As higher classical dP/dt rates for the novel �ux step protocol were anticipated, the novel �ux

step protocol consisted consequently of two �ltration cycles per �ux step, which subsequently

allowed the calculation of fouling parameters expressed as dP/dt or dR/dt as either classical

dP/dt, root (initial) fouling rate dPi,s/dt or peak fouling rate dPp,s/dt per �ux step (Table

4.8, page 71), whereas preference should be given to the peak fouling rate dPp,s/dt due to the

potential depiction of fouling incline expected over long term �ltration.

All parameters indicated in Table 4.8 (page 71) were calculated for each individual test and

assessed for their relevancy on the fouling propensity of the respective module and a selection

of the most pertinent results will be represented and discussed during the following sections.

Furthermore, statistical analyses were performed to determine the potential impact of various

biomass and bulk parameters on the overall �ltration performance, with results being reported

within Chapter 8.
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Figure 5.1.: Sample graph of critical �ux determination (MLSS content 12g.L−1): (a) classical
�ltration protocol without relaxation/backwash; (b) novel �ltration protocol with
2 �ltration cycles including relaxation/backwash.
(Please note that LMH curve represents the range of targeted �uxes based on clean water permeability. Actual LMH

values may vary for each individual module due to di�erence in �ltration performance.)
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5.2. Comparison of critical �ux trials with and without

relaxation/backwash at MLSS 12 g.L−1

5.2.1. Permeability

Permeability development during classical incremental �ux step trials at �xed SADm rates

and MLSS 12 g.L−1 revealed high deviations between the modules examined (average values

and range for all trials illustrated in Figure 5.2a). This was observed especially for higher

�uxes with J20 above 20 LMH; as for lower �uxes up to 20 LMH the determined transmem-

brane pressure Pave of all modules remained below 40 mbar and permeability values exhibited

insigni�cant variations.

Critical �ux trials applying the novel �ux step method, including backwash/relaxation, also

revealed high variations in �ltration performances between all three modules, with the highest

deviation for the individual trials being observed for the MT module (average values and range

for all trials illustrated in Figure 5.2c).

While the MT module revealed the highest deviation for measured permeability with maximum

Pave values varying from 400 to 800 mbar, the FS and HF modules showed less discrepancy

between �ux trials undertaken at di�erent seasons. This was in fact similar to the classical

�ux step trials conducted without backwash though overall �ltration performance was found

to be better for relaxation and backwash protocol as it would have been expected.
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Figure 5.2.: Comparison of permeability curves of membrane modules at critical �ux trials
with and without backwash or relaxation (15min step length, 5 LMH step height,
n = 4, 6) at biomass �ltration trials (MLSS 12 g.L−1; SADm= 1.0 (FS, HF)
and 1.5 (MT) Nm3m−2h−1) and post-sludge clean water trials: biomass trial (a)
without and (c) with relaxation and/or backwash; post-sludge clean water trials
(b) without and (d) with relaxation and/or backwash.
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HF module

The HF module showed the most consistent �ltration performance during biomass �ltra-

tion, in comparison to the FS and MT module, at MLSS content of 12 g.L−1 (SADm=

1.0 Nm3m−2h−1) for both critical �ux protocols. During classical critical �ux trials, the HF

module revealed an average sub-critical permeability of 718 LMH.bar−1, supra-critical of 594

LMH.bar−1, whereas while applying the novel �ux step protocol, average sub-critical perme-

ability increased to 872 LMH.bar−1, supra-critical to 842 LMH.bar−1 (Table 5.1). Permeability

loss due to cake layer formation was determined with as little as 0.6% for the novel critical

�ux trial and 32.4% for the classical critical �ux trial (Table 5.1).

For the classical critical �ux trials, the average trans-membrane pressure, Pave,HF , remained

below 150 mbar for any �ux exhibited (J20,max = 51 LMH, Figure 5.3c), while for critical

�ux trials applying the novel �ltration protocol, the maximum Pave varied between 63 and

92 mbar only for �uxes up to 60 LMH (Figure 5.3d). During the classical �ltration protocol,

Pave,HF ranged between 39 mbar and 67 mbar at a �ux of J20 ≈ 40 LMH, with Pave,HF

varying only between 59 mbar and 67 mbar for 5 out of 6 trials. Lowest fouling propensity

for the HF module was hence observed during the classical �ltration protocol for trial number

(3), for which, however, the highest trans-membrane pressure increase including spacer/lumen

clogging respectively, were found for the MT and the FS module (Figure 5.3a,b).

During the �ltration trials applying backwash, limited fouling was generally observed for HF

module for all trials with Pave remaining below 100 mbar for �uxes up to 65 LMH. However,

more fouling was observed for test (3) than for test (2), and then test (1a) and (1b). To

illustrate, a Pave,HF of 60 mbar was reached at �uxes of 65, 52, 43 and 41 LMH for the

tests (1a), (1b), (2) and (3), respectively (Figure 5.3f ). The apparent opposite outcome for

test series number (3) showing best �ltration performance during the classical critical �ux

step, but worst �ltration performance during the novel �ltration protocol, was suggested to

have resulted from daily biomass �uctuation given the little di�erences which were determined

between the di�erent test series.
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Figure 5.3.: Permeability curves for critical �ux trials at MLSS = 12 gL−1; (a-c) classical
critical �ux protocol without backwash/relaxation: (a) MT module; (b) FS mod-
ule; (c) HF module [trials undertaken in (2)=February and (3)=July]; (d-f) novel
critical �ux protocol with backwash/relaxation: (d) MT module; (e) FS module;
(f) HF module [trials in chronological order (1)=May, (2)=February, (3)=July].
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FS module

The FS module revealed a relatively stable �ltration performance similar to that of the HF

module for �uxes until 30 LMH with Pave,FS ≤ 31 mbar during the classical �ltration protocol

and with Pave ≤ 48 mbar for �uxes up to 40 LMH for the novel �ltration protocol respectively.

Above the determined transitional �uxes of 35 LMH for the classical �ltration trials nad 40

LMH for the novel �ltration trials respectively, a permeability decline with wide range during

some tests could be observed (Figure 5.3b,e). During classical �ltration trials, the high loss

in permeability for the FS module at higher �uxes was indeed observed for two trials out of

the six critical �ux tests conducted. Trial 2a revealed module sludging for �uxes above 35

LMH, where a sudden TMP rise of ≈ 74 mbar from 30 mbar to 113 mbar was observed for

J20, increasing from 30 LMH to 35 LMH (Figure 5.3b). Trial number 3 also revealed clogging

(sludging) of the FS vessel at a �ux higher than 46 LMH with Pave rising from 46 mbar to

126 mbar and the �ux decreasing to 42 LMH, even with increasing pump speed.

During the critical �ux trials applying relaxation, Pave continued to increase linearly for all

the �ux tested for test number (1a) and (1b), demonstrating that the critical �ux was not

reached (Figure 5.3e) with maximum determined Pave remaining between 56 mbar and 74

mbar for �uxes above 50 LMH. For test number (2), a rapid increase of Pave was observed

for �uxes above 50 LMH with characteristics of critical conditions. Indeed, Pave increased

from 73 mbar at 53 LMH to 174 (and even 418 mbar) at 60 LMH. It should be noted that

again sludging/clogging of the membrane vessel was observed in this test which explains the

signi�cant di�erence with the other tests. For the �nal test (3), a deviation from the sub-

critical linear increase of Pave was observed for �uxes above 45 LMH.

During classical critical �ux trials, the FS module revealed an average sub-critical permeability

with 713 LMH.bar−1, supra-critical with 625 LMH.bar−1, whereas while applying the novel

�ux step protocol average sub-critical permeability increased to 866 LMH.bar−1, supra-critical

to 839 LMH.bar−1 (Table 5.1). Though overall �ltration performance was found to be less in

comparison to the HF module, permeability loss due to cake layer formation was determined

less for the FS module with 0.5% for the novel critical �ux trial and 18.1% for the classical

critical �ux trial (Table 5.1).

This phenomenon might be resulting from the fact that the HF module tended to absorb more

potential foulants to the membrane surface than the FS module, which was in fact suggested

in a study by Torres et al. (2008). Furthermore, it might be concluded that the di�erences

in �ltration mode between both module con�gurations is becoming more apparent with the

HF module's permeability loss decreasing from 32.4% to 0.6% while applying relaxation and

backwash mode to the �ux step trials (Table 5.1, page 94). The FS module still seemed to

bene�t from applying a relaxation mode, whereas signi�cance decreased in comparison to the

HF module. In fact, the di�erences between both �ltration modes for the FS module mainly
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seemed to result from membrane vessel sludging problems. Membrane vessel sludging was

found to have been reduced due to the relaxation mode allowing a better biomass circulation

up to a threshold value of 50 LMH at the given short-term test with MLSS content of approx.

12 g.L−1 and SADm= 1.0 Nm3m−2h−1.

MT module

The MT module was found to have exhibited high average permeability losses for �uxes

above 25 LMH for classical critical �ux trials. For instance, Pave,HF was determined 40 mbar,

60 mbar, 109 mbar, 306 mbar for �uxes of 20 LMH, 25.2 LMH, 30.3 LMH and 34.1 LMH.

For �uxes higher than 35 LMH, Pave rose above 600 mbar and the permeate pump displayed

cavitation e�ects with no further increase in �ux with an increasing pump speed. A highest

average MT permeability was measured for �uxes below 15 LMH with 300 LMH.bar−1, while

average permeability for �uxes above 35 LMH dropped to below 100 LMH.bar−1 (Figure 5.3a).

Due to observed lumen clogging, the range of �uxes tested did not reach values for J20 higher

than 38 LMH, even with increasing permeate pump rates. While the trials 2a-2e revealed

linearity in permeability until a �ux of 25 LMH with Pave,MT varying between 66 mbar (trial

2e) and 89.6 mbar (trial 2b), permeability (Kave,MT ) for trial number 3 was found to decrease

dramatically for �uxes higher than 15 LMH. Sub-critical average permeability for the MT

module was determined with 261 LMH.bar−1, supra-critical with 117 LMH.bar−1 (Table 5.1).

For the critical �ux test series applying back �ush mode, the average trans-membrane pressure

(Pave,MT ) increased linearly for �uxes up to 40 LMH for the tests (1a), (1b) and 2 (Figure

5.3d). Interestingly, although the same critical �ux of 40 LMH was found for these three tests,

more fouling with higher Pave was observed for the tests (1a) and (1b) (both identical) than

for the test (2). Indeed, at a �ux of approximately 50 LMH, Pave was approximately 240 and

400 mbar for tests (2) and (1a) and (1b) respectively. Signi�cantly more fouling was recorded

for test (3) with the MT module. Indeed, a critical �ux of only 10 LMH was found with Pave

reaching approximately 800 mbar for a �ux of only 40 LMH.

Sub-critical average permeability for the MT module was determined with 344 LMH.bar−1,

supra-critical with 206 LMH.bar−1 for the novel �ux step protocol (Table 5.1). Clean water

permeability losses after biomass �ltration reduced from 38.2% to 15.0% comparing the critical

�ux trials without back�ush mode to critical �ux trials with back�ush mode, respectively.

Compared to the FS and HF module, the MT module exhibited mostly lumen clogging even

at lower �uxes, which indicates the di�erence between the two �ltration modes inside-out to

outside-in, and suggests that the MT module would require signi�cant higher aeration rates

to eliminate the risk of lumen sludging/clogging for higher MLSS content and higher permeate

�uxes as long as the set up is limited to air-lift, to control cross-�ow velocity. For the majority

of multi-tubular membrane systems in full scale applications, cross-�ow velocity is usually
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controlled by cross-�ow pumping including membrane aeration where necessary. Companies

like Norit, Berghof and consequently Wherle are applying more and more low energy air-

lift con�gurations with reduced pump energy, which are usually recommended for low COD

concentrations (<1g.L−1 COD) and lower MLSS content (8-12 g.L−1) (Judd, 2011). Typical

SADm rates for multitubular modules tested at Beverijk wastewater treatment plant were

reported with 0.3 to 0.6 Nm3m−2h−1 at MLSS rate of 8 g.L−1 and typical �ux of 15 - 50 LMH

(Judd, 2006).

Table 5.1.: Comparison of permeability values, permeability loss per module for critical �ux
trials (with and without backwash/relaxation) at �xed SADm and MLSS 12 g.L−1

Module K20 - virgin
membrane
material

(clean water)

K20 -
biomass
�ltration

K20 -
post-sludge
(clean water)

K20 loss [%]

classical critical �ux trial - without backwash or relaxation

MT 720 (20) 445 (85) 38.2
sub-critical < 20LMH 261 (73) 63.7
supra-critical > 20LMH 117 (54) 83.8

FS 1290 (40) 1056 (58) 18.1
sub-critical < 30LMH 713 (79) 44.8
supra-critical > 30LMH 625 (306) 51.6

HF 1090 (32) 737 (65) 32.4
sub-critical < 38LMH 718 (305) 34.1
supra-critical > 38LMH 594 (166) 45.5

novel critical �ux protocol - with backwash and/or relaxation

MT 720 (20) 612 (52) 15.0
sub-critical < 27LMH 344 (145) 52.2
supra-critical > 27LMH 206 (136) 71.4

FS 1290 (40) 1283 (109) 0.5
sub-critical < 45LMH 866 (177) 32.9
supra-critical > 45LMH 839 (280) 34.9

HF 1090 (32) 1083 (92) 0.6
sub-critical < 48LMH 872 (146) 20.0
supra-critical > 48LMH 843 (176) 22.7

Notation: 1290 (161): 1290 = K20 in LMH.bar−1, (161) = standard deviation of sample range in LMH.bar−1; permeability loss rate
referenced to initial membrane material permeability
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5.2.2. Fouling rates - dP/dt

Fouling rates calculated according the classical dP/dt resulted in major di�erences between

the individual modules ranging in all modules from 0.06 mbar.min−1 to 26 mbar.min−1 for

classical critical �ux trials, and from 0.05 mbar.min−1 to 78 mbar.min−1 for the novel critical

�ux trails, with the highest dP/dtmeasured for the MT module during both �ltration protocols

(Figure 5.4 and Table 5.2 ).
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Figure 5.4.: dPdt curves for critical �ux trials at MLSS = 12 gL−1 - comparison with-
out backwash/relaxation (a,b,c) and with backwash/relaxation (d,e,f): (a,d) MT
module; (b,e) FS module; (c,f) HF module.
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Table 5.2.: Comparison of average classical fouling rates dP/dt for di�erent critical �ux trials
(n=4,5,6) at �xed SADm and MLSS 12 g.L−1

MT FS HF

dPMT /dt J20 Pave,MT dPFS/dt J20 Pave,FS dPHF /dt J20 Pave,HF

classical critical �ux trial - without backwash or relaxation

0.179 (0.145) 5 31 (4) 0.222 (0.159) 5 15 (2) 0.331 (0.189) 6 15 (1)

0.318 (0.202) 10 38 (2) 0.318 (0.033) 10 23 (2) 0.227 (0.190) 11 21 (1)

0.430 (0.447) 15 49 (6) 0.113 (0.107) 15 28 (2) 0.085 (0.056) 18 27 (2)

0.859 (1.528) 20 68 (17) 0.131 (0.072) 20 32 (2) 0.213 (0.169) 23 33 (2)

4.22 (7.98) 25 114 (83) 0.308 (0.115) 26 36 (2) 0.249 (0.149) 28 40 (1)

6.35 (6.04) 28 225 (236) 0.130 (0.049) 31 39 (2) 0.123 (0.114) 34 52 (2)

16.591 (10.66) 31 418 (260) 4.301 (9.43) 36 58 (31) 0.356 (0.221) 39 61 (5)

0.416 (0.319) 44 74 (7)

0.942 (0.580) 48 89 (12)

2.244 (1.29) 51 113 (21)

novel critical �ux protocol - with backwash and/or relaxation

0.464 (0.790) 5 27 (9) 0.231 (0.194) 6 20 (5) 0.785 (0.456) 6 14 (3)

0.891 (1.085) 11 39 (17) 0.397 (0.308) 11 24 (4) 0.663 (0.072) 12 17 (3)

2.872 (5.165) 16 57 (35) 0.564 (0.325) 17 28 (4) 0.586 (0.429) 18 24 (3)

8.125 (15.11) 22 89 (76) 0.300 (0.146) 22 30 (4) 0.337 (0.167) 25 28 (2)

17.953 (33.91) 27 154 (177) 0.385 (0.106) 29 34 (3) 0.378 (0.161) 31 36 (4)

20.299 (36.05) 33 209 (255) 0.244 (0.171) 36 38 (2) 0.810 (0.462) 38 43 (7)

25.058 (35.597) 37 260 (288) 0.326 (0.196) 40 44 (2) 0.331 (0.316) 43 50 (9)

34.746 (25.344) 43 338 (276) 0.621 (0.430) 45 51 (3) 0.533 (0.340) 49 59 (8)

54.375 (21.756) 48 447 (231) 1.759 (2.225) 52 59 (6) 0.893 (1.171) 53 65 (11)

61.735 (11.193) 54 558 (152) 14.678 (22.959) 57 152 (178) 1.585 (1.432) 58 71 (15)

Notation: dP/dt in mbar.min−1; J20 in LMH; Pave in mbar

0.179 (0.145): 0.179 = mean dP/dt of sample range, (0.145) = standard deviation of sample range
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MT module

As the overall �ltration performance of the MT module was determined to be generally

lower than for the HF or FS module, the fouling rates determined illustrate the critical �ux

at �ltration rates lower than 20 LMH for classical critical �ux trials (�gure 5.4a) and lower

than 27 LMH for the backwash critical �ux trials (Figure 5.4d). Below a �ux of 20 LMH,

dP/dt remained on average below 0.5 mbar.min−1 during classical critical �ux trials, whereas

above 20 LMH dP/dt increased signi�cantly to an average of 4.22 mbar.min−1 and above a

�ux of 28 LMH to 16.6 mbar.min−1 (Table 5.2). During classical critical �ux trials, the highest

fouling rates with dP/dt of 26.6 mbar.min−1, 26.8 mbar.min−1 respectively, were determined

for tests 2a and 2b at a �ux of 32 LMH. During critical �ux trials applying backwash mode,

the MT module fouling rates, however, reached values as high as 78 mbar.min−1 for the range

of �uxes tested (�gure 5.4b), while average trans-membrane pressure was 558 (±152) mbar at
the corresponding �ux step of 54 LMH (Table 5.2).

Even though the fouling rates determined were considered quite high especially at lower �uxes

for both �ux step protocol and for higher �uxes for the novel �ux step protocol, they were

found to be in range with fouling rates reported in literature. For instance, for critical �ux

trials of PVDF tubular membrane (0.03 µm; �ltration length 1m) using the classical �ltration

protocol with a step length of 15 minutes and a step height of 2 LMH at a �xed air rate of

6 L.min−1 , Brookes (2005) determined a transitional �ux of 12 LMH with fouling rates of

0.179 mbar.min−1 below Jtrans and of 0.327 mbar.min−1 above Jtrans respectively (see also

Table 5.3, page 103). Average trans-membrane pressure for the transitional �ux of 12 LMH

was indicated with 79.8 (±17.2) mbar, whereas the highest fouling rate at a MLSS content of

12 g.L−1 was found with 0.618 (±0.27) mbar.min−1 with corresponding Pave of 118.5 (±31.1)
mbar at the highest tested �ux of 16 LMH (Brookes, 2005). During this study, the average

transitional critical �ux for the classical �ltration protocol for the MT module at MLSS content

of 12 g.L−1 was 15 LMH, critical �ux 20 LMH with average dP/dt of 0.43 mbar.min−1 at Jtrans

(Table 5.2).

On the other hand, during a study conducted at a MLSS content of 8 g.L−1 by Alvarez-

Vazquez (2005), critical �uxes for two di�erent types of membrane modules (PVDF 0.03µm

and ceramic membrane module) were reported to be 36 LMH with dP/dt above Jc ranging

from 0.37 to 12.6 mbar.min−1 for the polymeric membrane module, whereas no critical �ux

could be determined for the ceramic module with �uxes tested up to 60 LMH (Table 5.3,

page 103). During this work, such high di�erences were also observed between pilot scale and

bench-scale data, though di�erences between di�erent tubular membrane material and the

pilot plant resulted from the set up rather than from membrane material. Whilst the pilot

scale trials were limited to air-lift to create cross-�ow, the single-tube bench-scale trials were

conducted using a constant high cross-�ow pump rate of approx. 1 m.s−1. Trials conducted
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at a MLSS content of 12 g.L−1 hence revealed a critical �ux of 25 LMH for the classical �ux

step protocol with dP/dt ranging from 0.15 to 25.4 mbar.min−1 from �uxes above 25 LMH

to 60 LMH, whereas while applying the novel �ux step protocol, no critical �ux could be

determined for �uxes tested up to 50 LMH. Classical fouling rates (dP/dt) for the latter test

were determined in a range of 0.1 to 0.28 mbar.min−1 (Table 5.3).

FS module

During classical critical �ux trials, the FS module revealed dP/dt values ranging between

0.05 and 0.498 mbar.min−1, apart from trial (2a) and trial (3) where clogging/sludging of the

FS occurred. For the two trials where a sludging phenomenon was observed, sudden dP/dt

jumps up to 22 mbar.min−1 could be observed (Figure 5.4b). Interestingly, the dP/dt fouling

rates determined generally did not show to increase with increasing �ux as opposed to the

observation made for the MT module. To illustrate, dP/dt varied for trial 2e from 0.054,

0.324, 0.066, 0.078, 0.246, 0.09 mbar.min−1 for �uxes of 5.1, 10.1, 15.4, 20.1, 25.7, 31.3 LMH

respectively. Apart from trial (2a) and (3) this could be observed for all trials for �uxes up to

42 LMH. The overall average dP/dt ranges for those trials remained below 0.338 for any �uxes

up to 50 LMH. The sequence of overall averaged fouling rates (dP/dt) of these trials resulted

subsequently in 0.245, 0.312, 0.166, 0.230, 0.282, 0.140, 0.086, 0.090, 0.338 mbar.min−1 for

overall average �uxes of 5.4, 10.3, 15.2, 20.2, 25.5, 30.8, 35.6, 43.4, 46.4 LMH respectively,

which illustrates again the absence of an increase of dP/dt with increasing �ux. The averaged

dP/dt values, including the two trials where membrane vessel sludging was observed, resulted

in signi�cantly higher fouling rates for dP/dt values for �uxes above 30 LMH (Table 5.2) which

therefore determined the overall critical �ux with Jc = 30 LMH. During critical �ux trials,

including relaxation, the fouling rates for the FS module remained below 1.6 mbar.min−1 for

�uxes up to 45 LMH and then generally below 11 mbar.min−1 for �uxes above 45 LMH (Figure

5.4b).

Even though the obtained critical �uxes for the pilot scale module were within range of what

is reported in literature, the determined fouling rates were considered high, especially for lower

�uxes. For instance, Guglielmi et al. (2008) conducted a critical �ux study at a large pilot

scale plant equipped with �at sheet PE 0.4µm membranes (classical critical �ux trials at an

aeration rate of SADm 0.94 Nm3m−2h−1 with a step length of 15 minutes and a step height

of 5 LMH; MLSS content around 20 g.L−1) and observed fouling rates from 0.036 to 0.005

mbar.min−1 until the critical �ux of 38 LMH was reached. Above that critical �ux, dP/dt

values were determined with 0.112 to 0.662 mbar.min−1 for �uxes ranging from 44.4 to 62.9

LMH.

Interesting to note is, critical �ux trials conducted in parallel at bench-scale revealed much

lower critical �uxes than the pilot scale module within this study. In fact, while average
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Jc was 31 LMH and 45 LMH for the two �ltration protocols in pilot scale, Jc dropped to

9 LMH, 12 LMH respectively for bench-scale trials (Table 5.3, page 103). In contrast, the

determined fouling rates were found to be much lower for the bench-scale than for the pilot

scale module, with ranges from 0.009 to 0.21 mbar.min−1 and 0.13 to 0.78 mbar.min−1 for the

bench-scale and pilot scale trials respectively. This contradiction in results is assumed to derive

from the di�erent �ltration patterns, with the horizontal bench-scale set-up limiting an even

hydrodynamic �ow along the membrane surface and creating a higher risk to sludging than the

vertical air-lifted pilot scale module. This restriction of up-scaling results from bench to pilot

scale has already been addressed by other authors (Guglielmi et al., 2007a; Kraume et al.,

2008). Furthermore, it has to be mentioned that the biomass was exposed to much higher shear

stress during bench-scale trials due to the cross-�ow pump and due to higher rates of biomass

circulation, which has also been found to lower membrane �ltration performance (Wisniewski

and Grasmick, 1998).

Summarising, it can be concluded for the FS pilot scale module, that major di�erences between

both �ltration protocol in terms of fouling rates and �ltration performance at the given MLSS

content were a signi�cant reduction in membrane vessel sludging for the relaxation protocol

and hence a higher determined critical �ux due to lower biomass accumulation inside the

membrane vessel, especially at higher �uxes.

HF module

The HF module exhibited the lowest fouling rates with dP/dt ranging between 0.012

mbar.min−1 and 3.668 mbar.min−1 amongst all three modules and for all trials conducted

(Figure 5.4c). Similar to the FS module, no trend of an overall increase of dP/dt could be

observed for increasing �uxes. In fact, the lowest overall fouling rate was determined for a �ux

of 18 LMH for the HF module and 15 LMH for the FS module respectively (Table 5.2). A

steady increase of dP/dt for the HF module was found to occur for �uxes above 40 LMH for

the classical critical �ux trials, which therefore lead to an overall critical �ux of Jc = 40 LMH.

During critical �ux trials applying backwash and relaxation, values for dP/dt were found to

be more scattered making a de�nite determination of a certain critical �ux impossible (Figure

5.4). For example, in the case of the HF module and trial number 1a, even if the rapid increase

of determined fouling rates could lead to the assumption of indicating critical conditions, a

critical �ux in its weak form could not be observed up to a �ux of 60 LMH according to the

permeability curve (Figure 5.3f , page 91). In contrast to the relatively good �ltration perfor-

mance, fouling rates of more than 1.0 mbar.min−1, considered high, were monitored at a �ux

of 20 LMH (Figure 5.4f , page 95). In one study, Guglielmi et al. (2007a) investigated critical

�uxes under di�erent aeration rates at a large scale HF pilot plant (PVDF 0.04µm, classical

�ux step, step length 15min, step height 5 LMH). At a MLSS content of ≈ 10 g.L−1 and an
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aeration rate of 1.0 Nm3m−2h−1 SADm, Jc was 31 LMH with a corresponding fouling rate of

below 0.15 mbar.min−1. The fouling rate at a �ux step of 50 LMH was indicated to reach

1.0 mbar.min−1 (Guglielmi et al., 2007a), which emphasises the relatively high fouling rates

determined within this study. For lower aeration rates (0.3 Nm3m−2h−1 SADm), Guglielmi

et al. (2007a) reported fouling rates of 4.01 mbar.min−1 at the �nal �ux step of 55 LMH (Table

5.3, page 103).

5.2.3. Residual fouling rates - dPp,s/dt

Residual fouling rates, calculated as peak-step fouling rates dPp,s/dt (Table 4.6, page 65), also

revealed a broad range between the membrane module tested with the highest deviation being

determined for the MT module (Figure 5.5).

For all modules, dPp,s/dt remained below 0.3 mbar.min−1 below critical �uxes. Above the

determined critical �ux, dPp,s/dt reached values up to ≈ 17 mbar.min−1 for the MT module,

whereas residual foulings within negative range were determined for the FS and HF module

at higher �uxes.

While a negative range of dPp,s/dt for the MT and HF module could be expected and explained

by the e�ects of the applied backwash, a negative range for the FS module was not expected.

However, Wu et al. (2008b) resumed that positive implication of relaxation were found to

be as e�ective as the positive implication of backwash. Furthermore, in another publication

the authors stated that a higher initial �ux followed by a lower �ltration �ux resulted in

much better overall performances (Wu et al., 2008). The combination of the aforementioned

two e�ects might be an explanation for the observed residual fouling rates within this study

- as negative residual fouling rates were mainly observed for higher �uxes. Furthermore, it

might be postulated that negative residual fouling rates for the FS module at higher �uxes be

indicative that cake layer fouling for that step is a result of from clogging with the relaxation

step subsequently reducing the biomass accumulation. However, further investigations would

be needed to fully explain and understand the mechanisms.
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5.3. Summary

Numerous di�erent �ltration protocols for short-term tests and fouling behaviour are reported

within literature. Fouling trends are quite often controversially reported, which might not

solely be due to the complexity of the system (membrane vs. biomass), but also dependent on

the fact that studies are commonly undertaken with one set-up and hence limited in compar-

ison of con�guration. A direct comparison of fouling behaviour between di�erent membrane

con�gurations applied in MBR was therefore one of the main focuses of this study while using

a �ltration protocol similar to a full scale �ltration mode.

A comparison of results for both �ltration protocols in literature data revealed that average

fouling rates could be considered high, though �ltration performance signi�cantly improved

for the novel �ltration protocol (Table 5.3). Fouling rates before and after critical �ux revealed

higher fouling rates for the backwash protocol than the classical incremental �ux step, though

determined critical �uxes were found to be higher for the novel �ltration protocol. This

phenomenon was anticipated, and results are in accordance with other studies (Germain,

2004; van der Marel et al., 2009).

A side-by-side �ltration experiment for bench-scale material (single-tube and �at sheet mate-

rial analogue being the pilot scale membrane materials) disclosed further signi�cant di�erences

in �ltration performance due to the di�erent set-up. The bench-scale trials for �at sheet mate-

rials on the cross-cell consistently resulted in lower critical �uxes than the pilot scale module,

whereas the lab scale trials on the multi-tubular materials showed higher critical �uxes for the

single-tube test cell (Table 5.3). To illustrate, while applying the novel critical �ux protocol,

no critical �ux during the �ltration trial at MLSS content of 12 g.L−1 was determined for the

bench-scale single-tube (pumped cross-�ow and no aeration; Jc > 50 LMH). The same exper-

iment conducted using the classical critical �ux protocol without relaxation mode revealed a

critical �ux of 25 LMH at bench-scale, while the pilot scale module tested in parallel revealed

critical �uxes of 20 LMH (classical �ux step) and 27 LMH (novel �ux step) respectively (Table

5.3).

This was explained by the di�erent hydrodynamic conditions between the di�erent tests and

con�gurations. While the single-tube module extracted permeate similar to that of the pilot

scale module and bene�ted furthermore from higher cross-�ow velocity than the pilot scale

module, tests undertaken with the �at sheet cross-cell showed complete di�erent �ow patterns

to those of the pilot scale module. Due to the set-up of the �at sheet cross-cell, the cross-�ow

along the membrane and furthermore the type of permeate extraction would generate higher

solid accumulations on the bench-scale membrane surface than for the pilot scale module.
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Table 5.3.: Comparison of critical �ux fouling rates

System Scale Type Material;
Pore Size

MLSS Jc dP/dt
before Jc

dP/dt after
Jc

Reference

[g.L−1] [LMH] [mbar.min−1] [mbar.min−1]

asMBR lab MT PVDF
0.03µm

8 36 0.09 - 0.14 0.37 - 12.6 Alvarez-Vazquez
2005

asMBR lab MT ceramic 8 >60 0.39 - 0.49 -
Alvarez-Vazquez
(2005)

asMBR lab MT PVDF
0.03µm

12 12* 0.007 - 0.18 0.33 - 0.6
Brookes (2005)

asMBR pilot MT PVDF
0.03µm

12 20 0.17 - 0.86 5.2 - 16.5 this study (no bw)

asMBR pilot MT PVDF
0.03µm

12 27 0.7 - 8.1 16.7 - 64.8 this study (bw)

cross-
cell

lab MT PVDF
0.03µm

12 >50 0.01 - 0.28 - this study (bw)

cross-
cell

lab MT PVDF
0.03µm

12 25 0.001 - 0.084 0.15 - 25.4 this study (no bw)

iMBR lab FS PE 0.4µm 6 25 <0.1 0.1-1.2
Ndinisa et al.
(2006)

iMBR pilot FS PE 0.4µm 20 38 <0.005 0.112-0.662
Guglielmi et al.
(2008)

asMBR pilot FS PVDF
0.08µm

12 31 0.13 - 0.31 4.3-0.8 this study (no rel)

asMBR pilot FS PVDF
0.08µm

12 45 0.23 - 0.78 1.79 - 14.7 this study (rel)

cross-
cell

lab FS PVDF
0.08µm

12 9 0.009 - 0.0023 0.004 - 0.1 this study (no rel)

cross-
cell

lab FS PVDF
0.08µm

12 12 0.15 - 0.21 0.5 - 6.1 this study (rel)

iMBR pilot HF PVDF
0.04µm

10 27 0.09 - 0.15 0.49 - 4.01
Guglielmi et al.
(2007a)

asMBR pilot HF PES
0.04µm

12 39 0.085 - 0.416 1.2 - 2.24 this study (no bw)

asMBR pilot HF PES
0.04µm

12 49 0.331 - 2.83 0.89 - 3.58 this study (bw)

(* sustainable �ux; asMBR = air-lift side-stream MBR; iMBR = submerged MBR; bw = backwash; rel = relaxation)
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5.3 Summary

Notwithstanding the general discussion within literature that reports that fouling rates for

lab or pilot scale modules are up to a magnitude higher than those occurring in full scale

application (Drews (2010); Kraume et al. (2008), Table 5.4: typical fouling values for full scale

application), the bench-scale trials exhibited lower fouling rates (dP/dt) than the pilot scale

trials. This is most interesting for the comparison of the �at sheet material, where critical �ux

at bench-scale was found to be much lower than the pilot scale module (Table 5.3). The lower

fouling rates determined for the cross-�ow bench-scale were attributed to the smaller �ux step

height which had to be used for the critical �ux tests of the cross-cell due to the generally

observed lower �ltration performance. This is again an indication of the necessity to set up

any laboratory scale applications (bench or pilot scale) as closely as possible to con�gurations

used in full scale applications as postulated already in literature (Kraume et al., 2008).

Residual fouling rates dPp,s/dt were also found to be in higher ranges than reported for full

scale applications, but for some trials dPp,s/dt values were also determined in negative range,

especially at higher �uxes (Table 5.4). This phenomenon was attributed to the e�ciency of

the applied relaxation/backwash mode, which was reducing the overall cake fouling.

Table 5.4.: (a) Typical fouling rates from full scale application (Drews, 2010),
(b) range of fouling rates from pilot plant results - MLSS 12 g.L−1; �xed aeration
rate

(a)

(b)
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6. Results and Discussion: Comparison of

critical �uxes at varying MLSS

concentration

6.1. Scope

The concentration of suspended solids of the biomass has been discussed contrastingly in

literature. Positive e�ects on membrane permeability were observed with higher MLSS con-

centration (Brookes, 2005; Defrance et al., 2000; Le-Clech et al., 2003b), but also a decrease of

�ltration performance has been reported with increasing MLSS (Bottino et al., 2009; Germain,

2004; Madaeni, 1999). Other studies determining di�erent threshold values above or below

MLSS content were found to have a signi�cant impact (Schwarz et al., 2007; Wu and Huang,

2009). Conversely, Rosenberger and Kraume (2002) reported no e�ect of suspended solids

concentration on the �lterability of activated sludge deriving from di�erent MBR plants.

To identify the possible impact of MLSS content on the �ltration performance of each module

within this study, critical �ux trials were repeated at three di�erent MLSS contents (≈ 3-4

g.L−1, ≈ 6-7 g.L−1, ≈ 12 g.L−1). Biomass characterisation was undertaken for each experiment

to examine the potential impact of biomass properties on the overall �ltration performance

and results will be discussed in Chapter 8.1. Furthermore, bench scale trials were undertaken

in parallel to assess the potential impact of membrane material.
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6.2 Comparison of critical trials with and without relaxation/backwash at varying MLSS concentration

6.2. Comparison of critical trials with and without

relaxation/backwash at varying MLSS concentration

6.2.1. Permeability

Filtration performances of the MT module (Figure 6.1a) were found to be very similar for

the trials at MLSS contents of 3-4 and 12 g.L−1. To illustrate, Pave of 89 mbar at a �ux of

22 and 23 LMH and 250 and 260 mbar at a �ux of 37 and 39 LMH for MLSS of 12 and 3-4

g.L−1, respectively. In these conditions, the deviation from the linear evolution of an average

trans-membrane pressure (Pave), indication of the critical �ux, was found for a �ux of about

20 LMH. Alternatively, with a MLSS concentration of 7 g.L−1 the critical �ux was found to

be 30 LMH demonstrating less fouling in the HF module in this condition.

Di�erences in �ltration performance for di�erent MLSS contents were most signi�cant for the

FS module (Figure 6.1b). Indeed, critical �uxes of 13, 23 and 40 LMH were determined for

the trials at suspended solids contents of 3-4, 7 and 12 g.L−1, respectively.

For the HF module tested with a MLSS concentration of 12g.L−1, Pave increased fairly linearly

for the range of �uxes tested suggesting that the critical �ux was above the highest �ux tested

of 60 LMH (Figure 6.1c). However, it should be noted that a slight decline of the permeability

can be observed for �uxes above 42 LMH and consequently a more conservative critical �ux

of 43 LMH can be determined. As for the FS module, more fouling was then observed for the

lower MLSS concentrations with critical �uxes of 31 and 18 LMH for the trials with solids

contents of 7 and 3-4 g.L−1, respectively.

From these results it can then be established that the FS and HF modules performed better

with higher MLSS concentrations. Alternatively, �ltration performance was found to be better

at a medium MLSS content for the MT module (Table 6.1). As observed previously, higher

critical �uxes were generally observed for the HF and FS modules than for the MT module

(Table 6.1). Overall, the HF module was found to be the one performing the best during the

short-term critical �ux test. Di�erences in �ltration performance for the two critical �ux trials

applied will be discussed within the next section.
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Results & Discussion:
Comparison of critical �uxes at varying MLSS concentration
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Figure 6.1.: Comparison of permeability curves for di�erent critical �ux protocols at varying
MLSS content and constant SADm rates (a-c: without relaxation and/or back-
wash; d-f: with relaxation/backwash): (a,d) MT module; (b,e) FS module; (c,f)
HF module.

6.2.2. Fouling rates dP/dt and dPp,s/dt

Comparing the di�erent fouling rates dP/dt and dPp,s/dt determined from both �ux step

protocols, emphasized the importance of the chosen 2 cycle �ltration system for each �ux step

(Figure 6.2, Figure 6.3 and Figure 6.4).
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6.2 Comparison of critical trials with and without relaxation/backwash at varying MLSS concentration

To illustrate, the MT disclosed for the two types of critical �ux protocols conducted a similar

fouling rate for the classical dP/dt with values being around 5.0 mbar.min1 at a �ux of LMH

20, which would have resulted in a similar Jc between both protocols in case Jc would have

been determined from the dP/dt vs J20 plot. However, as Jc in its weak form determined from

the permeability curve was signi�cantly higher for the backwash protocol, the residual fouling

rate dPp,s/dt proved to provide a better basis when assessing critical �ux from the dP/dt vs.

J20 plot (Figure 6.2). So, for instance, Jc at MLSS 4 g.L−1 for the MT module was observed

at �uxes around 19 LMH with dPp,s/dt.

Moreover, the e�ciency of the fouling control backwash regime, and hence the reversibility

of cake layer formation could be assessed from the residual fouling parameter dPp,s/dt. To

illustrate, while the cake layer resistance (bw) was steadily increasing up to a value of 40

mbar.min−1 at a �ux of 40 LMH (Figure 6.2a), the residual fouling parameter increased from

a �ux of 20 LMH up to a �ux of 30 LMH with values ranging from 0.1 mbar.min−1 up to 4.0

mbar.min−1 and decreased again after �uxes of ≈ 33 LMH, which consequently suggests that

higher backwash �uxes provide better fouling control.

For all trials conducted, dP/dt of the classical �ux step protocol remained more or less within

similar range compared to dP/dt of the relaxation protocol for the FS module (Figure 6.3).

Moreover, the residual fouling rate, dPp,s/dt, also presented similar ranges for MLSS content 6

g.L−1 and 12 g.L−1, whereas signi�cant di�erences were only observed for the trials conducted

at 3 g.L−1, which again suggests the importance of comparing fouling rates within the fouling

control �ltration scheme applied during full scale applications.

The HF module revealed much higher cake layer fouling rates, dP/dt, values for the back-

wash protocol than for the classic incremental �ux step protocol, which was most obvious

for trials conducted at low MLSS range (Figure 6.4). As described previously, this was, in

fact, somewhat expected as similar observations were made within another study conducted

on a HF pilot scale MBR (Germain, 2004). Nevertheless, the residual fouling rate dPp,s/dt,

also revealed the e�ciency of the cleaning regime by applying relaxation and backwash, as

for instance, dPp,s/dt increased for �uxes up to 33 LMH to a value of ≈ 2.0 mbar.min−1 and

remained stable thereafter despite an increasing cake layer fouling rate (Figure 6.4 a).

Interesting to note is that the cake layer fouling rate was much higher for the backwash

protocol only at 3 g.L−1 MLSS for the HF module, which might provide a basis to assume

that particle transport towards the membrane surface at lower suspension density is higher if

applying relaxation/backwash protocols. Hence, at lower suspension density, drag forces on

�ne particles are more likely to create higher cake layer resistances at higher �uxes in case of

absence of an initial fouling layer. This could also be observed for the FS layer, and more or

less for the MT module. In contrast to the FS and HF modules, the MT module showed higher

cake layer fouling resistances for trials conducted at higher MLSS contents, which then might

furthermore show the impacts of the di�erence in �ltration mode (in-to-out and out-to-in).
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Results & Discussion:
Comparison of critical �uxes at varying MLSS concentration
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Figure 6.2.: Comparison of determined fouling rates dP/dt and dPp,s/dt for the two di�erent
�ux step protocols - MT module: (a) MLSS 3-4 g.L−1 ; (b) MLSS 7 g.L−1; (c)
MLSS 12 g.L−1.
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6.2 Comparison of critical trials with and without relaxation/backwash at varying MLSS concentration
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Figure 6.3.: Comparison of determined fouling rates dP/dt and dPp,s/dt for the two di�erent
�ux step protocols - FS module: (a) MLSS 3-4 g.L−1 ; (b) MLSS 7 g.L−1; (c)
MLSS 12 g.L−1.
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Results & Discussion:
Comparison of critical �uxes at varying MLSS concentration
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Figure 6.4.: Comparison of determined fouling rates dP/dt and dPp,s/dt for the two di�erent
�ux step protocols - HF module: (a) MLSS 3-4 g.L−1; (b) MLSS 7 g.L−1; (c)
MLSS 12 g.L−1.
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6.2 Comparison of critical trials with and without relaxation/backwash at varying MLSS concentration

6.2.3. Cake layer resistance Rcl

To estimate the di�erence in cake layer development for the di�erent �ltration protocols,

comparison trials on two consecutive days were compared for the cake layer resistance, which

was determined from the total resistance minus the intrinsic membrane resistance prior to the

test and the clean water resistance after the test (Figure 6.5).

Surprisingly, the development of cake layer resistance was found to be very similar for both

�ltration protocols with regards to the �at sheet membrane module (Figure 6.5b). Overall,

Rcl was found to remain below 2.0 ·1012 m−1 for a MLSS content of 12 g.L−1 increased up to

8.0·1012, 10.0·1012 m−1 respectively during the MLSS trial of 7 g.L−1 and reached a maximum

of 15.0 ·1012 m−1 during the MLSS trial at 3 g.L−1.

Contrary to the �at sheet module, a very di�erent pattern for the development of Rcl during

the two di�erent �ltration protocols was determined for the HF and MT modules (Figure

6.5a,6.5c). During the backwash trial, Rcl of the HF module remained below 0.6·1012 m−1

throughout all tests, but reached a maximum value of 5.5·1012 m−1 for the trial applying the

classic incremental �ux step method at a MLSS content of 3 g.L−1. Rcl was found below

2.0·1012 m−1 for the MT module applying the backwash �ltration protocol, whereas while

using the non-backwash protocol, Rcl rose up to 19·1012 m−1 for the trial undertaken at 3

g.L−1.

These �ndings emphasised the need to undertake short-term trials by using a test protocol

which can re�ect the membranes �ltration speci�cations, because applying backwash cycles to

multi-tube and hollow �bre membranes are crucial fouling control parameters for these con�g-

urations and were found in this study to reduce the cake layer resistance signi�cantly compared

to the �at sheet membrane module. Furthermore the results obtained for cake layer resistance

also suggests that the parameter resistance (R) provides better comparability between tests

undertaken at di�erent tests conditions, e.g. �ltration protocols, than the frequently used

parameter fouling rate (dP/dt).

Interesting to note is also that during low �ltration �ux, Rcl is found to be higher than

for the moderate �ux at 10 LMH. This might either indicate that the cake layer resistance

is compressible to a certain extent providing less resistance under moderate �uxes, or that

under very low permeate �ow a di�erent cake layer is created which provides higher �ltration

resistance.
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Results & Discussion:
Comparison of critical �uxes at varying MLSS concentration
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Figure 6.5.: Comparison of cake layer resistance Rcl of critical �ux trials (constant aeration
rate, di�erent MLSS, trials on 2 consecutive days) for (left) non backwash and
(right) relaxation/backwash trials: (a) MT; (b) FS; (c) HF.
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6.2 Comparison of critical trials with and without relaxation/backwash at varying MLSS concentration

6.2.4. Summary

A comparison of critical �ux trials at varying MLSS contents revealed a general increase of Jc

with increasing MLSS content of biomass for the HF and FS module. Comparing the classical

incremental �ux step method with the novel �ltration protocol Jc ranged from 13 LMH to

39 LMH, from 19 LMH to 49 LMH for the HF module, and from 9 LMH to 31 LMH and 14

LMH to 45 LMH for the FS module (Figure 6.6). The MLSS content of the biomass revealed

a signi�cant impact on the overall �ltration performance for these two membrane modules.

The MT module on the other hand, showed the highest critical �ux at MLSS content of 7

g.L−1 with Jc ≈ 36 LMH, with a di�erence of 11 LMH determined between backwash and

non-backwash trials (Figure 6.6). Results will be discussed further in section 6.5 (page 122).
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Figure 6.6.: Comparison of critical �uxes determined at varying MLSS content and di�erent
�ltration protocols

Permeability values for the novel �ux protocol varied widely for the di�erent modules tested

with the MT module revealing a permeability of 358 LMH.bar−1 at Jc for the optimum MLSS

range of 7 g.L−1, while the HF and FS module showed the highest permeability values for

MLSS of 12 g.L−1 with 863 LMH.bar−1 and 912 LMH.bar−1 respectively. Permeability values

for Jc determined for the classical incremental �ux step method were found to be 50 to 100

LMH.bar−1 lower for the MT module, 101 to 236 LMH.bar−1 for the FS module and 47 to

225 for the HF, respectively (Table 6.1).
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Results & Discussion:
Comparison of critical �uxes at varying MLSS concentration

Table 6.1.: Overview of results for critical �ux �ltration tests with di�erent critical �ux pro-
tocol and at varying MLSS content (�xed SADm)
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6.3 Critical Flux at pilot scale - Comparison to consecutive �ltration runs and sub-critical long-term fouling

6.3. Critical Flux at pilot scale - Comparison to consecutive

�ltration runs and sub-critical long-term fouling

6.3.1. Critical Flux Trials under Consecutive Filtration

To compare the possible fouling history of the membrane, repetitive critical �ux trials were

conducted (MLSS 5.5 - 5.8 g.L−1; HRT = 8h) consecutively with a relaxation period of half

an hour between each test, but with no further cleaning. To illustrate the results, the classical

fouling rates determined as dP/dt are represented hereafter (Figure 6.7).

The MTmodule revealed overall a very stable �ltration performance with only little changes for

trial number 3, which lead to the suggestion that the di�erence could not have been attributed

to membrane fouling history and that the �ltration protocol provided full reversibility. The

FS module on the other hand, presented the best results for critical �ux trial number (2), but

also revealed an increase in fouling resistance between trial (2) to (4).

The HF, however, considering the overall good performance this module revealed during the

short-term sampling campaign, seemed to be a�ected the most by the fouling history. In fact,

while for the other two modules, dP/dt shifts did not exceed 10 mbar.min−1, the fouling rates

for the HF module rose from trial (2) to (3) with ≈ 12 mbar.min−1 and furthermore increased

for another 12 mbar.min−1 from trial number (3) to (4) (Figure 6.7). These results emphasised

the importance of membrane fouling history on overall assessment of the �ltration trial.
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Figure 6.7.: Fouling rates dP/dt for consecutive critical �ux trials - without cleaning between
trials: (a) MT; (b) FS; (c) HF.
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6.3 Critical Flux at pilot scale - Comparison to consecutive �ltration runs and sub-critical long-term fouling

6.3.2. Sub-critical continuous �ltration

A number of continuous trials were conducted at di�erent moderate �uxes (6 to 27 LMH),

which were however limited to one week and therefore did not reveal any signi�cant fouling

pattern. However, during the continuous �ltration trial at MLSS 6 g.L−1, the �at sheet module

exhibited very characteristic slopes of residual fouling which seemed, however, to be reversible

(Figure 6.8). These up-and-downs were assumed to derive from biomass changes to which the

�at sheet module has shown to interact sensibly with during the critical �ux trials.

For another trial, conducted at biomass content of 12 g.L−1 and a �ux of 27 LMH for FS,

which would have been expected to be within sustainable range according to the overall good

�ltration performance exhibited by the FS module, the FS module suddenly (around 2 hours

after initial start) showed a TMP increase from 125 mbar previously up to 750 mbar, while the

MT and HF module remained a moderate �ltration performance. The reason for this sudden

TMP increase was, in fact, another clogging phenomenon, where biomass had accumulated

within the side-stream vessel of the �at sheet module and the air-lift applied was not su�cient

enough to lift the thickened biomass. No such e�ect was observed during the same period of

time for the HF module being operated at the same �ux of 27 LMH. Due to the outcome of the

critical �ux trials, the MT module was operated at 18 LMH and presented a stable �ltration

performance for the timescale documented (Figure 6.8).
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(a)

(b)

Figure 6.8.: Continuous �ltration trials using relaxation/backwash protocol: (a) MLSS 6
g.L−1; (b) MLSS 12 g.L−1.
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6.4 Critical �ux of di�erent membrane materials at varying MLSS - Bench-scale trials

6.4. Critical �ux of di�erent membrane materials at varying

MLSS - Bench-scale trials

To compare possible impacts of membrane material on the overall �ltration performance,

di�erent membrane materials were chosen and critical �ux trials were undertaken in parallel

to the pilot scale study on a bench-scale cross-cell and a single-tube test cell device respectively.

Membrane materials tested consisted of �at sheet membranes included polymeric membranes

made of PVDF, PES, PS and PE with varying pore sizes, and tubular membranes made of

PES and PVDF respectively with varying inner diameters for single tube trials (Table 4.1,

page 43). Amongst the di�erent bench-scale materials, the �at sheet material made of PVDF

with a nominal pore size of 0.08 µm represented the material the pilot scale module was made

of, for the multi-tubular membrane the material MT04 was made of PVDF with a nominal

pore size of 0.03 µm.

Critical �uxes for the bench-scale �at sheet material varied between 9 LMH and 18 LMH,

which was much lower than Jc determined for the pilot scale module. The bench scale �at

sheet material tests furthermore did not reveal a consistent trend towards MLSS content (Table

6.3), as opposed to the pilot scale module. For instance, Jc for the PVDF 0.08 µm membrane

material (the bench-scale material identical to the pilot scale module material) was lower with

higher MLSS content, whereas the FS pilot scale module presented best �ltration performance

at 12 g.L−1.

The di�erent �ndings between bench and pilot scale �at sheet results were assumed to be

caused by the set-up themselves, with the pilot scale being an aerated system, while the

bench-scale biomass was non-aerated and exposed to further shear stress due to the additional

circulation pump. Also, the retentate and permeate �ow direction was di�erent between

the two scales, leading to a higher risk of biomass material accumulation on the membrane

surface for the bench-scale material. These �ndings were supported by additional experiments

undertaken to assess the impact of particle size distribution, which are reported in Chapter 8.
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Figure 6.9.: Comparison of Jc to MLSS content of (a) �at sheet material and (b) single-tube

Filtration performances between all four tubular membrane materials varied widely, with

critical �uxes ranging from 16 LMH for sMT01 and up to 36 LMH for sMT03. The most

consistent �ltration performance with the lowest total membrane resistance was found in

the sMT04 membrane sample, which might indicate it as the optimal material choice for

the multi-tubular membrane module. The highest total �ltration resistance with the highest

determined irreversible fouling resistance was found in the sMT02 membrane material. No

direct correlation was observable between Jc and the MLSS content of the biomass for the

range of materials tested (Figure 6.9).
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6.5. Summary

As previously established in Chapter 5, permeability changed signi�cantly per module tested.

Filtration protocols without backwash were found in general to result in lower permeability

compared to critical �ux tests including relaxation/backwash step, which had been expected.

However, the range of permeabilities determined within each repetition series was found to

be very broad and emphasising the importance of replication. It furthermore emphasised

the impact of membrane history, which can not be neglected even if a cleaning procedure

re-establishes a permeability close to the original permeability. The deviation range of repli-

cated tests was found to be much higher for the non-backwash trials for all three membrane

con�gurations tested.

In this section, critical �uxes obtained through short-term tests were compared at MLSS con-

centration ranging from 3 to 12 g.L−1 with opposing results gained for the di�erent membrane

pilot scale module con�gurations, and moreover also for the di�erent bench scale material

(Table 6.2). To investigate the potential impact of scale on the experiments conducted, pilot

scale and bench-scale were run in parallel during this study. Surprisingly di�erent trends were

reported, not only between di�erent membrane module con�gurations in pilot scale, but also

between the di�erent scales of experiments; hence between bench and pilot scale of the same

membrane material and con�guration. For instance, while the MT pilot scale module showed

best �ltration behaviour at MLSS content of 7 g.L−1, which was furthermore con�rmed by the

lab scale single tube module of same material, the lab scale modules made of PES revealed a

completely di�erent �ltration behaviour.

When comparing the MLSS content measured at the retentate lines of each individual module

with the critical �ux determined at the novel �ux step protocol, a direct correlation was

evident for the FS and HF modules (FS: R2=0.6917 ; HF: R2=0.8214 ) but not for the MT

module (MT: R2=0.031 , Figure 6.10). Indeed, with the FS and HF modules the permeability

clearly improved when the MLSS concentration increased with permeabilities of about 300

LMH.bar−1 at a MLSS concentration of 4 g.L−1 up to 900 LMH.bar−1 at 15 g.L−1. For the

MT module, no clear correlation of the permeability with the MLSS could be found.
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Figure 6.10.: Correlation of Jc with MLSS content of retentate lines (MLSSRET ) at constant
aeration rates.

While the best �ltration performance of the MT membrane module within this work was

found for an MLSS content of 7 g.L−1 with permeability decreasing for higher MLSS, studies

conducted at the same pilot hall revealed the best �ltration performance was at the highest

MLSS content for �ux step tests undertaken with MT membrane modules (Brookes, 2005;

Le-Clech, 2002). For instance, Le-Clech (2002) reported no di�erence between MLSS content

of 4-8 g.L−1, whereas critical �ux signi�cantly increased with MLSS increasing to 12 g.L−1.

Brookes (2005) on the other hand reported the highest transitional �ux at the highest MLSS

content tested (18 g.L−1) (Table 6.2).

For a large pilot scale submerged HF membrane module, Germain (2004) observed a sustain-

able �ux of 16.5 LMH. Below the sustainable threshold value, the �ltration performance of

the membrane module seemed independent of biomass make-up parameters, whereas above

permeability was reported to deteriorate with increasing MLSS content and increasing bound

EPS. Bouhabila et al. (1998) reported for a small lab scale HF, the lowest critical �ux at

MLSS of 8 g.L−1 gave no di�erences in critical �ux for tests at MLSS 15 or 4 g.L−1. Bottino

et al. (2009) on the other hand, compared three di�erent membrane materials in submerged

HF lab-scale mode to identify critical �ux at varying MLSS content and reported a decrease of

Jc with increasing MLSS. Howell et al. (2004) carried out �ux step tests at varying biomasses

(5.4 to 21.1 g.L−1) and also observed the lowest fouling rates at MLVSS 12.5 g.L−1, whereas

the highest fouling rate was observed at MLVSS 5.14 g.L−1. Howell et al. (2004) furthermore

indicated that history dependent fouling is a complex phenomenon that is di�cult to quantify,

and that membrane fouling models might be �tting well to the experiment they were devel-

oped from, but due to the complex interaction of membrane history it is almost impossible to

apply to further tests, which is also indicated in this current work during the repetitive trials.
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Table 6.2.: Comparison of impacts of MLSS on critical �uxes - literature data and this study
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Table 6.3.: Comparison of impacts of MLSS on critical �uxes - literature data and this study
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6.5 Summary

Generally, little is reported in literature about clogging events in MBR systems. This might be

due to the usual set-up being a submerged system, where distinguishing between membrane

fouling and clogging of membrane spacer/membrane lumen is almost impossible. In this study,

the clogging phenomenon could be well observed due to the set-up as air-lift side-stream mode

with the membrane chamber being made of Plexiglas. Sudden TMP increases, which are regu-

larly reported in literature as a �nal detrimental fouling step (Brookes, 2005; Guglielmi et al.,

2007a; Judd, 2006; Zhang et al., 2006) with fouling rates increasing exponentially with �ux,

were attributed to a number of models (Judd, 2011), but nonetheless to clogging. However,

rapid increases in TMP with increasing �ux in this study was found not only to be attributed

to the fouling phenomenon, for instance, as observed at lower MLSS content for the FS mod-

ule, but also to the clogging phenomenon especially at higher MLSS content and long-term

�ltration. Data should therefore be analysed for both phenomenon, clogging and fouling, when

describing the positive or negative impact of MLSS on membrane �ltration performance.
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7. Results and Discussion: Fouling control

by air scouring

7.1. Scope

Membrane scouring caused by an increase of aeration has been identi�ed an e�ective technique

for improving membrane �ltration performance due to a reduction of particle deposition on

the membrane surface (Judd, 2006; Stephenson et al., 2000; Wintgens et al., 2003). However,

the advantage of increased aeration was reported in several studies to be e�ective only up

to a certain threshold value where above a further increase in aeration does not reveal fur-

ther improvements in �ltration performance (Bouhabila et al., 2001; Le-Clech et al., 2003b;

Ueda et al., 1997). Whilst reducing membrane fouling is lowering maintenance costs, such as

membrane cleaning and membrane replacement, applying aeration to control membrane foul-

ing is one of the main cost parameters for wastewater treatment in full scale MBRs (Brepols

et al., 2010). Hence, optimised aeration rates during membrane �ltration are essential for a

cost-e�ective membrane operation.

Within this study, three di�erent membrane modules (MT, FS, HF) were investigated for their

fouling potential during di�erent aeration scenarios using short-term critical �ux tests. For

the trials, MLSS concentration and HRT were maintained at chosen values and the �ltration

of the three modules was assessed for a range of speci�c aeration demands (SADm). Due to

the set-up as an air-lift side-stream operation and the subsequently required relatively high gas

hold-up to create an e�ective cross-�ow, the minimum possible aeration rate for side-by-side

comparison of all three modules was 0.5 Nm3m−2h−1 SADm, which is higher compared to the

lowest full scale aeration rates, but within range of typical pilot scale data (Table 7.1).
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7.1 Scope

Table 7.1.: Typical aeration rates [SADm in N.m3m−2h−1]

For the aeration rates applied within the current study, the resulting cross-�ow velocities (CFV

measured as air-liquid-solid three-phase cross �ow velocity) were determined between 0.0007

m.s−1 to 0.019 m.s−1 for the FS module, 0.0038 m.s−1 to 0.022 m.s−1 for the HF module and

0.0167 m.s−1 to 0.0936 m.s−1 for the MT (Figure 7.1). The �ux step tests were chosen to

be run under similar �ltration patterns than full scale operations using a �ltration cycle of

10 minutes with 540 second on, 60 second relaxation including 10 seconds backwash where

con�guration permitted with a step height of 5 LMH (Table 4.6). Overall, the membrane

modules were tested for three di�erent MLSS concentrations between 3 and 12 g.L−1.
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Figure 7.1.: Resulting CFV from chosen SADm rates for di�erent module con�gurations and
varying MLSS content.
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Intensive membrane aeration was reported to not only intensify the shear rates on the mem-

brane surface, but also on the MBR biomass, reducing �oc size and releasing colloidal parti-

cles and SMP, which in turn was reported to increase pore blocking and colloidal fouling of

the membranes (Menniti et al., 2009; Stricot et al., 2010; Wisniewski and Grasmick, 1998).

Biomass parameters were therefore not only monitored for the aeration tank, but also for the

retentate line of each membrane module.

Results for biomass impact are reported in Chapter 8. Furthermore, a study to investigate the

changes of sludge �lterability due to side-stream operation was conducted in parallel, applying

the Delft Filtration Method (DFCm), with results being reported summarised in Section 7.4

(page 143) and explained in detail in Appendix A.

7.2. Permeability Development of Critical Flux Trials at

di�erent SADm and MLSS content

The results obtained during varying aeration scenarios indicated, similarly to the observation

reported in the previous chapter, that �ltration performance varied signi�cantly depending on

the membrane module tested (Figure 7.2 to Figure 7.7).

7.2.1. MT module

Limited fouling was observed for the multi-tubular module for lower MLSS concentrations (≈
3-4 g.L−1) with Pave up to approximately 160 mbar at a �ux (J20) of 45 LMH (Figure 7.2a). In

these conditions, an increased SADm had only a limited e�ect on the membrane performance.

Moreover, an amelioration in the �ltration performance was observed for SADm, decreasing

from 1.0 Nm3m−2h−1 to 0.5 Nm3m−2h−1, whilst the best permeability values were measured

for a SADm rate of 1.5 Nm3m−2h−1. Membrane fouling of the MT module was found to

progressively increase when MLSS content increased to 7 g.L−1 and then to 12 g.L−1 with

Pave of above 400 mbar and above 650 mbar respectively.

With a MLSS content of 7 g.L−1 (Figure 7.2b), similar trends compared to MLSS 3-4 g.L−1

were observed for the range of SADm tested (0.5 Nm3m−2h−1 ≤ SADm ≤ 2.0 Nm3m−2h−1)

and for �uxes (J20) up to approximately 32 LMH with a linear evolution of Pave. Above that

�ux, fouling was found to increase with decreasing SADm. For example, at a �ux of about 50

LMH, Pave values of 120, 145, 190 and 230 mbar were measured for SADm of 2.0, 1.25, 1.0

and 0.5 Nm3m−2h−1. This was expected as more scouring of the membrane surface was likely

to be achieved with higher air �ow rates.
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Figure 7.2.: Permeability curves for critical �ux trials at di�erent aeration rates and varying
MLSS content - MT module: (a) MLSS 3-4 g.L−1; (b) MLSS 6-7 g.L−1; (c) MLSS
12 g.L−1.
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While the best �ltration performance was determined for the highest aeration rates (SADm

of 1.75 and 2.0 Nm3m−2h−1), no further increase in permeability could be observed between

both SADm rates, revealing a threshold value above which no further increase in �ltration

performance could be observed, as reported in literature (Bouhabila et al., 2001; Le-Clech

et al., 2003b; Ueda et al., 1997).

Similar behaviour was also observed at a MLSS content of 12 g.L−1, where signi�cant fouling

of the membrane was observed for SADm below 1.5 Nm3m−2h−1 (Figure 7.2c). In fact, critical

�ux trials at MLSS 12 g.L−1 and SADm rates of 1.0 Nm3m−2h−1 had to be stopped at a �ux

step of 35 LMH (Figure 7.2c) due to re-occurring lumen clogging, resulting in a signi�cant

increase of the TMP up to 700 mbar at �uxes above 20 LMH.

Due to the results gained for SADm = 1.0 Nm3m−2h−1, no further trials were undertaken for

aeration rates below 1.0 Nm3m−2h−1 as an even poorer membrane performance was expected.

For SADm of 1.5, 1.75 and 2.0 Nm3m−2h−1 at this MLSS concentration, Pave was found

to increase linearly up to a �ux of approximately 35 LMH. For Pave at higher �uxes for

these di�erent SADm, hysteresis revealed better �ltration performance with increasing aeration

rates, so Pave at J20 of approximately 50 LMH was to be 256 mbar for SADm =2.0 Nm3m−2h−1

and 379 mbar, 386 mbar for SADm = 1.5, 1.75 Nm3m−2h−1 respectively.

The best �ltration performance observed for the MT module was for a lower MLSS content

and more commonly for SADm values at 1.5 Nm3m−2h−1 or above. The data obtained for

the MT module revealed linearity between SADm and Jc analogues as reported in literature

for the FS module (Guglielmi et al., 2008) and MT module (Le-Clech et al., 2003b), which

was however, in opposition to observations for the FS and HF modules in the current study

(see Figure 7.5, page 135 and Figure 7.6, page 136).

The impact of increased aeration intensity on Jc for the MT module was found to be higher

with a higher MLSS content (Figure 7.3). This could be attributed to the e�ect of higher

aeration lowering the susceptibility to lumen clogging at a higher MLSS content. The higher

the aeration intensity, the lower the di�erence was found between Jc of the MT module at

varying MLSS contents (Figure 7.3).
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7.2.2. FS module

Overall, the FS module revealed unexpected results, where better �ltration performances were

most commonly observed for lower SADm values. Moreover, this e�ect was found to be

intensi�ed for the lower MLSS contents (Figure 7.4).

For critical �ux trials at a MLSS content of 3-4 g.L−1, the measured Pave at the lowest aeration

rate of 0.5 Nm3m−2h−1 increased linearly and remained below 75 mbar for �uxes up to 40

LMH, whilst at the same �ux Pave increased above 115 mbar for any trials at higher aeration

rates (SADm ≥ 1.0 Nm3m−2h−1; Figure 7.4a). Indeed, critical �uxes of approximately 18 and

23 LMH were found for SADm of 1.0 and 1.25 Nm3m−2h−1. The lowest �ltration performance

was observed for both critical �ux trials at SADm = 1.0 Nm3m−2h−1 (maximum Pave,FS =

330 mbar, 418 mbar respectively). The hysteresis e�ect observed for the decreasing �uxes

for the duplicate tests at a SADm of 1.0 Nm3m−2h−1 suggested that irreversible fouling had

occurred.

The maximum Pave,FS for the highest �ux step of critical �ux trials undertaken at MLSS ≈
6-7 g.L−1 varied from 67 mbar (J20 = 61 LMH for SADm = 0.5 Nm3m−2h−1) to 412 mbar

(J20 = 51 LMH; SADm = 1.0 Nm3m−2h−1) with the �ltration performance clearly showing

to decrease over experimental period (Figure 7.4b). The lowest resistance to �ltration was

found for the �rst two trials (SADm = 1.0 and 0.5 Nm3m−2h−1), with Pave increasing linearly

for �uxes up to 60 LMH . Interestingly, Pave increased linearly up to a critical �ux of 38

LMH for the rest of the tests with SADm ranging from 0.75 to 1.5 Nm3m−2h−1, where a

better �ltration performance was observed for an aeration rate of 0.75 Nm3m−2h−1 than for

higher aeration rates applied thereafter. The suspected decline in sludge �lterability could

be observed for the duplicate tests carried out at a SADm of 1.0 Nm3m−2h−1, with one test

revealing no fouling for the range of �uxes tested whereas the other fouled rapidly with the

hysteresis curve indicating irreversible fouling. This decline in sludge �lterability could, in

fact, be con�rmed during a study conducted in parallel applying the Delft Filtration method

(see a detailed description in Appendix A) with the FS module found to be highly impacted

by changes in sludge �lterability, as opposed to the MT module.

At a MLSS of 12 g.L−1 (Figure 7.4c), the best �ltration performance for the FS module were

monitored. Apart from one critical �ux trial at a SADm of 0.6 Nm3m−2h−1, where clogging

occurred at �uxes above 45 LMH, the maximum Pave,FS were found to remain below 67

mbar for �uxes (J20) up to 60 LMH. For all the trials with SADm ranging from 0.9 to 1.2

Nm3m−2h−1, Pave increased linearly for �uxes up to 60 LMH. Indeed, for the trials with a

SADm of above 0.6 Nm3m−2h−1, very limited changes in membrane fouling could be observed

with no obvious impact of the increased aeration rate.
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Figure 7.4.: Permeability curves for critical �ux trials at di�erent aeration rates and varying
MLSS content - FS module: (a) MLSS 3-4 g.L−1; (b) MLSS 6-7 g.L−1; (c) MLSS
12 g.L−1.
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Overall, the determined critical �uxes for the FS module varied between 12 and 60 LMH for

the air-rates and MLSS ranges tested (Figure 7.5). In contrast to the MT module and to

previously mentioned studies reported in literature (Guglielmi et al., 2007a, 2008; Le-Clech

et al., 2003b), no linearity between SADm rates and Jc could be observed. In fact, for lower

aeration rates at lower MLSS contents, higher critical �uxes were determined (Figure 7.5).

This phenomenon could be attributed to changes in sludge �lterability due to dewatering of

the biomass during the side-stream passage and will be further discussed in Section 7.4 (page

143).
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7.2.3. HF module

Overall, the HF module displayed less susceptibility to fouling than the other modules tested.

Indeed, for all of the conditions tested Pave,HF remained below 120 mbar (Figure 7.7). Vari-

ations of SADm were also found to have limited impact on the overall �ltration performance

of this membrane module (Figure 7.7). For instance, at MLSS 3-4 g.L−1 the best perme-

ability values were determined for the highest SADm applied (SADm = 1.25 Nm3m−2h−1)

with the maximum Pave,HF measured at 74 mbar and a di�erence in maximum Pave,HF to

others applied, SADm remained as little as 15 mbar (Figure 7.7a). On the other hand, at

MLSS 6-7 g.L−1 the best �ltration performance was observed for the lowest SADm rate of

0.25 Nm3m−2h−1 with Pave,HF = 83 mbar at a �ux (J20) of 63 LMH. The highest average

trans-membrane pressure was determined for a SADm of 0.5 Nm3m−2h−1 with Pave,HF = 102

mbar at a similar �ux (J20 = 65 LMH).

Similarly to the FS module an increase in permeability was observed with increasing MLSS.
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For example, at a �ux of 30 LMH and the range of SADm, Pave,HF of about 55, 38 and

35 mbar were observed for MLSS contents of 4-5, 6-7 and 12 g.L−1, respectively. The best

overall �ltration performance was indeed observed at a MLSS concentration of 12 g.L−1 where

the critical �ux was not reached for �uxes up to 65 LMH even for a SADm as low as 0.6

Nm3m−2h−1.

Linearity between Jc and aeration intensity was not evident for this membrane module. In

fact, the higher the MLSS content, the lower the impact of varying aeration intensity, which

was clearly in opposition to the MT module. For the lower MLSS content, Jc slightly increased

with decreasing aeration intensity, which was similar to the FS module, though evidence was

less signi�cant (Figure 7.6).
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7.3. Fouling rates - dP/dt, dPp,s/dt

Values determined for fouling rates of cake layer (dP/dt) and residual peak fouling (dPp,s/dt)

varied widely for the individual modules tested and ranged up to 75.0 mbar.min−1 dP/dt and

25.0 mbar.min−1 dPp,s/dt for the MT module, 33.0 mbar.min−1 dP/dt and 20.0 mbar.min−1

dPp,s/dt for the FS module, and 5.1 mbar.min−1 dP/dt and 1.1 mbar.min−1 dPp,s/dt for the

HF module respectively (Figure 7.8 to Figure 7.10).

7.3.1. MT module

The MT module showed a signi�cant increase in both dP/dt and dPp,s/dt with increasing

MLSS content. While the maximum determined dP/dt was 13 mbar.min−1 at MLSS 3 g.L−1

for the test conducted at SADm 1.0 Nm3m−2h−1, the maximum dP/dt for the same aeration

rate reached 28 mbar.min−1 at MLSS 7 g.L−1 and more than 70 mbar.min−1 at MLSS 12

g.L−1, respectively.

Similar high ranges were found for dPp,s/dt with maximum values being 5 times higher at the

peak step for MLSS 7 g.L−1 and 10 times higher at the peak step for MLSS 12 g.L−1 than

at MLSS 3 g.L−1. Most importantly to note is that �uxes varied signi�cantly and thus, for

instance, at a �ux of 30 LMH the MT module exhibited a fouling rate of 4.5 mbar.min−1

at MLSS 3 g.L−1, 1.6 mbar.min−1 at MLSS 6 g.L−1 and 25 mbar.min−1 at 12 g.L−1 MLSS

respectively for the aeration trial at SADm 1.0 Nm3m−2h−1. dPp,s/dt for the same �ltration

rate trial were found to vary from 1.2, 0.8 and 18 mbar.min−1 for MLSS 3, 6 and 12 g.L−1,

respectively. The high fouling rate determined at 12 g.L−1 was attributed to the clogging

phenomenon which was observed at the lowest aeration rate at that MLSS series (Figure 7.8).

7.3.2. FS module

The FS module exhibited the lowest fouling rate at MLSS 12 g.L−1, with dP/dt and dPp,s/dt

remaining below 4.0 and 1.5 mbar.min−1 respectively, except for the clogging event where the

fouling rate rose up to 28 mbar.min−1 dP/dt at a �ux of 50 LMH and up to 23 mbar.min−1

dPp,s/dt at 55 LMH (Figure 7.9).

For trials at the lowest MLSS content, it was again very interesting to note that the lowest

dP/dt and dPp,s/dt were determined for the lowest SADm trial of 0.5 Nm3m−2h−1, with dP/dt

remaining below 2.0 mbar.min−1 for dP/dt and below 0.8 mbar.min−1 dPp,s/dt, respectively.

The highest fouling rates were determined at that MLSS content for both aeration trials at

SADm 1.0 Nm3m−2h−1 with dP/dt reaching 25 mbar.min−1 at a �ux of 35 LMH and dPp,s/dt

5 mbar.min−1 at the same �ux. On the example of the trial conducted at a SADm rate of

1.0 Nm3m−2h−1, dPp,s/dt was found to provide a good indication for the reversibility of the
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�ltration protocol with values reaching up to -3 mbar.min−1 for the descending �ux of 20

LMH.

Similar to the test at MLSS 3 g.L−1, the lowest fouling rates of the test series conducted at

MLSS 7 g.L−1 were also determined at the lowest aeration rates of SADm 0.5 Nm3m−2h−1

with dP/dt ≤ 2.5 mbar.min−1 and dPp,s/dt ≤ 1.0 mbar.min−1.

In fact, during the study conducted in parallel applying the DFCm method, this phenomenon

could be linked to an increase of MLSS content during the passage of the side-stream vessel,

which resulted in an amelioration of sludge �lterability and will be further discussed in Section

7.4 (page 143).

7.3.3. HF module

The HF module exhibited the least variation in both, dP/dt and dPp,s/dt, with a maximum

fouling rate of 5.75 mbar.min−1 for dP/dt and 1.1 mbar.min−1 for dPp,s/dt, respectively.

Overall, it was found that the distribution of determined fouling rates was very scattered

throughout the varying aeration rates, �uxes and MLSS concentration, which made a clear

determination of critical �ux based on fouling curve plots (dP/dt or dPp,s/dt vs. �ux) impos-

sible, also at logarithmic scale (Figure 7.10).
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Figure 7.8.: Fouling rates (classical dP/dt vs. peak fouling dPp,s/dt) for critical �ux trials at
di�erent aeration rates and varying MLSS content - MT module: (a) MLSS 3-4
g.L−1; (b) MLSS 6-7 g.L−1; (c) MLSS 12 g.L−1.
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Figure 7.9.: Fouling rates (classical dP/dt vs. peak fouling dPp,s/dt) for critical �ux trials
at di�erent aeration rates and varying MLSS content - FS module: (a) MLSS 3-4
g.L−1; (b) MLSS 6-7 g.L−1; (c) MLSS 12 g.L−1.
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Figure 7.10.: Fouling rates (classical dP/dt vs. peak fouling dPp,s/dt) for critical �ux trials
at di�erent aeration rates and varying MLSS content - HF module: (a) MLSS
3-4 g.L−1; (b) MLSS 6-7 g.L−1; (c) MLSS 12 g.L−1.
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7.4. The positive e�ects of low membrane aeration

Aeration intensities have been reported to have a negative impact on membrane permeability

if they are too low, causing an insu�cient removal of membrane foulants and hence increasing

cake layer resistance, but were also reported to have a negative impact if aeration intensities

are too excessive, causing �oc break up and releasing membrane foulants which in turn lead

to permeability decline (Meng et al., 2009).

Whilst the MT module revealed the expected higher �ltration performance during increased

aeration rates, the FS and the HF modules have shown decreased permeability with increasing

aeration intensity during the previously reported aeration studies. This may have led to the

conclusion that the applied aeration rates may have caused �oc damage leading to detrimental

sludge properties decreasing �ltration performance for the FS and HF modules.

However, during a simultanous study applying the Delft Filtration Method at a MLSS content

of 6-7 g.L−1, it became clearly evident that after the passage of the side-stream vessels, the

biomass exhibited a signi�cant amelioration in resistance of sludge �lterability (∆R20, section

A.5, page 233). This was mostly obvious for the FS module and the HF module. The en-

hanced sludge �lterability of the biomass after the passage of the side-stream vessel could also

be related to the positive e�ects on the �ltration performance of the individual side-stream

module.

This amelioration of increased sludge �lterability could be related to an up-concentration of

the biomass during the side-stream vessel passage, which became higher the lower the aeration

rate and the higher the �ux of the membrane module. The parameter involved was found to

be the dewatering of the biomass within the side-stream vessel, which is a function of �ux

and cross-�ow velocity, and the e�ective cross-sectional area of the membrane �ltration unit,

hence a function of �ux and the e�ective SRT of the sludge during the �ltration process.

The positive e�ect of the dewatering was not only found for lower aeration rates, but also

for trials at constant aeration rates and with changing �uxes (see section A.5, page 233). A

further improvement of sludge �lterability due to higher dewatering could also be con�rmed

during the �ux step tests for steps at higher LMH rates. Due to the di�erent con�gurations,

the parameter dewatering was found to be higher for the FS and HF modules at the same

SADm rate and �ux than for the MT module. Assessing the parameter for all critical �ux trials

conducted at varying aeration rates, it became evident that the previously observed higher

�ltration performances of the FS and HF modules at lower aeration rates could be linked to

the e�ect of sludge up-concentration due to the dewatering of the biomass (Figure 7.11). No

such e�ects were observed for the MT module, which emphasised the di�erence between the

two �ltration modes, out-to-in and in-to-out, with the latter clearly bene�ting from higher

cross-�ow velocities.
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Figure 7.11.: Permeability values at 30 LMH step vs. dewatering of the individual sidestream
module: (a) MT module; (b) FS module; (c) HF module.
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7.5. Summary

As previously observed during the di�erent critical �ux trials, determined Jc varied widely

and did not necessarily reveal the correlation pattern expected. For instance, the FS and HF

membrane modules both presented a signi�cant increase of Jc with increasing MLSS content

of the biomass (Figure 7.12). The lowest Jc was determined for the �at sheet module at MLSS

3 g.L−1 with 16 LMH and the highest at MLSS 12 g.L−1 with 60 LMH. The HF revealed an

almost constant Jc of 20 LMH at MLSS 3 g.L−1, which increased up to 58 LMH at MLSS 12

g.L−1. The MT module on the other hand, did not reveal such a pattern, but Jc was shown to

increase with increasing aeration rates and a maximum was determined for an MLSS content

of 6 g.L−1 with almost 50 LMH, compared to 29 LMH at MLSS 3 g.L−1 and 7 LMH at 12

g.L−1, respectively (Figure 7.12).
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Figure 7.12.: Comparison of determined critical �ux Jc for di�erent aeration rates at varying
MLSS content.

The positive e�ects of air scouring on the MT membrane resulted in a linear relationship be-

tween Jc and the applied aeration intensity, which became more signi�cant the higher MLSS

content and which were furthermore found to be in accordance with what has been reported

in literature (Guglielmi et al., 2007a, 2008; Le-Clech, 2002). The absence of such a correlation

for the HF and FS modules emphasised the �ndings within this study, that air scouring was

not e�ective in providing better membrane performances for the latter two types of mem-

brane modules below a certain MLSS level. In fact, due to the results obtained during the

sludge �lterability measurements, it became evident that for lower MLSS concentrations of

the biomass (3-7 g.L−1 during the current work), operating the FS and HF at lower air rates
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(and/or higher �uxes) increased MLSS concentration next to the membrane surface, which in

turn ameliorated the permeability of the respective membrane module.

However, at an MLSS range more typical for a full scale MBR operation (12 g.L−1), the critical

�ux development under di�erent aeration scenarios was found to be similar to other studies

reported in literature (Guglielmi et al., 2007a, 2008; Le-Clech, 2002) for all three membrane

modules (Figure 7.13). For instance, at a biomass concentration of 12 g.L−1 the critical �ux

was found to have increased for the �at sheet module up to a threshold of 0.06 m.s−1. Above

that threshold value, no further increase of Jc could be observed, which was in accordance

with observations made by Guglielmi et al. (2007a) for a large FS pilot plant.
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Figure 7.13.: Comparison of determined critical �ux Jc and aeration intensity. (MT(12),
FS(12), HF(12): results within this study for the three pilot scale modules at
MLSS content 12 g.L−1; (a)-FS1(20), (a)-FS2(20), (b)-HF(10): pilot scale data
taken from Verrecht et al. (2008), adapted from Guglielmi et al. (2007a, 2008) -
FS at 20 g.L−1 MLSS; HF at 10 g.L−1 MLSS; (c)-MT(12): MT lab scale results
adapted from Le-Clech (2002) at 12 g.L−1 MLSS)

Due to the insights gained during the sludge �lterability measurements (DFCm), it was pos-

tulated that due to the dewatering of the biomass during the passage of the side-stream vessel,

a sludge amelioration was achieved, which in turn was also positively impacting the �ltration

performance of the respective side-stream membrane module (see Section A.5, page 233; Fig-

ure A.11, Figure A.13). While the e�ects were signi�cant for the �at sheet and hollow �bre

modules, the multi-tubular module remained almost una�ected (Figure A.11, Figure A.13,

page 233, Figure A.13). In contrast to the �at sheet and hollow �bre modules, the multi-
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tubular module presented the expected increase in permeability with an increasing air-�ow

rate up to a certain threshold level and depending on the MLSS content of the biomass.

However, amongst others, some researches found that applying aeration, to a certain extent

signi�cantly improved membrane �ltration performance (Bouhabila et al., 1998; Germain et al.,

2005; Howell et al., 2004; Ueda, 2001). Prieske et al. (2008) on the other hand, also observed

a decrease of Jc with increasing cross-�ow velocity of a �at sheet test cell. This trend was

consistent for a range of MLSS tested. It is most likely that the observed sludge �ltration

amelioration due to the dewatering of sludge as a result of lower sidestream passage, might

have had an impact on the �ndings. In fact, Monclus et al. (2010) tested three submerged

modules individually and could observe a slightly higher Jc for the middle module, which

might also be attributed to the e�ects observed during the sludge �lterability measurements.

The membrane module placed in the middle row would therefore have bene�ted from the

dewatering of the passing biomass through the surrounding modules.

Furthermore, Ueda et al. (1997) and Ueda (2001) suggested that fouling amelioration could

be achieved with a higher packing density due to the greater e�ective cross-�ow velocity. This

conclusion is in accordance with Liu et al. (2000), who reported ideas regarding the optimised

design for a submerged MBR module.

Considering the observations made within the current work it might, however, be assumed that

a higher packing density would lead to fouling amelioration regardless of the greater e�ective

cross-�ow velocity, as the ameliorating e�ect would arise from the higher sludge dewatering

which would increase with a higher packing density. An increase in aeration would then

subsequently be used to avoid biomass accumulation between the �at sheet and �bre bundles,

respectively. Higher aeration rates would therefore be applied to the prevention of clogging

rather than fouling. However, further impact factors still need to be considered which were

not intensively studied during this work. For instance, Guglielmi et al. (2007a) suspected

feed water characteristics to be the most important factor in the sub-critical fouling rate. A

high susceptibility to biomass changes was also observed during the DFCm �ltration trials,

especially for the FS module.

Furthermore, it needs to be mentioned, that despite the fact that the DFCm measurements

could be clearly correlated to permeability data of the membrane modules within this current

work, a further comparison by Delft University researchers, revealed a lack in correlation of

sludge �lterability measurements with permeability data of other pilot and full scale plants

investigated (Moreau et al., 2009). It was concluded that reliable correlations were obtainable

if membranes are close to virgin membrane conditions, e.g. cleaned on a regular basis. This

is in accordance with the limitations manifested by Howell et al. (2004), who excluded the

e�ects of membrane history to be predictable and would also explain the good �tting within

this study, as membranes were thoroughly cleaned prior each measurement.
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Table 7.2.: Comparison of e�ects of aeration on critical �ux - MT

Conf. Scale Material Feed MLSS Aeration Jc Observation Reference

g.L−1 a, (b), [c] LMH

ss MT LS (45L) PES 0.01 µm municipal 4 - 12 0.07; 0.22a 37 - 109 increased Jc with increased aeration Le-Clech et al.
(2003b)

ss MT PES 0.1µm 4 - 12 0.07; 0.22a 16 - 121 highest Jc for highest MLSS

sub MT LS (45L) PES 0.2µm municipal 3 0 - 0.25a 6 - 26 increased Jc with increased aeration
Le-Clech et al. (2005)

ss MT PES 0.2µm 0.05-0.55a 10.5 - 16 for both con�guration; fouling rate for
sidestream general higher than for
submerged system

ss MT LS (40L) PES 0.03µm municipal 7 0.16-0.28a 24 - 36 increased Jc with increased aeration
Alvarez-Vazquez et al.
(2008)

ceramic >60 no impact of changes in aeration
observable

ss MT LS (34L) ceramic 150kDa grey water 8.8 0.73-1.95a >70 no impact observable
Pidou (2006)

ss MT ceramic 300kDa 8.8 0.73-1.22a >70 Jc always above 70 LMH

ss∗ MT pilot 2
m2

PVDF 0.03µm municipal 3 - 12 (0.016-0.09)b

[0.5-2.0]c
16 - 50 increased Jc with increased aeration this study (bw)

Aeration data as: xa = super�cial gas velocity uair in m.s−1; (x)b = super�cial liquid velocity ulq in m.s−1; [x]c speci�c aeration demand in N m3m2h−1
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Table 7.3.: Comparison of e�ects of aeration on critical �ux - FS

Conf. Scale Material Feed MLSS Aeration Jc Observation Reference

g.L−1 a, (b), [c] LMH

sub FS lab
(3.5L)

PE 0.4 µm synthetic
wastewater

17 0.025-0.21a ≈10 - 23 increasing Jc with increasing aeration
- limitation to aeration at 0.2 to
exceed further increase of Jc than
23LMH

Howell et al. (2004)

ss∗ FS test cell PVDF 0.2µm sludge
from
synthetic

8 - 10 0.02a

(0.2-0.4)b
≈6 - 11 decreasing Jc with slight increasing

cross-�ow velocity;trend consistent for
range of gas �ow velocity,

Prieske et al. (2008)

fed MBR 0.07a

(0.2-0.4)b
≈19 - 23 Jc in general higher for super�cial gas

velocity of 0.07

sub FS pilot PE 0.04µm municipal 20 [0.5-1.0]c 21.0 - 40.0 Jc increased with increasing aeration
rate; threshold value of 0.88; 0.94 N
m3m2h−1

Guglielmi et al.
(2008)

ss∗ FS pilot 2
m2

PVDF 0.08µm municipal 3 - 12 (0.002-0.02)b

[0.5-2.0]c
16 - 60 decreased Jc with increased aeration this study (bw)

Aeration data as: xa = super�cial gas velocity uair in m.s−1; (x)b = super�cial liquid velocity ulq in m.s−1; [x]c speci�c aeration demand in N m3m2h−1
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Table 7.4.: Comparison of e�ects of aeration on critical �ux - HF

Conf. Scale Material Feed MLSS Aeration Jc Observation Reference

g.L−1 a, (b), [c] LMH

sub HF pilot PVDF 0.04µm municipal 4 - 13 0.07 - 0.13a ≈ 16 - 22 transitional �ux between 16 and 22
LMH, below which fouling remained
low regardless aeration (or MLSS);
higher MLSS and higher �uxes
required higher aeration to maintain
performance

Germain (2004)

sub HF lab
(2.5L)

PS 0.2-0.4µm synthetic
wastewater

4 - 15 [≈1.25-50]c ≈ 10 - 30 Increasing Jc with increasing
aeration; highest shift from lowest
SADm 1.5 to SADm 25 above that
little change was observed

Bouhabila et al. (1998)

sub HF pilot PVDF 0.04µm municipal 10 0.029;
0.048-0.097 a

[0.3; 0.5-1.0]c

24.9; 30.0 -
31.0

lowest aeration rate with lowest Jc of
24.9 LMH; aeration rates above did
not reveal much di�erence

Guglielmi et al.
(2007a)

ss∗ HF pilot 2
m2

PES 0.03µm municipal 3 - 12 (0.003-0.02)b

[0.25-2.0]c
21 - 60 little impact evident for aeration rates

on Jc , decreased Jc with increased
aeration at MLSS content 6-7, no
impact of aeration intensity on Jc at
highest MLSS concentration

this study (bw)

Aeration data as: xa = super�cial gas velocity uair in m.s−1; (x)b = super�cial liquid velocity ulq in m.s−1; [x]c speci�c aeration demand in N m3m2h−1
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8. Results and Discussion: Biomass

Properties and their potential impact on

�ltration performance

8.1. Scope

Membrane fouling is one of the most contradictory discussed topics in membrane research.

The parameters which have been antithetically discussed are (beside operational parameters,

such as solid retention time, organic loading and MLSS content), soluble microbial products

(SMP); particle size distribution and colloids.

To assess the potential impact of the biomass parameter on the di�erent membrane module

�ltration performances, statistical analyses have been applied by using STATISICA and in

order to quantify the signi�cance of the individual parameters, Pearson's correlation factor

was determined.

The parameters assessed included amongst others:

• pH; Temp, DO

• MLSS; TSS, VSS, VTS and the ratio

• soluble microbial products as mg.L−1, mg.g.SS−1 in activated sludge tank, retentate line

and permeates

• particle size, �oc rupture expressed as particle fractionation, for activated sludge tank

and retentate lines

• retention and rejection of the individual membrane modules and the suspected foulants

• the mass of SMP within the feed �ow passing the membrane modules

The membrane �ltration performance was therefore assessed by correlating the above param-

eters to the membrane permeability, the di�erent fouling rates (dP/dt, dPp,s/dt, dPi,s/dt),

the determined critical �ux, the slope of the determined fouling curve of the critical �ux, the

cake layer resistance, and the cake layer velocity of the di�erent membrane modules - for the

di�erent tests conducted. As this resulted in various parameters, only the most signi�cant

ones will be discussed during the following section.

151



8.2 Overall biomass characteristics and e�uent quality of the pilot plant

8.2. Overall biomass characteristics and e�uent quality of the

pilot plant

With installation of the submerged HF module, the HRT of the pilot plant varied between

24.0 to 8.0 hours and hence treated in�uent increased from 2.0 to 6.0 m3.d−1. To reach those

HRT values, the �ux of the submerged HF module was regulated between 4.75 and 14.2 LMH.

The submerged HF ran continuously at constant �ux without any periodical relaxation or

backwash regime. Cleaning was undertaken when necessary with the duration of the cleaning

regime being kept to a minimum. Throughout a run-time of approximately 1.5 year, the

submerged module was cleaned in-situ every three to four months and an intensive ex-situ

cleaning became necessary once. Permeability of the HRT control module dropped from

initially 420 LMH.bar−1 to 30 LMH.bar−1 prior to the intensive ex-situ cleaning. Permeability

was found to be on average approximately 80 LMH.bar−1, with the trans-membrane pressure

being kept below 200 mbar and only reaching at its highest stress period 350 mbar.

Within this study, in�uent concentration of COD was generally found to be of lower average

strength with measured soluble COD concentrations of around 335 mg.L−1, resulting in av-

erage loading rates for organic and sludge loading of 0.550 kg CODsoluble.m
−3.d−1 and 0.091

kg.CODsoluble.kg MLSS−1.d−1, respectively, with HRT being kept between 8 hours and 24

hours. This was, in fact, comparable to other studies for MBR pilot plants, as for instance

Germain (2004) investigated membrane fouling of an MBR pilot plant with loading rates vary-

ing from 0.381 to 0.666 kg CODsoluble.m
−3.d−1 and between 0.047 to 0.100 kgCODsoluble.kg

MLSS−1.d−1 for a hydraulic retention time of 11.5 hours. A compilation of published pilot

plant research data of aerobic MBRs treating municipal/domestic wastewater by Stephenson

et al. (2000), revealed average loading rates of 0.07 to 1.76 kg COD.kg−1.d−1 and 0.49 to 5.78

kg COD.m−3.d−1, respectively.

E�uent concentration values for the permeate of the HRT control module were on average 24.2

mg.L−1 COD, 1.2 mg.L−1 NH4-N and 31.8 mg.L−1 NO3-N resulting in an overall removal of

92.7% for the chemical oxygen demand and 96.2% for ammonium (Table 8.2). Throughout this

study, the e�uent quality of the pilot plant met throughout this study regulations for small

wastewater treatment plants in terms of COD removal with a maximum cCOD determined of

108 mg.L−1 (design limit for COD e�uent: 150 mg.L−1).

Suspended solids within the aeration tank (MLSS) varied between 3.0 and 14.4 g.L−1, with

no speci�c HRT run being attributed to a de�nite range of MLSS content (Table 8.1). Sludge

waste was only intended to obtain the targeted MLSS content and resulted, due to varying

in�uent strength and due to three occasions of unexpected biomass loss, in an MBR operation

with no sludge disposal other than for biomass sampling throughout the study. To avoid false

interpretation of the potential impact arising from steadily increased sludge age but, due to
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the nature of the experiment, likely being attributed to HRT, it was subsequently chosen to

intermittently change HRT from low to high and high to low.

The ratio of MLVSS/MLSS is regarded to be one important parameter to assess the degree

of biomass stabilization with biomass being regarded as stabilised if MLVSS/MLSS remains

above 0.8 (Lyko et al., 2008b). Throughout this study the determined ratio for MLVSS/MLSS

did not drop below 0.8, even though the pilot plant su�ered from a total of three occurrence

of biomass losses. Due to the constant relationship, only the parameter MLSS was used as a

referencing parameter and will be considered hereafter.

Particle size (expressed as d0.5) of the biomass �ocs of the aeration tank changed throughout

this study in high variations from 17 µm and 91 µm, where no signi�cant impact of MLSS

content on the �oc size could be observed. In fact, while only a slight trend was seen for de-

creasing particle size with increasing MLSS content, overall the measured particle sizes seemed

to decrease throughout this study and the decrease in �oc size could rather be attributed to

an alteration of the sludge age of the biomass than to an alteration in HRT or MLSS content

(Figure 8.1).

Concentrations determined for soluble microbial products (SMP) within the supernatant

varied widely from 12.1 to 139 mg.L−1 for DOC, 2.8 to 68.3 mg.L−1 for proteins and 5.0 to 483

mg.L−1 for carbohydrates (Table 8.1). Throughout this study, concentrations of soluble micro-

bial products, determined as proteins, carbohydrates and DOC of the supernatant, could not

be linked in overall to a speci�c MLSS content or particle size (Figure 8.2). Variations within

concentration of SMP were also found to change signi�cantly within one set of experimental

trials at �xed biomass operation mode (same HRT and SRT tests run on consecutive days).

Highest variations were found for concentration of carbohydrates with, for instance, a reduc-

tion in SMP concentration of over 50% from 44 mg.L−1 to 20 mg.L−1 during 2 consecutive

days of operation (Figure 8.2).

Concentrations of SMP within the permeate of the submerged HF module were found to vary

between 4.2 and 11.6 mg.L−1 for DOC, 2.7 to 27.0 mg.L−1 for proteins and 1.9 to 56.3 mg.L−1

for carbohydrates. Turbidity of the bulk phase of the aeration tank varied overall from 0.512

to 13.2 NTU, whereas turbidity within the permeate line of the HRT-control module was

measured from 0.101 to 1.099 NTU.
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Figure 8.1.: Floc size distribution within the 2.2 m3 membrane aeration - overall variation
within this study (a) vs MLSS content (b) vs time of plant operation.

The observed retention for the submerged HF module resulted on average in 78.0% for DOC,

45.8% for proteins and 70.1% for carbohydrates (Table 8.2). Interestingly, as observed for

the side-stream HF module, measured carbohydrates resulted in negatively observed retention

for the submerged HRT control module measured at HRT 8, 10 and 16 with a maximum

value of -30.9% SCarbs. The observed retention, SCarbs, also resulted in the highest observed

value with 92.4%, whereas SDOC remained most consistently around 78.0% with a minimum

observed retention of 59.8% and a maximum of 88.9%. The observed retention for proteins,

SProts, varied between 10.3% and 91.4%.

The most relevant parameters for biomass make-up of the pilot plant and e�uent quality of

the HRT-control module are summarised in Table 8.1 and Table 8.2.
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Figure 8.2.: Variation of SMP throughout this study vs (a) MLSS content, (b) particle size
and (c) time of pilot plant operation.
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Table 8.1.: Biomass and supernatant parameters throughout this study - classi�ed according to operated HRT

operational parameters and biomass properties supernatant

COD
removal
(cInf )

NH4 removal
(cInf )

organic load sludge load MLSS VSS d0.5

particle
size

turb. cDOC cProts cCarbs

%, (mg.L−1) %,(mg.L−1) kgCOD.m−3.d−1 kgCOD.kg−1.d−1 g.L−1 % µm NTU mg.L−1 mg.L−1 mg.L−1

HRT 8.0

average 91.8 (229) 98.6 (31.3) 0.613 0.130 4.7 89.0 53.5 1.349 18.2 11.2 15.6
min 80.0 (120) 99.4 (20.3) 0.295 0.067 3.0 87.2 44.2 0.739 11.5 8.3 6.8
max 96.3 (340) 94.7 (34.5) 0.912 0.265 11.4 90.4 84.7 2.065 28.0 17.2 23.5

HRT 10.0

mean 94.0 (337) 94.7 (33.5) 0.726 0.071 10.8 90.2 40.1 3.115 36.5 17.5 159
min 76.7 (171) 74.3 (9.8) 0.368 0.035 7.4 88.3 16.7 0.512 15.3 2.8 43
max 97.7 (603) 100.0 (59.7) 1.297 0.217 15.5 91.5 59.9 8.590 139.2 68.3 483

HRT 12.0

mean 91.7 (227) 97.9 (33.4) 0.407 0.064 6.4 89.8 52.2 1.349 103.2 15.4 26.0
min 81.2 (150) 99.5 (18.3) 0.269 0.043 5.7 86.8 47.9 0.739 95.2 13.7 15.9
max 96.7 (320) 93.8 (28.5) 0.574 0.093 7.2 92.8 90.8 2.065 106.7 18.4 57.4

HRT 16.0

mean 96.3 (402) 96.8 (27.9) 0.576 0.063 10.8 88.6 34.2 6.4 22.2 17.3 21.6
min 91.5 (244) 87.5 (4.0) 0.346 0.027 4.7 85.6 30.1 2.7 12.1 8.5 5.0
max 99.4 (580) 99.9 (42.3) 0.834 0.131 14.4 93.2 39.3 13.2 46.5 30.4 75.0

HRT 24.0

mean 90.0 (479) 92.8 (32.7) 0.430 0.127 3.4 81.5 54.9 4.730 19.1 14.4 15.1
min 73.7 (410) 84.7 (12.4) 0.368 0.093 3.0 78.7 39.3 2.680 16.9 13.7 9.7
max 95.7 (637) 96.4 (48.7) 0.571 0.173 4.0 84.9 76.8 6.850 30.9 15.2 17.0
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Table 8.2.: E�uent quality of MBR pilot plant throughout this study - classi�ed according to operated HRT

Determined permeate quality for submerged HF module (HRT-control module) - e�uent of pilot plant

cCOD
(removal)

cNH4−N
(removal)

cNO3−N turbidity cDOC SDOC cProts SProts cCarbs SCarbs

mg.L−1,(%) mg.L−1,(%) mg.L−1 NTU mg.L−1 % mg.L−1 % mg.L−1 %

HRT 8.0

average 18.8 (91.8) 0.4 (98.6) 36.9 0.433 6.6 72.2 7.7 39.9 3.6 69.5
min 12.4 (80.0) 0.1 (99.4) 24.4 0.330 4.2 63.3 2.7 13.9 1.9 -5.2
max 24.0 (96.3) 1.8 (94.7) 49.3 0.661 9.4 72.6 14.8 62.7 5.0 78.7

HRT 10.0

average 20.3 (94.0) 1.8 (94.7) 31.8 0.212 6.6 79.0 7.9 45.9 33.9 70.3
min 13.9 (76.7) 0.0 (74.3) 8.9 0.101 4.2 59.8 5.3 12.3 18.8 -30.9
max 39.8 (97.7) 2.5 (100.0) 55.3 0.936 9.4 88.3 12.1 91.4 56.3 92.4

HRT 12.0

average 18.9 (91.7) 0.7 (97.9) 28.4 0.678 10.6 85.4 6.5 52.9 12.8 73.3
min 10.4 (81.2) 0.1 (99.5) 7.5 0.201 9.6 70.9 4.5 28.8 4.0 74.9
max 28.2 (96.7) 1.8 (93.8) 43.3 1.024 11.2 88.5 13.1 74.3 24.8 91.6

HRT 16.0

average 14.9 (96.3) 0.5 (96.8) 29.8 0.464 6.4 74.1 18.2 47.6 13.8 74.4
min 3.2 (91.5) 0.0 (87.5) 5.5 0.205 4.8 60.5 4.8 10.3 5.0 -10.9
max 20.8 (99.4) 0.9 (99.9) 40.8 1.090 8.9 80.8 27.0 89.7 43.8 85.3

HRT 24.0

average 48.0 (90.0) 1.9 (92.8) 32.2 0.542 5.4 79.2 9.4 42.8 4.8 62.8
min 27.5 (73.7) 1.8 (84.7) 4.3 0.371 4.8 70.4 4.0 71.0 3.1 0.0
max 107.8 (95.7) 2.3 (96.4) 52.8 1.099 5.9 88.9 15.8 89.1 6.9 82.1

Overall Average
average 24.2 (92.7) 1.2 (96.2) 31.8 0.6 7.1 78.0 9.9 45.8 13.8 70.1
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8.3. Soluble microbial products and their potential impact on

the �ltration performance

Measured soluble microbial products during the di�erent aeration trials showed no correlation

for carbohydrates to MLSS content, whereas proteins and DOC concentration within the su-

pernatant were found to increase with increasing MLSS content (Figure 8.3). As best �ltration

performance was observed for the FS and HF module at the highest MLSS content, the high

concentration of DOC and proteins were therefore not expected and the concentrations were

found to be unsuitable in explaining fouling mechanism. Overall, carbohydrate concentration

varied between 6 mg.L−1 and 77 mg.L−1, proteins between 7 mg.L−1 and 30 mg.L−1 and DOC

between 11 mg.L−1 and 71 mg.L−1 for the range of MLSS concentrations tested.
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Figure 8.3.: Concentration of soluble microbial products per varying MLSS content of biomass
for critical �ux trials at varying aeration rates.

Furthermore, no overall correlation could be observed between soluble microbial product con-

tent (normalised in the graphs provided to g.VSS−1) and the �ltration performance of the

individual membrane modules (Figure 8.4). This was also observed for rejection rates or

observed retention rate of the individual side-stream module.
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Figure 8.4.: Impact of soluble microbial product concentration on permeability development
- critical �ux trials at di�erent aeration rates and varying MLSS content: (a)
Protein content per g.VSS; (b) Carbohydrate content per g.VSS; (c) DOC content
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8.3 Soluble microbial products and their potential impact on the �ltration performance

Most interestingly, while plotting the SMP content per individual test run (MLSS test trials),

high DOC content at low MLSS content was found to have had an adverse e�ect on membrane

permeability of all three modules with R2 ranging from 0.89 to 0.54 (HF), 0.58 to 0.47 (FS)

and 0.50 to 0.35 (MT) at MLSS 3-4 and 6-7 g.L−1, respectively. While carbohydrates concen-

trations were not found to have an adverse impact on permeability values at higher MLSS;

a likely adverse impact was assumed to have happened at a lower MLSS concentration. No

evident impact was observable for protein concentration.

In order to include potential in�uences from hydrodynamics, the load of soluble micro-

bial products passing the membrane surface during side-stream passage was calculated (as

mg.s−1) and correlated to the determined fouling parameters. While protein load passing the

membrane surface again did not reveal any evidence for impacting membrane permeability; the

carbohydrate load was found to signi�cantly correlate with permeability at the lowest MLSS

content. For MLSS content from 6 to 12 g.L−1, results were insigni�cant or in opposition

of what would have been expected. DOC mass seemed to have impacted permeability rates

again only at the lowest MLSS content with the highest signi�cant impact found for the MT

module and the FS module (R2=0.76, 0.73 respectively). At an MLSS content of 6-7 g.L−1,

the DOC load passing the membrane surface seemed to have impacted the FS module and,

with less signi�cance, the HF module. No signi�cant correlation was observed for the highest

MLSS content investigated.

The di�erence between each module con�guration and the complexity of potential biomass

impact was furthermore indicated by Pearson's correlation matrix for individual membrane

module and di�erent �ltration performance parameters. From those correlation matrixes, the

following main results were suggested:

Impact of MLSS on critical �ux was highest for the HF module (R=0.8410, p=0.0 ), followed

by the FS module (R=0.7532, p=0.0 ), whereas no signi�cant impact was found on the MT

module (R=-0.30, p=0.187 ). While the critical �ux value per se, had no correlation to MLSS

content for the MT module, overall permeability however indicated lower permeability at a

higher MLSS content. This was previously related to e�ective aeration on the one hand and

higher susceptibility to lumen clogging at higher MLSS content on the other hand.

Cake layer resistance, Rcl, was furthermore found to be a�ected by biomass properties,

whereas trends were opposing between the membrane module con�gurations. While the cake

layer resistance of the MT was found to be slightly impacted by MLSS concentration, but

furthermore did not show any overall correlation to other biomass parameters, Rcl of the �at

sheet module seemed to be negatively impacted by DOC content of the bulk phase and the

COD of the sludge. An a�nity to a higher Rcl with a higher DOC content was also found for

the HF module.
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The residual fouling parameter (dPp,s/dt) showed a slight correlation to DOC content for

the �at sheet module (R=0.5347, p=0.015 ), and to COD of the sludge (R=0.597, p=0.031 )

and sum of SMP content (R=0.5259, p=0.021 ) for the HF module, whereas no statistical

signi�cance was observed for dPp,s/dt and any biomass parameter for the MT module.

Another parameter interesting to mention is the ratio of protein to carbohydrates (P/C)

within the bulk phase of the retentate line. The correlation of ratio P/C with the determined

cake layer resistance for each individual module, revealed a signi�cant impact of P/C on the

�at sheet module for MLSS content of 6-7 g.L−1, whereas no impact was obvious at 3 and

12 g.L MLSS. The development of cake layer resistance for the hollow �bre module, however,

presented a signi�cant correlation to P/C ratio at 6 and 12 g.L−1 MLSS content, whereas

no such correlation could be found for the lowest MLSS content of 3 g.L−1. The cake layer

resistance of the MT module was found to not have not been impacted by the ratio of P/C

in the side-stream bulk phase. A correlation was observed at an MLSS content of 6-7 g.L−1,

but this correlation was due to one outstanding value than the determined series of results.

Presumably, these �ndings might indicate the di�erent impact of changes in sludge �lterability

as observed during the DFCm �ltration trials. During those tests, an increase of the ratio P/C

ratio was found to increase resistance to sludge �lterability (see Figure A.14, page 236).

8.4. Particle size

Particle size varied widely with surprisingly high daily variations at young SRT (SRT = 30d).

Average particle size seemed to be unin�uenced by higher interactions created due to higher

MLSS content, but particle size changed signi�cantly during this study with increasing sludge

age. However, it has to be noted that sludge age was not controlled and biomass loss happened

three times during the overall study. Conversely, apart from the initiation sludge seeding, no

further biomass inoculation took place and biomass growth happened quickly. Furthermore,

the ratio of MLSS/VSS did not drop below 0.8 for all tests conducted.

After two years of operation, �oc size had decreased down to 35 µm, compared to 90 µm

microns at the time of biomass inoculation. It has to be considered however, that during 2-

hourly biomass monitoring, the shift in determined average particle size was found to be as high

as 39 to 80 µm during one day only. Daily �oc dynamic was found to be highest during winter

trials at lower temperature, higher HRT and lower SRT. However, the e�ects of the latter

parameter on �oc size were not investigated systematically within this study. Nevertheless,

Masse et al. (2006) and Stricot et al. (2010) also reported decreased particle size with increased

solid retention time. Furthermore, it might be assumed that the higher permeability losses

during colder temperatures might be related to higher �oc dynamic. Higher �oc dynamic was

also observed to create higher �uctuations in SMP and colloidal organic carbon (determined

as DOC).
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8.4 Particle size

The decrease in particle size could not be clearly linked to higher permeability losses, however

a slight trend could be observed, especially for fractionation of a smaller particle range for the

FS and HF module, whereas the MT module seemed to remain una�ected. For the �at sheet

bench scale, the shifts in mainly sheared particle size and hence released SMP were assumed

to furthermore contribute to higher observed attachments at lower MLSS.

The impact of particle fractionation (as a fraction between the retentate line and the biomass

tank) was however not found to be substantial to explain the permeability changes determined

(Figure 8.5). This might however also result from the observation made during the �oc size

monitoring that occasionally particle sizes were found to increase during side-stream passage

regardless of the additional shear exhibited.
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A poor sludge dewatering deriving from higher proportion of supra-colloids was observed

by Karr and Keinath (1978). Karr and Keinath (1978) furthermore assumed that particles

in supra-colloidal range would blind the sludge cake and thus create a larger resistance to

�ltration. Within the model by Altmann and Ripperger (1997), this could furthermore be

attributed to the higher drag force being exhibited on smaller particles and hence resulting in

a higher attachment at membrane surfaces, especially at lower permeate �uxes. This is also

in accordance with the observation made by Drews et al. (2010). A lower �ux at low MLSS

content can thus be assumed to create higher irreversible fouling. This was in accordance to

the observation made during the bench-scale resistance fractionation (Chapter 9).

8.5. Floc rupture - SMP release, SMP retention and HPSEC

pro�les

Throughout the side-stream passage, apart from few occasional samples, microbial �ocs were

generally found to decrease in size due to shear exhibited from the aeration and side-stream

vessel passage. Soluble microbial release, observed retention and rejection values were calcu-

lated and correlated to the determined di�erent �ltration performance parameters.

Similarly to the soluble microbial products and the particle size determination, no obvious im-

pact was observed between the retention and rejection of potential foulants and the membrane

module performance.

Due to the exhibited shear, turbidity of the bulk phase increased within the retentate lines.

This increase in turbidity was found to statistically correlate to the permeability of the �at

sheet and the hollow �bre module, showing a decrease in �ltration performance the higher

the turbidity of the bulk phase. The higher the release of turbidity from the biomass, the

higher the permeability decline for the FS module (R= -0.5759, p= 0.008 ), followed by the

HF module (R= -0.5209, p= 0.022 ). In opposition, no such correlation was found for the MT

module.

These �ndings could be repeated while assessing the �lterability of a small submerged �at

sheet membrane with biomass being exposed to lower or higher shear rates. Two Hach-Lange

�ltration units, with additional separation panels having the same separation distance as the

full scale module, were equipped with the sample material of the pilot scale module (PVDF

0.08 m) and run in parallel to the �at sheet pilot scale module and the cross �ow test cell.

While one Hach-Lange �ltration module was placed in an aerated bench-scale tank, the other

one was placed in the tank also feeding the cross-�ow test cell. The biomass of the latter was

therefore experiencing higher pump shear rates. The critical �ux revealed almost no di�erence

between the aerated submerged bench-scale module and the pilot scale module (Jc = 26, 25

LMH at MLSS 10 g.L−1), whereas a signi�cant loss in permeability was observed for the
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8.5 Floc rupture - SMP release, SMP retention and HPSEC pro�les

cross-�ow test cell and furthermore also for the submerged bench scale module �ltering the

high shear rated biomass. Jc dropped for both bench-scale membranes to 16 and 19 LMH,

respectively.

The biomass was furthermore analysed for the e�ects of �oc rupture resulting from cross-�ow

pumping of the test cell device, which yielded overall in biomasses with much lower particle

size (23 µm to 50 µm, Figure 8.6) and signi�cantly higher SMP values within the supernatant.

The same analyses conducted for all bench scale trials revealed signi�cantly higher SMP values

within the supernatant with DOC ranging from 33 to 204 mg.L−1, proteins from 8 to 132

mg.L−1 and carbohydrates from 7.5 to 244 mg.L−1 (Table 8.3).
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Table 8.3.: Biomass and SMP parameter for critical �ux trials of di�erent �at sheet membrane
material

Sample
trial

MLSS
[g.L−1]

VSS [%] TS
[g.L−1]

Particle
size
[µm]

NTU DOC
[mg.L−1]

Prots
[mg.L−1]

Carbs
[mg.L−1]

P/C

Biomass deriving from MBR aeration tank

Comparison (1): March 2008; HRT 12h - Membranes tested: T06, T07, B03, M04, P03, K07

average 6.9 88.1 7.1 60.7 2.183 33 13 35 0.40
min 4.9 87.1 5.6 55.6 1.015 10 8 19 0.21
max 8.1 88.6 8.4 68.7 3.895 59 26 66 0.50

Comparison (2): May 2008; HRT 8h - Membranes tested: T08, P05, M05, K08

average 11.1 86.1 11.8 79.6 12.05 74 28 45 0.61
min 10.9 84.8 11.6 74.0 6.81 65 25 42 0.60
max 11.4 87.0 12.3 83.6 16.40 89 31 50 0.63

Comparison (3)∗: June 2008; HRT 8h - Membranes tested: B04, P06, M06, K09

average 3.7 88.7 4.2 67.5 1.405 18 14 20 0.77
min 2.9 87.2 3.5 55.0 0.567 11 9 11 0.54
max 4.6 89.7 5.1 82.5 1.910 25 19 32 1.12

Parameters of Retentate line - sheared biomass

(1) ave 6.6 88.0 6.7 32.4 6.3 60.9 17.5 244.5 0.1
min 4.5 87.7 4.8 28.9 2.6 33.1 8.6 179.0 0.0
max 8.0 88.3 8.3 36.9 9.6 105.7 22.2 341.4 0.1

(2) ave 10.5 86.8 11.8 47.2 43.3 174.3 121.5 85.2 1.4
min 10.3 86.4 11.3 45.5 37.4 159.0 111.1 84.8 1.3
max 11.1 87.2 12.7 50.1 48.0 204.6 132.5 86.1 1.6

(3) ave 4.5 89.6 5.1 26.5 18.3 43.8 41.5 34.0 1.3
min 1.9 88.1 2.8 23.0 1.7 20.0 12.4 7.5 0.3
max 9.9 91.6 10.9 30.1 58.0 71.5 119.8 63.0 2.6

Permeate values at Jmax= 21 LMH

(1) ave - - - - 1.18 19.6 3.1 4.8 0.7
min - - - - 0.49 3.3 1.3 2.2 0.3
max - - - - 1.87 57.3 5.5 8.5 1.3

(2) ave - - - - 0.69 29.8 14.0 8.4 1.8
min - - - - 0.39 11.3 8.7 4.2 1.3
max - - - - 0.87 54.4 18.2 13.8 2.1

(3) ave - - - - 1.08 7.9 5.5 6.5 0.9
min - - - - 0.38 4.7 1.0 3.0 0.1
max - - - - 2.11 11.1 9.8 8.5 1.5

∗ low MLSS content due to previous biomass loss; experiment on 5 consecutive days, 14 days after biomass loss occasion
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8.5 Floc rupture - SMP release, SMP retention and HPSEC pro�les

Assessing the supernatant release occurring during �oc rupture due to the pump shear, an

increase in cake layer resistance, Rcl, was observed with increasing SMP release of carbohy-

drates (R = 0.5606, p=0.037, n=14 ). However, no such impact could be found for other

SMP constituents, such as proteins or DOC. Furthermore, the cake layer resistance presented

a signi�cant increase with decreasing fractionation of either d0.1, d0.2 or d0.5 of the sludge

particles (R = -0.6526, p=0.016, n=13 ). An increased SUVA of the retentate line was also

found to correlate with an increasing biomass resistance (R = 0.8980, p=0.039, n=8 ). It has

to be noted that the release of carbohydrates during �oc rupture was found to correlate to

particle fractionation.

In general, these observations lead to the assumption that �oc rupture occurring during the

side-stream passage had a signi�cant impact on the overall �ltration performance of all of the

tested membranes with higher cake layer formation, the higher the �oc rupture, which is in

accordance to other studies (Stricot et al., 2010; Wisniewski and Grasmick, 1998).
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8.6 Summary

8.6. Summary

Soluble microbial products are frequently reported as potential major foulants in MBR sys-

tems. Overall, carbohydrate concentrations varied between 6 mg.L−1 and 77 mg.L−1, proteins

between 7 mg.L−1 and 30 mg.L−1 and DOC between 11 mg.L−1 and 71 mg.L−1 for the range

of MLSS concentrations and critical �ux tested, and were found within range of many pilot

trials studied, but also show elevated levels for carbohydrates and DOC concentration (Table

8.4).

While no obvious direct impact between module �ltration performance and biomass parameters

was found, a higher concentration of SMP at lower MLSS content was found to have adversely

impacted the membrane, moreover the reversible/irreversible membrane resistance. This was

not only observed in pilot scale, but also for the �at sheet bench-scale where the higher amount

of SMP was found to have attached to the membrane surface the lower the MLSS.

This might be furthermore supported by the observed correlation of bulk ratio P/C to the

sludge �lterability development. Arabi and Nakhla (2008) also observed higher fouling rates

and increased cake �ltration resistances with increase P/C ratio in the in�uent. Houghton

et al. (2001) furthermore found a relationship between sludge �lterability and the ratio of

protein to carbohydrates of the biomass giving an indication of hydrophobicity of the biomass.

Though the trend was not found to be consistent for the entire data gained during this study,

it is worth mentioning that, for example, during the �at sheet material trials, highest biomass

resistances were determined when the ratio of protein to carbohydrate of the bulk phase was

above 1.0.

Data therefore suggested that the impact of SMP on membrane fouling is a complex interaction

between MLSS content, membrane con�guration and SMP composition. Generally, for HF

and FS it could be assumed that the lower MLSS content, the more likely is the attachment,

pore penetration respectively, of carbohydrates and DOC. Moreover, the determined DOC

measurements, which could be assumed to represent colloidal matter due to the analyses through

a 1.25 µm glass �bre �lter, were also found overall to statistically interrelate with the cake

layer resistance of the HF and FS module.

This is in accordance with Itonaga et al. (2004), who reported no clear correlation between

measured dissolved organic matter (DOC, carbohydrates, proteins) and membrane fouling

on two parallel run HF submerged MBRs, whereas colloidal fractions within the supernatant

seemed to play an important role in membrane fouling (Itonaga et al., 2004). Furthermore, Fan

et al. (2006) also reported colloidal TOC being the main fouling parameter with Jc decreasing

with increasing colloidal TOC, whereas no clear relationship could be drawn to MLSS content

which varied from 7 to 21 g.L−1. Furthermore, J was reported to decrease with increasing

soluble carbohydrates and increasing EPS, whereas EPS was directly related to colloidal TOC.

Humic substances and proteins showed less impact.
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Lyko et al. (2008b) suggested that DOC would provide an alternative to more complex and

costly measurements of soluble EPS to predict sludge �lterability, whereas no proteins, carbo-

hydrates or DOC measurements were found to be usable stand-alone-parameters in order to

predict changes in �ltration performance on a reliable basis.

Important to note is that HF, FS and MT modules presented correlations between determined

permeability and the estimated load of carbohydrates passing the membrane surfaces during

the lowest MLSS content. The load of DOC during the lowest MLSS was also statistically

signi�cant for MT and FS, whereas no signi�cant correlation could be determined for the HF

module. However, the DOC content per mg.VSS was found to show correlation to all three

membrane con�gurations at a low MLSS content. It should, however, be mentioned at this

point that during this study some contradicting correlations were observed with very high

statistical signi�cance.

Exhibited shear on �ocs was observed to lead to �oc rupture with carbohydrate and turbidity

release causing a higher cake layer resistance. This phenomenon was observed for both bench

and pilot scale experiments and is in accordance with literature (Stricot et al., 2010; Wisniewski

and Grasmick, 1998).

Retention of potential foulants was monitored, but was not found to have had an impact on

the overall �ltration performance. HPSEC pro�les showed the complete retention for higher

molecular species for all membranes applied. Similar results were obtained by Al-Halbouni

et al. (2008). Furthermore, Lyko et al. (2008a) stated a clear relationship between permeate

�ux and the concentration of larger macromolecules in permeates with an increase in �ux

increasing retention of soluble macromolecule causing subsequently a higher fouling rate.

While most studies concentrate on fouling deriving from SMP and EPS, potential scaling

foulants are generally neglected. However, during a monitoring of a full scale activated sludge

plant, Lyko et al. (2007) observed no impact of calcium and magnesium on the fouling

behaviour, whereas complexes formed with iron were suspected to contribute to pore clogging.
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Table 8.4.: Examples of data from literature - soluble microbial products (SMP), particle sizes - part 1

Conf. Material Feed MLSS Particle Proteins Carbohydrates DOC Reference

[g.L−1] Size [µm] [mg.L−1] [mg.g−1

MLSS]
[mg.L−1] [mg.g−1

MLSS]
[mg.L−1] [mg.g−1

MLSS]

full-scale plants (tank volume > 100 m3)

iHF PVDF
0.04µm

mun. 11-12 - 2-11 0.17-0.95 1-18 0.08-1.6 5-27 0.4-2.4 Lyko et al. (2008b)

iHF PVDF
0.04µm

mun. 10-14 - 3.6 ±2.9 ≈ 0.3-0.5 2.4 ±4.1 ≈ 0.2-0.6 Lyko et al. (2007)

di� di� di�. 12-20 58.4-111 - 0 - 3.8 - 0.25-0.7 - 1.5-11.4
Brookes et al. (2003)

iFS PVDF
0.4µm

mun. 12-18 25-275 0-200 - 10-180 - - -
Reid (2005)

iFS PVDF
0.4µm

mun. 17-23 44.5-76.8 4.2-7.8 0.25-1.0 2.1-4.9 0.18-0.25 8.1-19.1 0.5-1.48 this study

pilot-scale plants (0.2 m3 < tank volume ≤ 20.0 m3)

iHF PVDF
0.04µm

mun. 5-9 68.0-128 0.13-11.0 0.01-1.9 6.0-12.0 0.97-2.1 - -
Germain (2004)

iHF PE,
PVDF
0.4µm

mun. 11 - 5-35 0.5-3.2 4-11 0.3-1.0 0-17∗ 0-1.5∗ Yamato et al. (2006)

iHF PVDF
0.1µm

mun. 3.0-
15.4

16.7-90.8 2.8-68.3 0.8-6.4 5.0-159.0 0.2-16.3 11.5-139.2 1.1-8.7 this study

(* di�erent fractionation of SMP; ** ΣSMP; asMBR = air-lift side-stream MBR; iMBR = submerged MBR; mun. = municipal; syn. = synthetic)

170



R
esu

lts
&

D
iscu

ssio
n
:

B
io
m
a
ss

P
ro
p
erties

a
n
d
th
eir

p
o
ten

tia
l
im

p
a
ct

o
n
�
ltra

tio
n
p
erfo

rm
a
n
ce

Table 8.5.: Examples of data from literature - soluble microbial products (SMP), particle sizes - part 2

Conf. Material Feed MLSS Particle Proteins Carbohydrates DOC Reference

[g.L−1] Size [µm] [mg.L−1] [mg.g−1

MLSS]
[mg.L−1] [mg.g−1

MLSS]
[mg.L−1] [mg.g−1

MLSS]

pilot-scale plants (0.02 m3 < tank volume ≤ 0.2 m3)

iHF PE 0.4µm mun. 15 - 2.0-7.0 ≈ 0.47 0.0-2.5 ≈ 0.17 2.5-11.0 ≈ 0.73 Itonaga et al. (2004)

iMT PES
0.01µm

mun. 3-12 ≈ 75 7.5-19.2 0.7-1.7 0 0 ≈ 20-25 Le-Clech (2002)

asMT PES
0.01µm

mun. 4-12 ≈ 75 21-32 2.3-7.0 0 0
Le-Clech (2002)

di� di� mun. 4-12 38.8 - 88.6 - 0-4.5 - 0.5-10.0 - 0-37.3
Brookes et al. (2003)

iMT,
asMT

PVDF
0.03µm

syn. 6-17 75-105 11.4-22.7 1.3-1.8 18.7-48.5 2.8-3.0
Brookes (2005)

iHF PS
0.08µm

syn. 4 -14* 60-75 50-400** 25-28** 50-400** 25-28** - -
Khongnakorn et al.
(2007)

lab-scale plants (tank volume ≤ 0.02 m3)

iFS ceramic,
0.08µm -
0.3µm

mun. 5 - 14-73 2.8-14.6 7-18 1.4-3.6 - - Jin et al. (2009)

(* di�erent fractionation of SMP; ** ΣSMP; asMBR = air-lift side-stream MBR; iMBR = submerged MBR; mun. = municipal; syn. = synthetic)
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9. Results and Discussion: Impact of

membrane material properties

9.1. Scope

An adequate membrane morphology is expected to contribute signi�cantly to the overall pro-

cess optimisation. Within the 'road map of fouling' postulated by Zhang et al. (2006), mem-

brane material properties such as pore size distribution, hydrophilicity, surface roughness and

surface charge are indicated as major criteria for the selection of membranes in terms of fouling

prevention.

Di�erent commercially available membranes were tested for their surface characteristics and

�ltration performances. Membrane materials tested included polymeric membranes made of

PVDF, PES, PS and PE with varying pore sizes (Table 9.1, page 181).

While membrane material and pore sizes were given by the supplier, this study investigated

further virgin material membrane properties, such as ultrapure water permeability (K20),

intrinsic membrane resistance (Rm), RMS surface roughness (AFM) and contact angle of

several wetting liquids to determine the membrane's surface tension parameters and the surface

free energy (Table 4.5, page 62).

To complete the study, high resolution pictures were taken on a scanning electron microscope

for visual comparison of the membrane surfaces, for example, for the homogeneity of pore size

distribution (Figure 9.2 and Figure 9.1).
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9.2. Membrane Surface Characterisation

From the SEM images, the most obvious di�erence is the pore size distribution of the

micro-porous; the PE 0.4µm, membrane material. This membrane is a so-called symmetric

membrane, meaning the membrane is approximately uni�ed across the membrane depth with

no additional supporting layer and, hence, the separation and �ltration performance would

presumably be similar at either side of the membrane surface.

The nano-�ltration membrane, the PES 150kDa membrane, and the PS 0.05µm did not reveal

much di�erence regarding their active layer appearance. The PVDF membranes, deriving from

two di�erent manufacturers, with indicated pore sizes of 0.08µm and 0.15µm respectively,

revealed an arbitrarily arranged pore size distribution with the PVDF 0.15µm membrane

showing a wide range of di�erently shaped pores (Figure 9.1 a-d).

PVDF 0.15 µm

(a) (b)

PVDF 0.08 µm

(c) (d)

Figure 9.1.: Scanning electron microscope - Selection of pictures of PVDF membrane samples
(virgin material) at varying magnitudes:
PVDF 0.15 µm at magnitude of (a) 25,500 and (b) 100,000
PVDF 0.08 µm at magnitude of (c) 25,500 and (d) 100,000.
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PE 0.4 µm

(a) (b)

PES 150 kDa

(c) (d)

PS 0.05 µm

(e) (f)

Figure 9.2.: Scanning electron microscope - Selection of pictures of di�erent membrane samples
(virgin material) at varying magnitudes:
PE 0.4 µm at magnitude of (a) 1,500 and (b) 25,000
PES 150 kDa at magnitude of (c) 25,500 and (d) 100,000
PS 0.05 µm at magnitude of (e) 25,000 and (f) 100,000.
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Ultrapure water permeability revealed a high di�erence between the di�erent types of

membranes tested and, surprisingly, also between individual membrane samples made from

the same material (K20 and Rm in Table 9.1). The lowest permeability with an average of

only 153 LMH.bar−1 was found for the PVDF 0.15µm membrane, followed by an average of

326 LMH.bar−1 for the PS 0.05µm membrane, while the range of permeabilities determined

included, for instance, values of up to 5300 LMH.bar−1 for the 0.08µm PVDF membrane

resulting in an average permeability of 2237 LMH.bar−1 for the range of samples tested.

The comparison of both PVDF membrane materials emphasised the importance of material

properties other than the polymer they are made from, for their overall �ltration performance.

While the PVDF 0.08µm membrane material always revealed permeability values for clean

water above 900 LMH.bar−1, some of the sample material of the PVDF 0.15µm membrane had

to be omitted for further research trials as a clean water �ux could not be achieved even after

thorough sampling pre-treatment as described by the manufacturer. The PE 0.4µm membrane

and the PES 0.4µm membrane revealed on average permeabilities of 2667 LMH.bar−1 and 889

LMH.bar−1, respectively.

The corresponding intrinsic membrane resistances (Rm) varied between 0.091 ·1012 m−1

and 1.904 ·1012 m−1 for the PE 0.4µm membrane and the PVDF 0.15µm membrane respec-

tively (Rm in Table 9.1). Again, very di�erent results have been obtained for the di�erent

PVDF membrane materials.

The results for surface roughness (Figure 9.4 and Figure 9.3) and contact angle measure-

ments (Figure 9.5) also showed wide variations across individual membrane samples. For

instance, surface roughness RMS for PS 0.05µm membrane material revealed a deviation of

39.7 nm for an average RMS value of only 56.1 nm. The highest average RMS was determined

for the micro porous PE 0.4µm membrane with 186.9 nm, indicating a trend for higher surface

roughness measurements based on membrane pore size. According to the values obtained for

the two PVDF membrane samples, pore size distribution and surface homogeneity seemed to

be a further crucial parameter for surface roughness. Furthermore, it has to be noted that the

surface roughness data represented hereafter (Figure 9.3) was evaluated from samples taken

with the Veeco Explorer under tapping mode with an image spectrum size of 10 µm and with

the type of cantilever tip as described during Chapter 4.3.1. This distinction had to be made,

as signi�cant di�erences were determined when comparing samples analysed from the two

di�erent Veeco instruments, from the same Veeco instrument but with a di�erent cantilever

and, mostly important, the highest deviations were observed between samples analysed on the

same sample but with a di�erent image spectra.
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Figure 9.3.: Determined surface roughness (RMS and RA) for di�erent �at sheet membrane
material

(a) (b)

(c) (d)

(e)

Figure 9.4.: Atomic force microscope - Sample of AFM pictures of di�erent membrane samples
(virgin material, image spectrum for (a) 10x10 µm, (b)-(e) 2x2 µm):
(a) PE 0.4 µm , (b) PES 150 kDa, (c) PS 0.05 µm, (d) PVDF 0.15 µm, (e) PVDF
0.08 µm.
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Contact angle measurements undertaken on non-prepared samples with ultrapure water

identi�ed two membranes with complete wettability (PE 0.4µm, PVDF 0.08µm), while com-

plete wettability on prepared samples (see Section 4.3.1.1) was only achieved for the PVDF

0.08µm. This led to the suggestion that surface properties of the PE 0.4µm changed dramat-

ically due to the wetting-drying action, while the PVDF 0.08µm remained less impacted. In

fact, it is common procedure to never let membranes run dry due to the high property changes

this would create. However, within this research all analyses were taken on previously wetted

and then air-dried membranes for the purpose of simple comparison.

As previously mentioned determined contact angles varied widely for the di�erent membrane

materials and also across the membrane surfaces, which was assumed to be a result of the

di�erent pore size distribution. For instance, the contact angle of the wetting liquid diiod-

methane varied from 0◦ to 21◦ for the PES 150kDa membrane material and for the PVDF

0.15µm membrane material from 0◦ to 52◦. Furthermore, in contrast to the other membrane

materials tested, the PVDF 0.08µm membrane material showed complete wettability to all

wetting liquids applied, except for glycerol. The contact angle measured for glycerol varied

between 42◦ and 70◦.

The high deviations found across the membrane surface of each material were consequently

also a�ecting the overall determination of the surface tension parameters and subsequently led

to the suggestion that it is either very di�cult to obtain reliable results by the techniques ap-

plied, or that the wide range of results is a representative picture of di�erent surface properties

prevailing across the membrane with some parts being more hydrophobic than others. Fur-

thermore, it has to be noted that the type of determination method of the respective surface

energy parameter may also impact the overall results (Bargir, 2007).

For instance, the component for γLWS (apolar) surface free energies varied between 13 and

262 mJ.m−2 for the PE 0.4 µm membrane material, showing changes from a very low surface

energy to a very high surface energy indicating a surface with weak and strong apolar binding

forces. Similar high deviations were found for the PS 0.05 µm membrane material (10 and

182 mJ.m−2) and for the PVDF 0.08 µm membrane (10 and 148 mJ.m−2). On average, γLWS
varied between 44.5 and 71.5 mJ.m−2 across the sample of di�erent membrane materials.

The polar components, γ+
S and γ−S , with the PE 0.4µm membrane and the PVDF 0.08µm

membrane materials both showing the highest average values for γ+
S , also revealed high devi-

ations for these two materials ranging from 0.001 to 145 mJ.m−2 and 0.002 to 147.5 mJ.m−2,

respectively. Values for γ+
S varied between 0.6 to 20.2 mJ.m−2 for the PES 150kDa and PE

0.4 µm membrane and γ−S between 4.1 to 66.1 mJ.m−2 for the PE 0.4 µm and PVDF 0.08

µm membrane, respectively. The surface energy parameter γS showed values between 50.9

mJ.m−2 and 88.7 mJ.m−2 for the PES 150kDa and the PVDF 0.08 µm membrane, respec-

tively. The total interfacial free energy of interaction between surfaces immersed in water

(∆Giwi
∗, van Oss, 2003 ) varied between -243.8 mJ.m−2 (PES 150kDa) and -488.4 mJ.m−2
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(PVDF 0.08µm) would then indicate a high hydrophobic attraction of the respective mem-

brane surfaces to water. The interfacial surface tension between membrane material and water

(γSL) was determined with -10.3 mJ.m−2 for the PVDF0.08 µm membrane material. While

this membrane exhibited on average a negative value for γSL, the other tested membrane

materials were found to have positive values with the PE 0.4µm membrane material showing

the highest average γSL of 31.6 mJ.m−2. This would then suggest that the PVDF 0.08 µm

tends to show hydrophilic attraction, while the other membrane materials would be commonly

showing hydrophobic attraction (van Oss, 2003).

Overall, it should be noted that due to the wide variations obtained, it was decided to use

not only average values, but also minimum and maximum results for statistical analyses. As

this resulted in a huge matrix with enormously di�erent parameters, only data with relevant

outcomes will be mentioned within the next sections. Parameters not discussed can therefore

generally be assumed as not having had shown any statistical signi�cance.

Correlating the determined contact angle to the given nominal pore size, did not disclose any

statistical signi�cance, whereas amongst the determined surface tension parameters the apolar

parameter γLWS (gslw), and the polar constituent γ+
S (g+) presented an increase with increasing

pore size, with R2=0.6319 (p=0.001) and R2=0.4682 (p=0.003) respectively. Furthermore, an

increase of interfacial surface tension between membrane and water, γSL, could be observed

with increasing pore size, though correlation obtained was less signi�cant with R2=0.384

(p=0.000). As expected a signi�cant linear correlation was observed with the determined

surface roughness RMS (R2=0.7156 p=0.000).

The intrinsic membrane resistance Rm did not reveal any statistically signi�cant correlation

to pore size, surface tension or surface energy parameter, which was somewhat expected given

the fact that Rm is supposed to be directly dependent on pore size distribution and membrane

thickness (or active �ltration layer thickness) and only indirectly dependent on the parameters

determined. However, for the membranes investigated, it could be observed that even though

the linear correlation of surface roughness to intrinsic membrane resistance was less than

R2 = 0.2919 , a multiple correlation of pore size, Rm and RMS revealed a strong statistically

signi�cant correlation with R2 = 0.9461. This could also be observed for the interfacial surface

tension γSL with linear correlation to Rm of R = 0.1865 , where the signi�cance increased for

the multiple correlations (R = 0.6970 ).
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Figure 9.5.: Determination of (a) contact angle ◦ for di�erent �at sheet membrane materials
and varying wetting liquids and (b) the resulting surface tension parameters in
mJ.m−2
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Table 9.1.: Summary of determined membrane material characterisation parameters

Comparison of di�erent Flat Sheet Membrane Material

Membrane ID K01-K09 M01-M04 P01-P05 B01-B05 T01-T10

Membrane material PE PES PS PVDF PVDF
Nominal pore size 0.4 µm 150 kDa 0.05 µm 0.15 µm 0.08 µm

Filtration Performance

K20 [Lm−2h−1.bar−1] 2667 ±1175 889 ±186 326 ±38 153 ±10 2237 ±1010

Rm [·1012 m−1] 0.091 ±0.04 0.272 ±0.069 0.746 ±0.014 1.904 ±0.162 0.115 ±0.087

Contact Angle [◦]

Dimethyl sulfoxide 8.1 (3/13) 23.5 (17/31) 0.0 (0/0) 34.6 (25/444) 0.0 (0/0)
Diiodomethane 0.0 (0/0) 16.1 (0/22) 0.0 (0/0) 32.7 (0/52) 0.0 (0/0)
Ethylene glycol 38.2 (30/45) 37.4 (29/49) 31.4 (24/39) 60.1 (48/72) 0.0 (0/0)
Water 80.0 (72/88) 57.4 (45/66) 69.0 (53/83) 72.6 (60/88) 0.0 (0/0)
Glycerol 82.4 (72/89) 64.3 (51/75) 78.6 (66/88) 80.6 (61/90) 54.6 (42/70)
1-Bromonaphthalene 20.9 (16/33) 14.7 (11/19) 0.0 (0/0) 32.2 (28/41) 0.0 (0/0)
Formamide 35.7 (26/51) 47.6 (37/56) 42.8 (36/50) 58.5 (47/67) 0.0 (0/0)

Surface tension and energy parameters [mJ.m2]

γLWS 71.5 (13/262) 44.5 (26/63) 60.3 (10/182) 52.7 (38/96) 56.7 (21/148)

γ+
S 20.2 (0/145) 0.6 (0/2) 6.9 (0/39) 2.7 (0/13) 15.2 (0/148)

γ−S 4.1 (0/13) 26.0 (23/29) 12.6 (7/25) 16.0 (13/23) 66.1 (41/82)

γABS 7.4 (0/26) 6.4 (0/14) 13.1 (1/45) 10.2 (0/29) 32.0 (2/157)

γS 78.9 (18/287) 50.9 (40/77) 73.4 (33/227) 62.9 (38/125) 88.7 (46/224)

Wsl 120 (85/249) 119 (112/140) 122 (99/225) 119 (95/169) 172 (146/242)

γSL 31.6 (-67/111) 4.0 (1/10) 24.0 (7/74) 15.8 (7/29) -10.3 (-26/55)

∆Giwi
∗ -298.6 -243.8 -283.0 -256.3 -488.4

AFM - surface roughness [nm]

RMS 186.9 ±61.0 98.3 ±30.4 56.1 ±39.7 71.4 ±13.5 94.0 ±28.9

RA 124.5 ±35.2 76.4 ±27.0 39.5 ±25.0 53.4 ±9.3 69.6 ±17.7

∗ according to van Oss (2003);

notation: 71.5 (13/262) = average (minimum/maximum); 186.9 ±61.0 = average±stdev.
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9.3. Membrane Filtration Resistances - Rt, Rm, Rcl, Rrev, Rirrev

The determination of resistance according to the resistance in-series model revealed signi�cant

di�erences between the individual membrane materials tested (Figure 9.6).

The lowest average total resistances (Rt) were determined for the PES 150kDa and the PVDF

0.08µm membrane material with Rt values of 2.39 ·1012 and 2.66 ·1012 m−1 respectively. The

highest average total resistance was determined for the PVDF 0.15 µm membrane material

with 6.84 ·1012 m−1, which emphasised again the enormous di�erence in �ltration performance

between the two PVDF membrane materials tested.

The PE 0.4µm membrane module presented the highest variations in determined total resis-

tance with values ranging from 3.55 ·1012 m−1 to 8.90 ·1012 m−1, followed by the PS 0.05µm

membrane material with variations from 2.16 ·1012 m−1 to 7.36 ·1012 m−1 (Figure 9.6).

The overall average cake layer resistance was 2.19 ·1012 m−1 for all membranes tested with the

highest Rcl for the PE µm membrane material (K09, Rcl = 5.02 ·1012 m−1) and the lowest for

the PVDF 0.08µm membrane material (T06, Rcl = 0.55 ·1012 m−1).

Reversible fouling resistance was determined on average with 1.35 ·1012 m−1 and the highest

values were found for the �ltration trial of sample K09 with 3.59 ·1012 m−1 Rrev. The lowest

values for Rrev were determined for the membrane samples T07, P06 and M06, with similar

values of Rrev = 0.07 ·1012 m−1, where it has to be noted that these similar values were

measured during di�erent test series and with di�erent biomass parameters.

Irreversible fouling (Rirrev) was found to vary between 0.07 ·1012 m−1 and 1.77 ·1012 m−1, for

the PVDF 0.08µm membrane material and PVDF 0.15µm membrane material respectively.

Overall, the irreversible fouling represented ≈ 12.5% of the total fouling resistance Rt. The

cake layer resistance was found to be on average 54.4% of Rt, while the reversible fouling was

on average one third of Rt (33.3%).
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Figure 9.6.: Determined �ltration resistances according to resistance-in-series method for dif-
ferent �at sheet membrane materials

As one might have expected, the determined resistance for cake layer and reversible fouling

showed a signi�cant increase with the increasing total resistance of the �ltration trial, with

R=0.8012 (p=0.001) for Rrev and R=0.7109 (p=0.004) for Rcl. In contrast, the intrinsic

membrane resistance and the resistance for irreversible fouling did not show any signi�cant

correlation to Rt, Rcl or Rrev. This led to the assumption that cake layer resistance and re-

versible fouling resistance are parameters in�uenced by biomass make-up and are independent

of the intrinsic membrane resistance. Interestingly, the irreversible resistance, Rirrev showed a

very strong correlation to the determined intrinsic membrane resistance R=0.9774, p=0.000 ,

which led to the conclusion that a low intrinsic membrane resistance is a crucial parameter

for avoiding irreversible fouling during MBR �ltration processes.
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9.4. Fractionation of potential membrane foulants

Potential foulants extracted from the mechanical cleaning step and from the alkaline cleaning

step surprisingly revealed patterns evidently di�erent to what was expected from the deter-

mined fouling resistance factors for each individual membrane material (Figure 9.7).

In fact, having shown a notably high fouling resistance (reversible and irreversible) for the

PVDF 0.15µm membrane, the extracted potential foulants within those layers revealed a

signi�cantly lower concentration than, for example, the PVDF 0.08µm membrane. The PVDF

0.08µm membrane, in contrast, was measured to have a very low �ltration resistance compared

to all other membranes, whereas the amount of extracted potential foulants from the surface

of the PVDF 0.08µm membrane was by far the highest compared to all other membrane

materials tested (see visual comparison of Rb, expressing the �ltration resistance of the biomass

as Rb = Rirrev +Rrev +Rcl in Figure 9.7).

For instance, the DOC content within the mechanical cleaning layer of the PVDF 0.08µm

membrane (T07) was as high as 1325 mg.m−2 membrane surface, but only 42 mg.m−2 for

the PVDF 0.15µm membrane (B04, Table 9.2). The total extracted DOC content within

the mechanical cleaning step was approximately 247 mg.m−2 for all tests conducted within

a minimum value of 40 mg.m−2 (M06, PES 150kDa) and a maximum value of 1325 mg.m−2

(T07, PVDF 0.08µm). Extracted proteins were found to be on average of 27 mg.m−2 with

a minimum value of 8 mg.m−2 and a maximum of 73 mg.m−2 for the PS 0.05µm membrane

material (P06 and P05 respectively). The maximum extracted amount for carbohydrates was

found for the K07 sample (PE 0.4µm) with 275 mg.m−2 and a minimum value for the PES

150kDa sample, M06, with 16 mg.m−2.

In general, more potential foulants were removed from the membrane surfaces during the

mechanical cleaning step than during the alkaline cleaning step, with the sum of DI extracted

SMP values representing a maximum of 13 fold of the sum of extracted SMP during the alkaline

cleaning step (K06). On average, the amount of DI extracted SMP was 4.64 fold higher than

during the alkaline cleaning step. However, four samples (K09, M06, P06, B04) presented a

higher content of extracted SMP during the alkaline cleaning with a ratio of on average 0.64

of the sum of SMP extracted during the mechanical cleaning. Surprisingly, this was observed

during the same test series, hence the same type of biomass, which had, with ≈ 3.7 g.L−1,

the lowest MLSS content compared to the other trials of 6.9 g.L−1 and 11.1 g.L−1 MLSS

respectively. The maximum values for NaOH extracted SMP did not necessarily coincide with

the low MLSS trials, apart from the DOC content of sample K09 with 180 mg.m−2, compared

to an average of 73 mg.m−2. However, the overall extraction of proteins, carbohydrates and

DOC was slightly higher for the lower MLSS trials, with 84 mg.m−2 DOC, compared to

49 mg.m−2; 31 mg.m−2 Proteins, compared to 19 mg.m−2 and 19 mg.m−2 Carbohydrates,

compared to 15 mg.m−2.
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Overall, the measured content of DOC during the alkaline cleaning extraction was approxi-

mately 73 mg.m−2. Proteins were detected with 25.4 mg.m−2 on average and carbohydrates

with 18.1 mg.m−2 (Table 9.2). Despite the aforementioned observation made for the adsorbed

amount during low MLSS values, no correlation could be statistically veri�ed for the MLSS

content and the amount of extracted SMP on the membrane surfaces.

Table 9.2.: Amount of extracted potential foulants from membrane material challenged with
MBR biomass

Extracted Potential Foulants from membrane material [XF mg.m2]

Mechanical Cleaning (DI) Alkaline Cleaning (NaOH)

Membrane DOCDI ProtsDI CarbsDI DOCNaOH ProtsNaOH CarbsNaOH

PE 0.4µm
K07 183 ± 0.0 33 ± 1.3 275 ± 21.0 18 ± 0.3 14 ± 4.1 5 ± 1.4
K08 236 ± 0.2 41 ± 5.7 178 ± 3.8 37 ± 0.3 20 ± 3.1 28 ± 2.7
K09 47 ± 0.6 10 ± 1.3 18 ± 2.1 180 ± 4.6 37 ± 6.2 11 ± 1.9

PES 150kDa
M04 43 ± 0.1 24 ± 3.3 35 ± 3.0 7 ± 0.1 3 ± 0.4 8 ± 0.6
M05 72 ± 3.3 9 ± 1.4 53 ± 3.6 26 ± 1.3 38 ± 5.9 17 ± 2.6
M06 40 ± 0.3 11 ± 1.7 16 ± 2.7 18 ± 0.8 23 ± 2.9 28 ± 1.6

PS 0.05µm
P03 55 ± 1.0 32 ± 1.2 45 ± 1.0 10 ± 0.6 9 ± 2.1 0 ± 0.0
P05 300 ± 2.3 73 ± 4.2 188 ± 28.0 38 ± 1.7 50 ± 1.8 7 ± 0.5
P06 40 ± 1.3 8 ± 0.6 27 ± 2.4 80 ± 1.4 40 ± 3.4 14 ± 1.9

PVDF 0.15µm
B03 52 ± 0.3 21 ± 0.9 42 ± 2.4 11 ± 0.6 6 ± 1.5 0 ± 0.2
B04 42 ± 0.2 15 ± 2.4 28 ± 3.7 59 ± 1.2 22 ± 1.9 22 ± 3.2

PVDF 0.08µm
T06 751 ± 0.5 49 ± 4.4 103 ± 2.8 103 ± 0.4 25 ± 1.3 28 ± 1.7
T07 1325 ± 2.3 29 ± 3.3 18 ± 0.7 129 ± 0.6 12 ± 0.6 17 ± 0.8
T08 359 ± 1.6 24 ± 4.2 31 ± 5.0 111 ± 0.6 15 ± 2.0 37 ± 4.0
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Figure 9.7.: Comparison of attached potential foulants and biomass resistance: (a) Sum of ex-
tracted potential foulants per membrane area (mechanical cleaning = DI, alkaline
cleaning = NaOH) (b) Development of biomass resistances Rb over the critical
�ux trials from �ux 0 to �ux 21.
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However, as the adsorbed amount of potential foulants was without a doubt expected to be

in�uenced by the total amount of the �ltered volume, the amount of SMP within the bulk

phase and the SMP retention of the membrane, the following calculation (equation 9.1) was

introduced:

AXF (DI,NaOH) =
cXF

cbulk − cperm
·100 (9.1)

with cXF =
XF

ΣVFilt
(9.2)

where

AXF (DI,NaOH) = the observed attachment of the respective potential foulant (%)

cXF = the concentration of extracted foulants from membrane surface normalised to �ltered volume

(mg.L−1)

cbulk = the concentration within the bulk phase (mg.L−1)

cperm = the concentration within the permeate (mg.L−1)

XF = the amount of extracted foulants from the membrane surface (mg.m−2)

ΣV filt = the sum of �ltered volume (m3.m−2)

The percentage of observed attachment (Ax) varied widely for the di�erent trials conducted.

The PVDF 0.08µmmembrane material presented an overall variation for DOC attached during

the complete �ltration process and extractable due to mechanical cleaning from 6% to 54%,

with DOC also representing the major component of the extracted foulants. Variations were

found to be less for the other membranes tested, with an overall observed attachment for

DOC of 8.8%, proteins 3.1% and carbohydrates 2.4%. While the major component for the

PVDF 0.08µm membrane was found to be a material consisting of DOC, it varied for the

other membranes tested; for instance, membrane M04 (PES 150kDa) presented proteins with

12.4% to be the main component and in contrast P06 (PS 0.08µm) revealed carbohydrates

with 13.5%. The percentage of attachment removed during the alkaline cleaning procedure

was commonly less than for the mechanical cleaning and varied for DOC between 0.5% and

7.7%, for proteins between 0.3% and 12.0% and for carbohydrates between 0% and 6.8%.
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9.4 Fractionation of potential membrane foulants

(a) (b)

(c) (d)

Figure 9.8.: Extracted potential foulants from membrane materials - amount of extracted
foulants per membrane surface for (a) mechanical cleaning and (c) alkaline clean-
ing; percentage of observed attachment for (b) mechanical cleaning and (d) alka-
line cleaning

While no signi�cant impact of MLSS concentration could be shown by only comparing MLSS

and the amount of extracted foulants, an impact became evident with the observed attach-

ment. For instance, the four membrane samples (B04, P06, M06, K09) having shown a higher

amount of foulants removed during the alkaline cleaning than during the mechanical cleaning,

were also revealed to have on average the highest observed attachment during the alkaline

cleaning. Comparing the observed attachment for DOC, proteins and carbohydrates to the

MLSS content presented a signi�cant impact of the MLSS content on the observed attachment
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during the alkaline cleaning for DOC (R2=0.4879, p= 0.054 ) and Proteins (R2= 0.6319, p=

0.003 ). Less interrelation was observed for Carbohydrates (R=0.4879, p=0.054 ) and no sta-

tistical signi�cance could be shown overall for any observed attachments which were removed

during the mechanical cleaning.

Interestingly, it has to be noted that while overall no correlation could be drawn for ADOC,DI

and AProts,DI , individual membrane materials presented opposing trends. For instance, while

there was no impact of MLSS on ADOC,DI and AProts,DI for the PE 0.4µm membrane, a

similar trend as that for ADOC,NaOH and AProts,NaOJ was evident for the PVDF 0.08µm and

the PES 150kDa. The PS 0.05µm membrane material, in contrast, did not reveal any trend

for AProts,DI vs MLSS, but ADOC,DI was observed to increase with increasing MLSS.

9.5. Comparison of Attached Foulants on Membrane Materials

after biomass �ltration from MBR full scale plant

To assess potential di�erences between the adsorption potential of activated sludge from the

pilot plant, short term �ltration tests were undertaken with biomass deriving from a full scale

plant. Furthermore, fouled membrane samples from a full scale MBR plant were investigated

for their attached foulants, applying the same membrane material as the �at sheet pilot scale

module (PVDF 0.08µm), which was operated for approximately one year.

A comparison between di�erent fouled samples of the PVDF 0.08µm membrane material sug-

gested di�erent fouling patterns between full-scale and pilot scale biomass. The membrane

derived from from full-scale application after one year of operation, showed the highest ac-

cumulated amount of carbohydrates removable by the alkaline cleaning step. Similar high

contents were removed from the short-term fouled membrane samples with full-scale MBR

sludge. The pilot plant samples, however, presented very high amounts of detachable poten-

tial foulants during the mechanical cleaning, but a smaller amount of adsorbed carbohydrates

during the alkaline cleaning procedure (see Table 9.3). This might suggest that the pilot plant

biomass had a higher a�nity to attach to the membrane surface, hence resulting in higher

mechanical removable foulants, but on the other hand, helping to reduce pore penetration.

Furthermore, it has to be noted that the long-term fouled full-scale samples were derived

from the sample module, representing sections of one membrane panel. With regards to the

obtained results, this highlights the potential inhomogeneity being prevalent within membrane

�ltration processes.
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Table 9.3.: Comparison of extracted foulants from PVDF 0.08µm �at sheet membrane material
- short-term vs. long-term fouling

Sample
Material

DOCDI
[mg.g−2]

CarbsDI
[mg.g−2]

ProtsDI
[mg.g−2]

DOCNaOH
[mg.g−2]

CarbsNaOH
[mg.g−2]

ProtsNaOH
[mg.g−2]

Rt
[1012m−1]

Rvm
[1012m−1]

Rcl
[1012m−1]

Long-term fouling - Full-Scale Membrane Material Sample

LT-FS-01 6.8
(0.10)

8.6
(0.21)

0.8
(0.01)

83.4
(1.71)

73.0
(1.52)

5.4
(0.11)

N/A N/A 0.38

LT-FS-02 15.6
(0.31)

14.8
(0.30)

0.7
(0.01)

54.2
(1.12)

48.7
(1.07)

N/A (-) N/A N/A 0.34

Short-term fouling - Full-Scale Biomass

ST-MBR-
01

67.2
(1.31)

6.9
(0.12)

n.d
(-0.1)

101.1
(2.01)

47.1
(0.90)

3.7
(0.11)

0.81 0.17 0.56

ST-MBR-
02

127.2
(0.74)

7.3
(0.12)

n.d (-) 89.3
(4.21)

38.7
(0.71)

2.9
(0.22)

0.79 0.19 0.61

Short-term fouling - Pilot-Plant Biomass

ST-PP-01 751
(0.51)

49 (4.42) 103
(2.81)

103
(0.42)

25 (1.32) 28 (1.71) 3.12 0.24 0.55

ST-PP-02 1325
(2.3)

29 (3.3) 18 (0.7) 129 (0.6) 12 (0.6) 17 (0.8) 1.74 0.09 1.51

ST-PP-03 359 (1.6) 24 (4.2) 31 (5.0) 111 (0.6) 15 (2.0) 37 (4.0) 3.12 0.09 2.68
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9.6. Summary

Within this study, �ve di�erent commercially available �at sheet membrane materials for use

in MBRs were analysed for their �ltration performance, but also for their surface char-

acteristics. An investigation of membrane materials at bench-scale revealed very di�erent

behaviours for the range of materials tested. The best �ltration performances were observed

with the PE 0.4 µm and PVDF 0.08µm. However, these trials did not allow a clear selection

of a most favourable material, as for example, the membrane PVDF 0.15µm displayed a much

lower �ltration performance than the PVDF 0.08µm, suggesting that fouling is not only linked

to the type of material but also to other parameters such as pore size and material prepara-

tion. A more detailed analysis of the materials would then be needed to fully understand the

mechanisms occurring.

A membrane surface characterisation of the di�erent membrane materials commercially avail-

able for application in MBRs revealed signi�cant di�erences between the individual materials,

but also between membrane samples of the same material analysed. In terms of material,

extaordinarily high di�erences were discovered for the PVDF membrane material samples.

Whilst one material sample presented overall a very good �ltration performance, the other

membrane material with higher pore size performed very poorly and proved to be unsuitable

for MBR application. For instance, some sample sheets of the PVDF 0.15 µm membrane were

found to have very limited water percolation and had to be excluded from further analyses. In

terms of surface characterisation, high deviations were furthermore observed between aliquot

analyses of the same membrane sample. This is in accordance with other data from liter-

ature (Jönsson and Jönsson, 1995) and provides an indication for inhomogeneity of surface

characteristics across the membrane as observed by other researchers (Buetehorn et al., 2009).

The high di�erence in material characterisation of the two tested PVDF membranes ampli�ed

the importance of optimised membrane manufacturing. Even though both membranes were

made of similar polymeric compositions, the membrane with the higher pore size revealed the

least preferred performance characteristics for membranes used within wastewater �ltration

(much lower permeability, lower wettability, higher surface roughness). Within this study, Rm

was found to be a crucial parameter for reversible fouling for the �at sheet trials, which was

also observed by Le-Clech (2002) for tubular membrane materials. Rcl was found to be the

predominant parameter of Rt which was also observed by Khan et al. (2009). The strong

correlation between intrinsic membrane resistance and irreversible fouling resistance was also

reported by Khan et al. (2009), with a correlation rate of R2 = 0.991 , using the same type of

membrane module throughout a test series with di�erent shear rates applied.

Generally, MBR pilot plant sludge has been found to show lower �lterability than full scale

biomass, which was also con�rmed during the Delft Filtration Method trials (Moreau et al.,

2009). The reasons for this are still unclear, but are generally presumed in literature to be
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related to SMP foulants, such as carbohydrates, DOC and/or the ratio of P/C. Furthermore,

the F/M ratio and probably also the microbiological diversity could play an important role.

Carbohydrates within this pilot plant were found to be higher than in biomass from full scale

plant, but no direct correlation between measured content of SMP and increase of �lterability

could be drawn.

Extracts from membrane samples fouled by either pilot or full scale sludge presented opposing

trends to what was expected from the resistance in series determination of the individual

membrane sample. For instance, the PVDF 0.08 µm membrane material was found to have

the highest amount of potential foulants attached on the membrane surface, while exhibiting

the lowest total membrane resistance during biomass �ltration, and also post-sludge �ltration.

This was e�ective for �at sheet membrane materials having been challenged with pilot and full

scale biomass and furthermore for multi-tubular membrane materials after pilot plant �ltration

trials and is in agreement with the data in literature (Yamato et al., 2006; Lyko et al., 2008a;

Al-Halbouni et al., 2008; Kimura et al., 2009). The results gained during this study suggest

that adsorbed foulants on membrane surfaces do not directly relate to the performance of the

membrane during biomass �ltration and furthermore it is likely that other parameters must

be involved in permeability reduction.

Chen and Lee (2006) investigated the composition of fouling layers of membranes using a

confocal laser scanning microscope and no correlation of the composition of the fouling layer

to the membrane �ltration behaviour could be determined.

The comparison conducted for one membrane material with a di�erent biomass, however,

presented higher adsorbed foulants on the membrane surface for pilot plant biomass samples

than for full scale biomass samples, but again no direct correlation could be drawn between

the values determined.

In general, membrane fouling is expected to be higher for hydrophobic membranes than for

hydrophilic due to possible hydrophobic interactions between the membrane surface and com-

ponents of the biomass, such as microbial cells, sludge �ocs and solutes (Le-Clech et al., 2006).

Furthermore, it is expected that biomass' a�nity to attach onto the membrane's surface and

hence increasing the cake layer resistance will rise with increasing surface roughness. Within

this study, a slight increase in biomass resistance and cake layer resistance was observed with

increasing pore size, which was related to increased surface roughness. Furthermore, an in-

crease in interfacial surface tension presented a slight tendency to increase reversible fouling

resistance and, in general, a tendency to higher biomass �ltration resistance.
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Figure 9.9.: Comparison of extracted foulants from membrane surface in this study to litera-
ture.

Jin et al. (2009) concluded that the membrane with the biggest pore size exhibited the highest

fouling potential, while fouling potential was observed at its least for the membrane with the

smallest pore size. Clean water permeability was not stated. Fouling potential of EPS, SMP

could not be observed. For SMP, protein values were around 13 mg.L−1, carbohydrates 32

to 46 mg.L−1 and MLSS at 5 g.L−1. In general, it was found di�cult to assess an observed

correlation between fouling and hydrophilicity, as changes in hydrophilicity have also been

reported to occur with other membrane surface modi�cations such as pore size and morphology

(Le-Clech et al., 2006).

Important to note is that Lyko et al. (2007) detected SMP in ranges within the supernatant

signi�cantly lower than that of the usual pilot and lab scale of 3.6 mg.L−1 carbohydrates, 2.4

mg.L−1 and humic acid 24.8 mg.L−1. This was, in fact, already discussed by other researchers

as the up-scaling of lab and pilot scale results will most likely become di�cult if not impossible

(Drews, 2010; Kraume et al., 2008).
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In this study, critical �uxes obtained through short-term tests at two di�erent �ux step proto-

cols were compared at varying MLSS concentrations ranging from 3 to 12 g.L−1, with opposing

results gained for the di�erent membrane pilot scale module con�gurations, and moreover also

for the di�erent bench-scale materials. Results were completed by assessing the impact of vary-

ing aeration rates during di�erent MLSS concentration. Furthermore, bench-scale membrane

materials were investigated for the attached foulants.

In the trials at �xed aeration rates (SADm 1.0; 1.5 Nm3m−2h−1) at 12 g.L−1, the FS and

HF modules were found to have better performances than the MT module (Chapter 5). Re-

peating trials at �xed aeration rates (SADm 1.0; 1.5 Nm3m−2h−1) but varying MLSS content

revealed that the FS and HF modules had better performances with increasing MLSS concen-

trations. Alternatively, the MT module exhibited a better performance at a concentration of

7 g.L−1 (Chapter 6). This was then con�rmed in the trials with di�erent aeration rates as

the FS and HF modules displayed better �ltration performances at high MLSS contents with

clear correlations between the critical �ux and permeability, and the MLSS concentration of

the retentate line (Chapter 7).

However, in all cases no overall correlation could be found between the MLSS concentration,

the fouling observed and the typical biomass characteristics, such as concentration of SMP

(Chapter 8). Nonetheless, �ltration under low MLSS content was found to signi�cantly

increase the observed attachment of foulants on the membrane surface (Chapter 9). Further-

more, solutes (SMP) and colloids of the biomass were found to adversely impact permeability

during MLSS content as low as 3 g.L−1. Overall, at the more typical MLSS concentration of

12 g.L−1 for the operation of membrane bioreactors, the HF module was found to show best

�ltration performances, according to the short term trials conducted in this current study.

To investigate the potential impact of scale on the experiments conducted, pilot scale and

bench-scale trials were run in parallel during this study. Surprisingly, di�erent trends were

observed not only between the di�erent membrane module con�gurations in pilot scale, but

also between the di�erent scale of experiments, hence between bench and pilot scale of the same

membrane material and con�guration. For instance, while the MT pilot scale module showed

best �ltration behaviours at MLSS content of 7 g.L−1, which was furthermore con�rmed by

the lab scale single-tube module of same material, the tubular lab scale modules made of PES
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revealed a completely di�erent �ltration behaviour. Furthermore, much lower critical �uxes

were determined for the �at sheet bench-scale trials than for the pilot scale trials, which was

attributed to the di�erent hydrodynamic conditions of the set-ups. Additionally, high shear

rates exhibited on the biomass due to the cross-�ow pump of the bench-scale trial were found

to decrease �ltration performance of the membrane materials tested at the bench-scale cross-

cell. Overall, these opposing results poses the question which has been postulated by Kraume

et al. (2008) already; 'What use are lab investigations for full scale operation?' and moreover,

place reasonable doubts in the practicability when comparing results reported in literature

which do not only derive from di�erent biomass feed sources, but also from varying set-ups

and scales.

One further crucial observation made during this study was the e�ect of lumen or vessel clog-

ging during membrane �ltration, leading to exponential trans-membrane pressure development

and indicating signi�cant di�erences in operating the di�erent con�gurations. For instance,

while the multi-tubular membrane module was prone to lumen clogging at higher MLSS con-

tent even at short-term trials at high �uxes and low aeration rates, which also led to the lower

Jc with higher MLSS, an extreme increase of trans-membrane pressure became evident for the

FS module due to sludge accumulation within the membrane vessel at low aeration rates and

higher MLSS content and furthermore at moderate aeration rates and long-term �ltration at

higher MLSS.

On the other hand, operating the FS and HF module at lower MLSS level with higher �uxes

and lower aeration rates was shown to signi�cantly improve the sludge �lterability of the

biomass passing through the membrane chamber. This amelioration in sludge �lterability

was furthermore found to signi�cantly improve the �ltration performance of the membrane

module.

The assessment of �ltration performance of the FS module and HF module was hence impacted

by two di�erent �ux decline scenarios:

1. fouling due to biomass properties and

2. clogging due to insu�cient cross-�ow

Moreover, the clogging phenomenon at long-term �ltration was preceded by an amelioration

of sludge �lterability due to the dewatering during side-stream passage, as observed during

the Delft Filtration Method Trials. This consequently suggested that the better �lterability

due to dewatering is only bene�cial up to a certain threshold value, above which the solid

accumulation due to the dewatering causes rapid �ux decline and spacer/lumen clogging.

These �ndings hence lead to the assumption that the frequently reported threshold value for

MLSS content, up to which permeability improvement with increasing MLSS was observed,

may indicate the threshold value to spacer clogging due to sludge accumulation.
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Pilot Scale Trials

• Filtration performance of di�erent membrane module con�gurations under identical

biomass and con�ned hydraulic boundary conditions (same SADm, same membrane

�ltration path length, operation as air-lift side-stream) resulted in opposing trends for

the modules investigated in this study.

• Aeration applied to create air scouring created a positive e�ect on the fouling behaviour

on the MT module, whereas the FS and HF module revealed lower critical �uxes with

higher aeration rates.

• Increased MLSS concentration resulted in lower critical �uxes for the MT module, where

the FS and HF module revealed signi�cantly higher critical �uxes, especially with higher

solid content within the retentate line.

• While the hollow �bre and �at sheet modules were more prone to biomass make-up

changes, with the �at sheet module having shown to be highly impacted, the limitations

to higher permeate suction was found to be lumen clogging for the multi-tubular module.

This phenomenon was shown to be mainly e�ective for short-term studies.

• During a long-term �ltration trial, however, the FS module exhibited excellent cake layer

�ltration performances at higher sustainable �uxes and MLSS of 12 g.L−1, whereas a

sudden TMP increase from 100 to 700 mbar after only 1.5 hours of �ltration was linked

to spacer clogging of the module vessel. This part of fouling was reversible and could

probably be avoided by introducing longer relaxation periods within the �ltration cycle

of that module.

• Dewatering of the sludge was found to have a positive e�ect on overall �ltration per-

formances for FS and HF modules, whereas the dewatering is a function of �ux and

cross-�ow-velocity, and an e�ective cross-sectional area of the membrane �ltration unit,

hence a function of �ux and the e�ective SRT of the sludge during the �ltration process.

• Counterpart to the ameliorating sludge �lterability e�ect is clogging, which occurred

when the up-lift of sludge particles became insu�cient due to an insu�cient cross-�ow

(aeration) and /or an insu�cient time for relaxation, and hence, material built up within

the cross-section of the membrane separation channels.
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Bench scale testing and membrane surface characterisations and extracted foulants

suggested:

• Filtration performance is highly impacted by di�erent materials. Filtration performance

may also vary widely between samples of the same material due to uneven production

mode.

• A strong correlation between the intrinsic membrane resistance Rm, and the irreversible

fouling resistance, Rirrev, (r = -0.9731, r=0.03) showed a membrane performance less

prone to irreversible fouling with lower intrinsic membrane resistance, which revealed

the importance of membranes operating at low trans-membrane pressure for avoiding

irreversible pore blocking. This was observable for �at sheet bench scale trials, whereas

the correlation was less signi�cant for the single tubular trials.

• Floc rupture as occurring during side-stream pumping presented a high release in �ne

particles and macro molecular substances increasing, hence, the SMP within the bulk

phase.

• Floc rupture and carbohydrate release could be shown to correlate to the biomass resis-

tance exhibited on all of the �at sheet membrane samples. No such correlation could be

drawn from the initial SMP of the supernatant.

• Fractionation of the attached biomass onto the membrane samples presented a pat-

tern evidently di�erent from the biomass �ltration resistance. The amount of extracted

foulants could furthermore not be related to biomass parameter.

• The percentage distribution of attached foulants on the membrane surface - removable

by alkaline cleaning - could clearly be linked to MLSS content, with increased observed

attachment at lower MLSS. This approved the bene�ts of higher solid content within

the bulk phase providing gel layer formation preventing pore penetration.

• Biomass deriving from pilot and full scale plants exhibited di�erent fouling patterns.

• Comparison of �ltration experiments undertaken at di�erent set-ups is generally very

di�cult, if not impossible. Reference measurements are hence inevitable in normalising

the results. To be able to compare lab scale data to full scale data, hydrodynamic

conditions in lab scale should be as close as possible to full scale. Important parameters

to be considered are, besides others, direction of �ow and potential impact of gravity.
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• Critical �ux trials at di�erent aeration rates did not exhibit the expected growth with

increasing air-�ow rate for the HF and FS module. In fact, a lower aeration increased

the sludge �lterability of the biomass circulating along the membrane surface, increasing

in turn the permeability of the membrane module. This was suggested to be an e�ect

of the sludge dewatering, which was found to exhibit positive e�ects during short-term

tests, but led to clogging phenomenon during long-term test.

It is therefore assumed that permeability of membrane module is, to a certain extent,

manipulative by an e�ective sludge dewatering due to the membrane itself. Further

investigation might help to �nd an optimum range between the SRT of the biomass

within the membrane module (due to aeration), the MLSS content of the biomass and

the applied �ux to achieve lowest fouling and lowest aeration costs on the one hand, but

avoid clogging on the other. These optimum boundary conditions should be determined

in long-term studies.

• Further research needs to be undertaken to understand the phenomenon of fouling as

an interaction of membrane surface and biomass make-up. As none of the conducted

parameters seemed to correlate to fouling propensity of the biomass, di�erent parameters

need to be investigated. The phenomenon of clogging should also be included into the

research, as the e�ects of fouling need to be strictly distinguished from the channel

clogging phenomenon to be able to understand biomass impact on membrane surfce.

• Generally, membrane research lacks the ability to reliably compare results. Standard

procedure for measuring sludge �lterability should be set up in order to be able to

compare results from di�erent locations/di�erent set-ups/research groups. The DFCm

method did provided a good example for easy use and quick validation for the data of

this study, however provided limitations to others.

• Filtration performance of same material but on various bench-scale set-ups could be

investigated to understand the di�erences between the varying fouling/clogging phe-

nomena occurring due to the di�erent hydrodynamics. This could then help to interpret

the di�erent research results. Investigations should be undertaken in de�ned model so-

lutions, but also with biomass derived from MBR plants, whereas attention has to be

paid that set-ups are tested in parallel to avoid biomass changes.
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• Suggestions based on the data of this work

By the outcome of this research, it was furthermore assumed that the optimum condition

for sludge �lterability seem to be able to be manipulated to a certain extent by sludge

dewatering.

The current �ndings then promote the suggestion of running membranes in external

MBR tanks, with low to moderate void volume of the membrane tank and bene�t from

two e�ects:

1. being able to run the aeration tank decoupled from the membrane process at mod-

erate MLSS concentration and hence save aeration costs due to lower required alpha

values, and

2. bene�t from the amelioration of the sludge dewatering for the membrane �ltration

performance while also saving energy due to lower membrane coarse aeration.

This current suggestion is, however, limited to the outcome of this research and therefore

requires further veri�cation. For instance long-term trials are inevitable to assess under

which conditions the threshold value to clogging is reached.
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A. Sludge Filterability - impact on

membrane �ltration performance

A.1. Scope

During a combined study with Delft University, the sludge �lterability of the pilot plant was

determined, applying the Delft Filtration Method (DFCm, Evenblij et al., 2005) under two

di�erent scenarios:

1. Di�erent permeate suction rates (run continuous with J20 = 9 LMH, J20 = 18 LMH)

at a constant aeration rate

2. Di�erent SADm rates with samples taken at the same permeate suction step (step J20 =
30 LMH and J20 = 10 LMH of the applied critical �ux protocol)

where the focus was on the changes in sludge �lterability during the passage of each retentate

line and the potential impact on the TMP development of the individual side-stream module.

For all trials, the same �ltration protocol was applied (540s on/50s o�/10s backwash (HF,MT)

or 540s on/60s o� (FS), see Table 4.6, page 65 and Table 4.7, page 66). Analyses were

completed by monitoring changes in biomass parameters, such as pH, DO, TSS, MLSS, VSS,

turbidity and SMP content for supernatant and permeate.

A.2. Measurements of resistance to �lterability - ∆R20

A.2.1. Aeration Tank (∆R20AT )

During the �rst stage of the experiment, a baseline benchmarking was undertaken for the aero-

bic biological tank, analysing samples throughout the day from 8am till 9pm. Daily variations

of sludge �lterability (expressed as �lterability resistance ∆R20AT in 1012 m−1) seemed to fol-

low an in�uent loading pattern, with obvious peaks of deteriorated sludge �lterability during

the morning and evening hours (Figure A.1: ∆R20AT resistance starting with 4.1·1012 m−1,

3.9·1012 m−1 respectively during the morning, decreasing to 3.2·1012 m−1, 2.8·1012 m−1 respec-

tively during the afternoon and increasing again to 3.5·1012 m−1, 3.3·1012 m−1 respectively

during the evening).
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Figure A.1.: Sludge �lterability (results of DFCm measurements) - Daily variations in sludge
�lterability during 2 days monitoring (DFCm �ux: 30 LMH)

The sludge �lterability of the biomass of the pilot plant showed immensely higher �ltration

resistances than MBR biomass analysed in previous studies with the DFCm method, where the

usual �ux applied to the DFCm unit was 80 LMH (Evenblij et al., 2005). During this study,

the �ux applied to the DFCm measurement device had to be lowered to avoid an exposure of

the DFCm membrane to TMP values above the recommended threshold value of 0.5 bar.

During the �rst stage of the experiment (February 2008, low to high �ux trials), a �ux of

30 LMH was adopted in the DFCm unit, whereas due to an overall amelioration of sludge

�lterability over time (February 2008 to March 2008) the DFCm unit was operated with J20

= 60 LMH during the second stage of the experiment (di�erent SADm values) (Figure A.2).

Average values of ∆R20AT varied between 2.2 and 3.6 · 1012 m−1 for the �rst batch of experi-

ments (DFCm �ux: 30 LMH) and between 2.2 and 2.8·1012 m−1 for the varying SADm trials

(DFCm �ux: 60 LMH). Daily variations of ∆R20AT were found to be commonly between 0.05

and 0.5·1012 m−1, with one extreme value of 1.1 for the �rst SADm 1.0 trial (Figure A.2).
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Figure A.2.: Sludge �lterability (results of DFCm measurements): Daily average values
(∆R20AT ) of samples taken from the aeration tank

A.2.2. Retentate Lines of Air-lift Sidestream Modules (∆R20Ret)

Due to the signi�cant daily variations experienced in sludge �lterability of samples taken

from the aeration tank (Figure A.2), side-stream retentate line samples are compared as ratio
∆R20 Ret
∆R20 AT

with ∆R20AT being the time-interpolated value of samples from the aeration tank

taken prior to and after the retentate line measurement.

Hence, a ratio value ∆R20 Ret
∆R20 AT

of 1.0 represents no di�erences in sludge fouling propensity,

whereas values below 1.0 are yielding from an increase in sludge �lterability with a ratio of

below 0.5 showing a signi�cant amelioration of sludge �lterability. ∆R20 Ret
∆R20 AT

values above 1.0

arise from a decrease in sludge quality in terms of �lterability due to changes exerted on the

biomass during the passage of the sidestream vessels (Figure A.3a and A.3b).

A.2.2.1. Constant Aeration - Low to High Permeate Fluxes

During the trial, at constant aeration and low to high permeate �uxes, ∆R20 Ret
∆R20 AT

did not reveal

any signi�cant changes in sludge fouling propensity for the MT module, with values around

1.0 (Figure A.3a).

FS and HF samples, however, exhibited an increased fouling propensity at low permeate �uxes

and a lower fouling propensity at higher permeate �uxes with changes showing to be more

signi�cant for the HF module. While ∆R20 Ret
∆R20 AT

was 1.11 and 1.13 at J20 = 9 LMH for the FS

module, the HF module showed an increased ratio of 1.26 and 1.25. At higher �uxes (J20 = 18
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LMH), ∆R20 Ret
∆R20 AT

was around 0.9 for the FS module and dropped down to 0.7 for the HF

module (Figure A.3a).

A.2.2.2. Varying Aeration - SADm trials

While the average fouling propensity within the aeration tank (∆R20 AT ) varied between

2.1·1012m−1 and 2.88 ·1012m−1, the ratios ∆R20 Ret
∆R20 AT

for all modules revealed an extended array

of values with ∆R20 Ret ranging from 0.13·1012m−1 (HF, SADm 0.5 ) to 2.60·1012m−1 (MT,

SADm di� (1)) (Figure A.15b) and, therefore resulted in ratios of 0.05 to 1.14 (Figure A.3b).

∆R20 ratio for the HF module disclosed the highest variation (average: 0.54, deviation: 0.45)

with a low-range of 0.05 and a high-range value of 1.14. A similar amplitude of ∆R20 ratios

were found for the FS module with an average ∆R20 Ret
∆R20 AT

of 0.72 (deviation: 0.39) and ∆R20 Ret
∆R20 AT

≥ 0.13 and ≤ 1.12. The MT module showed the least broadness with an average ∆R20 Ret
∆R20 AT

of

0.86 and a deviation of 0.2. The highest ratio for the MT module during the varying SADm

trials was 1.17, and the lowest 0.47.

Interestingly, ∆R20 Ret
∆R20 AT

per module revealed at �rst glance a higher change with time/date shift

than with changing aeration rates. Theoretically, ratios of ∆R20 Ret
∆R20 AT

were expected to show a

clear impact of aeration rates applied to the side-stream modules, but the experimental series

revealed a sudden increase of all ratio values on day 4 of the sequence (25/03/08), the SADm

trial of 1.5 Nm3m−2h−1.

Correlating ∆R20 Ret
∆R20 AT

with SADm values and with the corresponding dates not only con�rmed

this observation, but also revealed some interesting aspects (Figure A.4). While both plots

disclosed a slight correlation for the overall data trend-line between ∆R20 Ret
∆R20 AT

and SADm (R2

= 0.47 ),∆R20 Ret
∆R20 AT

and day of sequence (R2 = 0.46 ) respectively, the FS module showed the

strongest association with ∆R20 Ret
∆R20 AT

to the date the analyses were undertaken (R2 = 0.91 , Figure

A.4b) regardless of the applied aeration rate (R2 = 0.07 , Figure A.4a). The HF module, on

the other hand, revealed the strongest correlation between ∆R20 Ret
∆R20 AT

and the applied SADm (R2

= 0.73 , Figure A.4a) and no signi�cant impact of the date of analyses on the ∆R20 Ret
∆R20 AT

(R2 =

0.15 , Figure A.4b). The MT module showed a higher correlation to the date of analyses (R2

= 0.74 , Figure A.4b) than to the applied aeration rate (R2 = 0.4 ).
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Figure A.3.: Sludge �lterability (results of DFCm measurements) - comparison of ∆R20 values
for aeration tank and ratio of ∆R20 Ret

∆R20 AT
- (a) �rst stage of experiment: constant

aeration and low to high permeate �uxes; (b) second stage of experiment: critical
�ux trials with varying SADm (corresponding graphs with ∆R20 Ret values see
Figure A.15)
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Figure A.4.: Sludge �lterability (results of DFCm measurements) - Correlation of ∆R20 Ret
∆R20 AT

with
(a) SADm rates and (b) date; trend-line showing overall correlation, individual
module trend-line in brackets (graphs showing individual module trendlines see
Figure A.16)

A.3. Impact of biomass parameters on ∆R20 variations

A.3.1. Biomass parameters during critical �ux trials at varying aeration rates

(SADm trials)

Biomass parameters varied throughout this set of experiments, showing MLSS changes from to

5.5 to 6.6 g.L−1 within the aeration tank and higher variations per side-stream vessel according

to the aeration applied (Table A.1). MLLS content for retentate samples of side-stream vessels

showed the highest increase for the FS (12.2 g.L−1) and HF modules (11.9 g.L−1) at the lowest

SADm rates (SADm = 0.5 Nm3m−2h−1, 0.25 Nm3m−2h−1 respectively).

Measured pH values were found to be showing the highest average values for the HF retentate

sample between 6.7 and 7.2, with a pH of 7.1. Conductivity showed limited changes from

aeration tank to side-stream retentate with average values between ≈ 1,909 µS (AT, HF) and

≈ 1,937 µS (MT, FS).

The dissolved oxygen levels (DO) of aeration tank sludge samples exhibited on average a

value of 0.6 mg.L−1 DO with a lowest measured parameter of 0.2 mg.L−1 and a highest of

1.8 mg.L−1. Those low parameters were later attributed to one partially blocked plate of

the aeration system installed in the main aeration tank, consequently leading to a scarce air

supply at higher MLSS rates, and higher in�uent loading rates respectively. The dissolved

oxygen levels increased (with the exception of one set of samples) during the passage of the

side-stream vessels, showing an augmentation expressed as ratio DORet
DOAT

of 1.4 to 13.0 with an

average DO concentration of 1.6 mg.L−1.

Chemical oxygen demand of sludge samples showed high variations linked to changes in MLSS
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and VSS respectively, with the lowest COD value of 6.4 g.L−1 for the AT sludge sample and

highest value of 17.6 g.L−1 for the retentate sample of the FS vessel.

Particle size (d0.5) of sludge �ocs was found to be between 55.6 and 68.7 µm for the AT sludge

samples with an obvious decrease in particle size during the passage of the side-stream vessels

(Table A.1) with ratios of d0.5 Ret
d0.5 AT

lying between 0.76 and 0.98.

Soluble microbial products (SMP) determined as Proteins, Carbohydrates (Polysaccharides)

and DOC concentrations revealed the highest deviations for measured Carbohydrates with AT

values between 5.9 mg.gV SS−1 and 16.5 mg.gV SS−1. SMPCarb content inclined invariably

within retentate samples from CarbsRet
CarbsAT

= 1.2 to 4.0, with highest values of 28.1mg.gV SS−1 for

the HF module and lowest values of 7.8 mg.gV SS−1 for the FS module. Conversely, protein

contents normalised to gV SS did not show high variations, with average values remaining be-

tween 1.5 and 1.9 mg.gV SS−1 and displaying on average (Proteins as mg.gV SS−1) a decrease

within the retentate samples. Dissolved organic carbon values also presented limited varia-

tions with average values of 4.3 mg.gV SS−1 (AT) to 4.3 mg.gV SS−1 (FS), 4.4 mg.gV SS−1

(MT) and 4.0 mg.gV SS−1 (HF) with the highest value measured for FS retentate sample (5.7

mg.gV SS−1, see Figure A.5, Table A.1).

Turbidity of SMP samples also increased within the side-stream vessels, showing an average

turbidity of AT samples of 1.790 NTU and 2.141 NTU (MT), 2.205 NTU (FS) and 2.392

NTU (HF). The highest SMP turbidity values were determined for the MT module with 5.035

NTU (Table A.1).
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SADm trials: Proteins, Carbohydrates and DOC as mg.gV SS−1 and values of
VSS in g.L−1
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Table A.1.: Summary of biomass parameters during DFCm - SADm trial

Parameter AT MTRet FSRet HFRet

BIOMASS

Temperature min 10.0 10.0 9.3 9.3
[◦C] max 16.6 14.5 14.9 14.9

mean 12.2 12.0 12.0 11.9

DO min 0.2 0.4 1.0 0.1
[mgL−1] max 1.8 2.6 4.0 3.5

mean 0.6 1.5 2.0 1.4

pH min 6.7 6.8 6.9 7.0
[-] max 7.1 7.0 7.2 7.2

mean 6.9 6.9 7.0 7.1

Conductivity min 1,728 1,838 1,838 1,834
[µS] max 2,070 2,060 2,060 2,040

mean 1,909 1,937 1,936 1,908

MLSS (VSS) min 5.4 (87.1) 5.7 (86.7) 5.8 (87.5) 6.4 (87.4)
[gL−1] ([%]) max 8.1 (89.5) 9.8 (88.7) 12.2 (88.5) 11.9 (91.6)

mean 6.6 (88.2) 7.3 (88.0) 8.4 (88.0) 9.2(88.7)

Particle Size min 55.6 47.2 48.0 46.3
d0.5 [µm] max 68.7 59.3 61.7 67.8

mean 61.7 53.8 56.9 54.9

CODsludge min 6,440 6,775 6,855 7,690
[mgL−1] max 11,760 14,589 17,648 16,686

mean 8,489 9,715 10,710 12,120

SMP

Proteins min 1.2 (7) 1.2 (8) 0.8 (8) 1.0 (8)
mg.gV SS−1(mgL−1) max 2.9 (16) 2.5 (21) 2.5 (24) 2.4 (23)

mean 1.9 (11) 1.7 (11) 1.6 (12) 1.5 (13)

Carbohydrates min 5.9 (36) 10.5 (72) 7.8 (84) 11.0 (106)
mg.gV SS−1(mgL−1) max 16.5 (79) 18.7 (160) 23.1 (217) 28.1 (261)

mean 10.1 (56) 15.0 (95) 17.8 (122) 21.1 (168)

DOC min 3.8 (20) 3.5 (22) 3.4 (24) 3.0 (27)
mg.gV SS−1(mgL−1) max 5.1 (33) 5.1 (44) 5.7 (47) 5.3 (51)

mean 4.3 (25) 4.3 (27) 4.4 (31) 4.0 (32)

Turbidity min 0.919 1.175 0.984 1.565
[NTU ] max 3.500 5.035 4.570 4.670

mean 1.790 2.141 2.205 2.392

AT (Aeration Tank); MT (Multi Tubular Module); FS (Flat Sheet Module); HF (Hollow Fibre Module)
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Amongst all monitored sludge and SMP parameters, the most signi�cant correlations were

found between MLSS content of sludge samples (TS and VSS content respectively) and ∆R20

(VSS: R2=0.8195 ; Figure A.6a) with resistance to �lterability decreasing with increasing VSS

content. The measured chemical oxygen demand of the sludge samples also indicated a highly

signi�cant correlation to ∆R20 values (CODsludge: R
2=0.7288 ; Figure A.6c), with CODsludge

also having shown to be interrelated to MLSS and VSS values respectively, and ∆R20 being

lower for higher CODsludge.

Particle size expressed as d0.5 did not show any impact on ∆R20 values measured (R
2=0.0025 ;

Figure A.6b), whereas pH values of the individual sludge samples seemed to have a slight

impact on ∆R20 (R2=0.5175 ; Figure A.6d) where lower pH values were attributed to higher

resistance to �lterability.
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Figure A.6.: Sludge �lterability (results of DFCm measurements) - Correlation of ∆R20 with
(a) Volatile Suspended Solids; (b) Particle Size; (c) CODsludge; (d) pH

No signi�cant correlation could be observed between SMP content (ΣSMP) or Carbohydrates

content and ∆R20 (Figure A.7a and A.7d). However, slight trends could be shown for Proteins

(R2=0.3575; Figure A.7b) and Dissolved Organic Carbon content (R2=0.4346; Figure A.7c),
where resistance to �lterability improved with increasing Protein or DOC concentration per

gV SS.
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Overall, measured turbidity values did not indicate any impact on the determined resistance

to �lterability (Figure A.7e and A.7f ).
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Figure A.7.: Sludge �lterability (results of DFCm measurements) - Correlation of ∆R20 with
(a) Carbohydrates per gVSS; (b) Proteins per gVSS; (c) DOC per gVSS; (d) Sum
SMP per gVSS; (e) Turbidity in NTU and (f) in NTU per gVSS
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A.3.2. Biomass parameters during constant aeration trials

As described previously, the �ltration �ux of the DFCm unit had to be lowered to 30 LMH

from the usual 80 LMH during the trials at constant aeration rate and was doubled again

to 60 LMH during the SADm trials. Due to the di�erent applied �uxes, it is impossible

to directly compare the resulting values for sludge �lterability. However, assessing biomass

parameters measured during the constant aeration trials did not reveal signi�cant di�erences

to the biomass parameters determined during the subsequent SADm test series, apart from

the amount of dissolved organic carbon, hereafter listed as DOC mg.gV SS−1. While values

varied between 3.0 and 5.7 mgDOC.gV SS−1 during the SADm trials aeration trial (Table

A.1, page 225), the amount of DOC was detected during the constant aeration trials as high

as 20.5 mgDOC.gV SS−1 with an average of 16.6 mgDOC.gV SS−1 and at its lowest 13.6

mgDOC.gV SS−1 while having the same range of MLSS content (Table A.2).

Table A.2.: Summary of biomass parameters during DFCm - Constant aeration trial

Parameter AT MTRet FSRet HFRet

BIOMASS

MLSS (VSS) min 5.9 (82.5) 6.3 (76.6) 6.5 (85.3) 6.9 (84.2)
[gL−1] ([%]) max 7.3 (87.7) 8.5 (87.4) 8.1 (86.6) 8.1 (87.5)

mean 6.6 (85.7) 7.3 (83.6) 7.2 (85.9) 7.6 (86.4)

Particle Size min 47.9 46.6 47.0 46.4
d0.5 [µm] max 73.5 69.3 61.2 68.0

mean 55.6 50.5 50.2 51.1

CODsludge min 4,225 4,725 4,473 4,095
[mgL−1] max 7,890 8,354 8,090 8,960

mean 5,170 5,709 5,817 6,065

SMP

Proteins min 2.3 (14) 1.6 (10) 1.4 (10) 2.8 (16)
mg.gV SS−1(mgL−1) max 3.4 (18) 2.6 (14) 3.0 (17) 3.5 (25)

mean 2.8 (15) 2.1 (12) 2.0 (12) 3.1 (21)

Carbohydrates min 2.4 (15) 2.6 (17) 2.5 (16) 7.0 ( 46)
mg.gV SS−1(mgL−1) max 10.6 (57) 8.4 (48) 17.8 (99) 34.5 (199)

mean 5.0 (25) 4.3 (25) 7.7 (44) 20.7 (101)

DOC min 13.6 ( 74) 16.2 (101) 14.2 ( 79) 14.0 ( 81)
mg.gV SS−1(mgL−1) max 20.5 (107) 20.4 (110) 18.0 (107) 17.7 (123)

mean 17.1 ( 97) 17.1 (103) 16.2 ( 99) 16.6 (110)

AT (Aeration Tank); MT (Multi-Tubular Module); FS (Flat Sheet Module); HF (Hollow Fibre Module)
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Plotting the determined resistance to sludge �lterability against the parameters measured as

soluble microbial products within the respective supernatants emphasised this theory. While

soluble carbohydrates and proteins did not show any signi�cant correlation to ∆R20, the

amount of soluble DOC presented the same trend as observed during the SADm trials. It

should be mentioned that the particle size of sludge �ocs and pH of the biomass did not prove

any of the correlation determined during the SADm trials to be true. The only value other

than the amount of DOC which exhibited a similar trend during this type of experiment, was

the determined concentration of COD of the biomass (Figure A.8).
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Figure A.8.: Sludge �lterability (results of DFCm measurements) - Correlation of ∆R20 with
(a) pH; (b) CODsludge; (c) carbohydrates; (d) proteins ; (d) DOC; (e) particle
size during constant aeration trials
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A.4. Impact of operational parameters on ∆R20 ratios

A.4.1. Critical �ux trials at varying aeration rates (SADm trials)

Throughout this study, changes in sludge �lterability proved to be a direct e�ect of changes

exhibited onto the biomass during the passage of the individual side-stream vessel, subject to

module con�guration. As previously indicated (Figure A.4, page 222) variations of ∆R20 Ret
∆R20 AT

seemed dependent on either daily biomass changes (Figure A.4a) or applied aeration rates

(SADm, Figure A.4b), where module con�guration determined the signi�cance of impact.

This proposition could be ampli�ed by assessing changes of ∆R20 Ret
∆R20 AT

and SADp, SRTside−stream,

cross-�ow velocity (CFV) and sludge dewateringside−stream (Figure A.9a to A.9d). While the

applied aeration rate (expressed as either SADp or SADm) showed no impact on ∆R20 Ret
∆R20 AT

for

the FS module (R2 = 0.07 and 0.2 respectively), a signi�cant impact could be observed for

the HF module (R2 = 0.8178 and 0.7346 respectively). In�uences of SADp rates on
∆R20 Ret
∆R20 AT

for the MT module were also found to be relevant (R2 = 0.59 , Figure A.9a).

Average air-lift cross �ow velocities (CFV measured as air-liquid-solid three-phase �ow ve-

locity) resulting from di�erent applied aeration rates (SADm) were, due to con�guration, the

highest for the MT module where CFV varied between 0.017 ms−1 and 0.094 ms−1. On

average, the lowest CFVs were measured for the FS module with values ranging from 0.002

to 0.019 ms−1. The same SADm rates simultaneously applied to the HF module exhibited

cross-�ow velocities of 0.004 to 0.019 ms−1. Compared to the correlation observed between

SADm rates and changes in sludge �lterability, CFVs showed a higher impact on ∆R20 Ret
∆R20 AT

with

the highest correlation found for the HF module (R2 = 0.81 , Figure A.9c). For all modules,

sludge �lterability improved with decreasing cross-�ow velocity, which was, due to sampling

strategy , also directly linked to sludge dewatering (Figure A.9d) and hence linked to an in-

crease in mixed liquor suspended solids content (TS or VSS respectively) within each retentate

line (see Figure A.6, page 226).

Highest ameliorations in sludge �lterability (∆R20 Ret
∆R20 AT

≤ 0.5) were found at 3 L sludge dewa-

tering for the MT module (CFV < 0.02 m.s−1), above 10 L sludge dewatering for the HF

module and above 7.5 L sludge dewatering for the FS module (CFV for HF and FS < 0.004

m.s−1). Sludge �lterability increased the most for the HF module with ∆R20 Ret
∆R20 AT

≤ 0.05 for

sludge dewatering ≥ 10.82 L (Figure A.9d).
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Figure A.9.: Sludge �lterability (results of DFCm measurements) - Correlation of ∆R20 Ret
∆R20 AT

with (a) SADp; (b) SRTside−stream; (c) CFV; (d) Sludge Dewateringside−stream.
(Corresponding graphs showing individual module trend-lines, Figure A.17)

A.4.2. Continuous �ltration at constant aeration rates

The change from low to high �uxes at constant aeration rate yielded in varying sludge de-

watering for each side-stream module, which then also impacted on the sludge �lterability

(Figure A.3, page 221). Depending on the module con�guration, and hence on the ratio of

membrane area to void volume of the side-stream vessel and on the cross-�ow velocity resulting

from the �xed aeration rate, the sludge dewatering varied from ≈ 0.3 L to 0.7 L for the MT

module, from ≈ 0.6 L to 1.1 L for the FS module and from ≈ 1.0 L and 1.9 L for the HF

module for �uxes of 9 LMH and 18 LMH respectively. The positive e�ects on amelioration

due to sludge dewatering during the side-stream passage could also be observed during the

continuous �ltration trials (Figure A.10a). The highest amelioration in sludge �lterability

(∆R20 Ret
∆R20 AT

≤ 0.7), was again observed for the HF module, with sludge dewatering around 2 L

for the trial at �ux of 18 LMH. For sludge dewatering around 1 L, therefore for the trial at a

�ux of 9 LMH, resistance to �lterability increased during the side-stream vessel passage. This

might be attributed to a complex interaction between the release of residual fouling due to

shear exhibited onto the biomass during the side-stream passage and the MLSS content of the
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biomass. For instance, an increase of total solids during the side-stream passage revealed an

increase in sludge �lterability only for TSRet
TSAT

above 1.25 (Figure A.10b). A similar 'threshold'

value of 1.25 TSRet
TSAT

was observed for the FS module with sludge �lterability increasing, with

total solids of the retentate line being 1.25 times (or higher) than the total solid content of the

aeration tank. Sludge �lterability increased during the passage of the MT module with TSRet
TSAT

≤ 1.5 (Figure A.10b).
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Figure A.10.: Sludge �lterability (results of DFCm measurements) - ∆R20 Ret
∆R20 AT

development
during constant aeration trial vs (a) Sludge dewatering during the passage of
the sidestream vessel; (b) Ratio of total solids (retentate line/aeration tank).
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A.5. Membrane �ltration performance and ∆R20 variations

The membrane �ltration performance during the constant aeration trial and continuous

�uxes (9 LMH and 18 LMH) did not reveal signi�cant changes during the set of experiments

and is therefore not discussed within this section.

Critical �ux tests conducted under varying SADm scenarios during this combined study

suggested that, depending on module con�guration, membrane fouling propensity was not only

dependent on the aeration rate applied for membrane air scouring (see Chapter 7.2). In fact,

the observed changes in sludge �lterability (∆R20 Ret
∆R20 AT

) were found to have had an interesting

impact on the critical �ux development for each con�guration and supported explanations for

antithetically apparent results.

While permeability at a given �ux of J20= 30 LMH indicated a decrease for FS and HF

modules with increasing aeration rates and therefore opposing the expected ameliorating ef-

fects of air scouring, ∆R20 Ret
∆R20 AT

measurements revealed that the increase in permeability was

concomitant with altered sludge �lterability (Figure A.11).
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Figure A.11.: Sludge �lterability (results of DFCm measurements) - Permeability of side-
stream modules vs. (a) SADm; (b)

∆R20 Ret
∆R20 AT

.

The highest increase in permeability per 0.1 ∆R20 Ret
∆R20 AT

was found for the FS module with 30

LMH.bar−1. Overall, permeability increased from 615 LMH.bar−1 to 886 LMHbar−1 with

a decrease in SADm from 1.0 to 0.5 Nm3m−2h−1, resulting in an overall increase of sludge

�lterability expressed as ∆R20 Ret
∆R20 AT

from 1.24 to 0.34.

Sludge �lterability increased the most for HF retentate samples with values of ∆R20 Ret
∆R20 AT

drop-

ping from 1.19 at a SADm rate of 1.25 Nm3m−2h−1 down to ∆R20 Ret
∆R20 AT

= 0.02 at SADm = 0.25

Nm3m−2h−1. Membrane permeability of the HF module revealed an overall increase of K20

= 240 LMH.bar−1 with an incline of K20 of 20 LMH.bar−1 per 0.1 ∆R20 Ret
∆R20 AT

drop.
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The MT module on the other hand, showed an improvement in permeability with increasing

membrane air scouring (R2=0.7711 , Figure A.11a) and hence an increase of permeability

with decreasing sludge �lterability, whereas less impact of changes in sludge �lterability on

the overall membrane performance could be observed (R2= 0.532 , Figure A.11b).

Determined fouling resistances (Rf ) revealed similar trends for the individual module con�gu-

ration. While higher applied SADm values were associated with lower fouling resistances (Rf )

for the MT module (R2=0.6239 , Figure A.12a), less signi�cance was observed for decreasing

sludge �lterability (R2=0.4892 , Figure A.12b). The HF and FS modules, however, showed an

increase in Rf with increased aeration rates (HF: R2=0.7163 , FS: R2=0.6992 ; Figure A.12a),

which were found to be quasi-simultaneous to decreased sludge �lterability (HF: R2=0.7502 ,

FS: R2=0.6307 ; Figure A.12b).
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Figure A.12.: Sludge �lterability (results of DFCm measurements) - Module performance:
fouling resistance Rf vs. (a) SADm; (b)

∆R20 Ret
∆R20 AT

Fouling rates according to the classical dTMP/dt determination indicated having been insignif-

icantly a�ected by either changing SADm rates or sludge �lterability for the multi-tubular

module (Figure A.13a, A.13b: R2=0.0742 (SADm), R
2=0.1578 (∆R20 Ret

∆R20 AT
)). dTMP/dt values

increased for both HF and FS modules with increased aeration rates, which again could be

linked to worsened sludge �lterability. The signi�cance for correlation remained similar for

the FS module (R2=0.6373 (SADm), R
2=0.6195 (∆R20 Ret

∆R20 AT
)), whereas impact of SADm on

dTMP/dt was found to be higher for the HF module than the impact of ∆R20 Ret
∆R20 AT

changes

(Figure A.13a,b; R2=0.7758 (SADm) , R
2=0.5743 (∆R20 Ret

∆R20 AT
)).
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Figure A.13.: Sludge �lterability (results of DFCm measurements) - Module �ltration perfor-
mance: (a) classical dTMP/dt vs SADm; (b) classical dTMP/dt vs ∆R20 Ret

∆R20 AT
(c)

peak-step dTMPp,s/dt vs SADm; (d) peak-step dTMPp,s/dt vs
∆R20 Ret
∆R20 AT

Contrary to the classical dTMP/dt analysis, the trans-membrane pressure changes over time

between both peaks per �ux step (dTMPp,s/dt), depleted with increasing aeration rates for

the HF module (Figure A.13c). In fact, dTMPp,s/dt showed slightly negative fouling rates

(dTMPp,s/dt = -0.05 and -0.07 mbar.min−1) for the HF module with aeration rates above

SADm = 1.0 Nm3m−2h−1, which indicated that even though fouling rates during �ltration pe-

riods increased with decreasing sludge �lterability, the e�ects of air scouring during relaxation

and backwash cycles had enormously positive e�ects on fouling prevention.

Whilst the multi-tubular module exhibited a signi�cant decline of dTMPp,s/dt with increas-

ing aeration rates (Figure A.13c, R2=0.7612 ) similar to the HF module, the dependency of

�ltration resistance between biomass and membrane modules remained unchanged for the FS

module (Figure A.13d , R2=0.7329 ). Therefore, between all three module con�gurations com-

pated, only the FS module showed no amelioration during relaxation periods for higher applied

air scouring rates; however sludge �lterability showed to have the highest impact on �ltration

performance.
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Comparing the trials conducted for �uxes of LMH 30 and LMH 60 of the DFCm unit, it

might be concluded that besides having higher DOC values, the ratio between proteins and

carbohydrates of the bulk phase might be a possible explanation for the much lower �lterability

of the sludge during the start of the experiment. Ratios of proteins to carbohydrates varied

between 0.25 and 1.0 for trials at LMH 30, and P/C ratio was reduced from 0.36 to 0.09 during

the trials where the DFCm unit could be operated with a �ux of 60 LMH (R2 = 0.44 , Figure

A.14). However, with a correlation of only R2 = 0.34 during the SADm variation trials, this

biomass parameter can not explain the entire phenomenon of ameliorated sludge �lterability

occurring from the indirect e�ects of the side-stream operation.
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Figure A.14.: Correlation of DFCm resistance to �ltration measurement and ratio of P/C for
bulk phase of the biomass sample.
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A.6. ANNEX: DFCm �ltration trials - Correlation Graphs

A.6.1. Corresponding graph to Figure A.3
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Figure A.15.: Sludge �lterability (results of DFCmmeasurements) - comparison of ∆R20 values
aeration tank and retentate lines - (a) 1st stage of experiment: constant aeration
and low to high permeate �uxes; (b) 2nd stage of experiment: critical �ux trials
with varying SADm; corresponding graphs indicating the ∆R20Ret

∆R20AT
ratio, Figure

A.3, page 221
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A.6.2. Corresponding graph to Figure A.4
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Figure A.16.: Sludge �lterability (results of DFCm measurements) - Correlation of ∆R20 Ret
∆R20 AT

with (a) SADm rates and (b) date; trendline showing individual module corre-
lation (Overall trendline and text see Figure A.4, page 222)
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Figure A.17.: Sludge �lterability (results of DFCm measurements) - Correlation of ∆R20 Ret
∆R20 AT

with (a) SADp; (b) SRTside−stream; (c)
CFV; (d) Sludge Dewateringside−stream: showing individual module trendlines. (Overall trend-line graph and text see
Figure A.9, page 231)
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B. Biomass Parameter - Summary of

overall process operation

B.1. Monitoring of biomass changes during constant HRT

Changes in soluble microbial products (SMP) are often linked to changes in operational pa-

rameters, such as HRT and SRT and changing MLSS content, which are then in turn related

to membrane fouling. It was therefore of interest to elucidate possible changes in SMP con-

centration for a period with constant operational parameters. Besides the monitoring during

critical �ux trials, two di�erent types of experiments were conducted:

• intensive monitoring over a period of three months at constant HRT (HRT = 10 hours)

without operation of the side-stream modules, and

• a daily monitoring on a 2-hourly basis during three di�erent HRT trial periods without

and with side-stream module operation.

Most relevant results of both types of experiments are presented hereafter and were, where

considered necessary, compared to the overall results of biomass characterisation.

B.1.1. Monitoring of overall biomass and SMP changes at constant operation

without side-stream operation

During the 3 months monitoring period (HRT 10 hours), the concentration of soluble microbial

products determined in the supernatant of the aeration tank varied widely, showing the highest

concentration throughout this study (Table 8.1, page 156).

Comparing the amount of soluble proteins, carbohydrates and dissolved organic matter per

g.MLSS, clearly revealed highest �uctuation for carbohydrates, especially during the �rst

month of the growth phase of MLSS at HRT 10 hours. After two months of operation, however,

the amount of carbohydrate per g.MLSS seemed to show a trend of stabilization (Figure B.1a).

The organic content of the biomass presented mostly constant with a clear correlation to MLSS

content (Figure B.1b). Therefore, no signi�cant di�erence could be expected when normalising

results to either MLSS or VSS.
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Figure B.1.: (a) Variation of SMP, MLSS and pH during monitoring period at HRT 10. (b)
Correlation of MLSS vs. VSS.

B.1.1.1. In�uent values

During the monitoring campaign at HRT 10 hours, supernatant of the in�uent and bulk

phase of the aeration tank were compared to elucidate the origin of soluble microbial products.

During this period, the determined concentrations of carbohydrates and DOC were found to

be of similar range for in�uent and bulk phase of the aeration tank, whereas soluble proteins

were consistently found to be of higher concentration for the in�uent samples (Figure B.2).

Di�erences in protein concentration between the in�uent sample and bulk phase were on

average as high as 40 to 50 mg.L−1.
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Figure B.2.: Variation of soluble microbial products measured within the in�uent (feed) and
the supernatant of the aeration tank.

The concentrations of DOC, carbohydrates and proteins were furthermore compared for in�u-

ent and supernatant of the bulk phase of the aeration tank for all trials and HRTs conducted.

In general, in�uent values for DOC and carbohydrates were found to be higher within the

supernatant of the aeration tank than within the in�uent samples. For instance, DOC concen-

tration within the supernatant of the aeration tank was found for 77.6% of the determinations

to be higher than within the corresponding in�uent sample.

Overall, the DOC concentration within the in�uent samples represented in average 67% of

the DOC determined within the aeration tank (Table B.1). Concentrations for carbohydrates
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were also found in 72.1% of the determinations to be on average 70% higher within the SMP

of the aeration tank than the feed. Only ≈ 28% of the determinations showed an an average

concentration 3 times higher of soluble carbohydrates for the feed than for the supernatant of

the aeration tank.

This was opposed to the observation made for soluble proteins, where over 98% of the deter-

mined in�uent samples showed an average concentration 4.5 times higher for proteins in the

feed than in the SMP of the aeration tank (Table B.1).

Table B.1.: Ratio of soluble microbial products determined in in�uent samples and supernatant
of the aeration tank throughout the study

Ratio
cInf

cAT
DOC Proteins Carbohydrates

Overall results for determined ratios of
cInf

cAT
≤ 0

average 0.76 4.80 1.17
min 0.2 0.7 0.0
max 2.0 11.9 13.6

Determined ratios of
cInf

cAT
≤ 0

percentage of overall
results

77.6 % 1.6 % 72.1 %

average 0.63 0.75 0.35
min 0.22 0.7 0.03
max 0.94 0.8 0.84

Determined ratios of
cInf

cAT
≥ 0

percentage of overall
results

22.4 % 98.4 % 27.9 %

average 1.51 4.61 3.72
min 1.48 1.5 1.08
max 1.57 9.7 13.50

This consequently may have led to the assumption that even though in�uent values for DOC

and carbohydrates were in similar range for the supernatant of the aeration tank, a certain net

production or release of DOC and carbohydrates occurred by microbial activity in the aeration

tank. Higher protein concentration in the feed would then suggest a net degradation of proteins

inside the aeration tank and a no net production of proteins of the supernatant by microbial

activity. Nevertheless, it has to be considered that the applied determination methods for SMP

compounds are based on adsorption spectra measurements representing composite parameters.

244



Biomass Parameter - Summary of overall process operation

Therefore, shifts of degraded proteins and produced proteins, for instance, might overall result

in the same resonance of absorbance, while being di�erent type of proteins. Furthermore, it

should be mentioned that results obtained for protein concentration within this study had not

been corrected for nitrogen (nitrite, nitrate, and ammonium).

In fact, comparing the HPSEC pro�les between elution times for 669kDa to the elution time of

12kDa revealed a higher amount of protein like substances at higher molecular weight for the

in�uent samples (elution time 5.8 to 7.3 minutes), while the HPSEC pro�le of the supernatant

of the aeration tank did reveal higher quantities of compounds within the lower molecular

spectra (elution time 7.3 minutes to 9.2 minutes; Figure B.3). As expected, the HPSEC curve

of the permeate of the submerged HF module (HRT-control module)corresponded shape-wise

to the HPSEC curve of the supernatant of the biomass, with overall lower quantities and

a complete retention of substances at a higher molecular weight by the membrane module

(retention of substance with higher MWCO up to elution time of 7 minutes; Figure B.3).
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B.1.1.2. Elimination rates and observed retention

As the amount of SMP within the supernatant not only depends on the input from the in�uent

and possible biomass activity, but also on the retention by the membrane module, elimination

rates were calculated from measured SMP concentration of in�uent, bulk phase and permeate

applying equation (B.1). Results were normalised to VSS content of the biomass to represent

a speci�c elimination rate and speci�c sludge loading rate, respectively.

ri =
∆ci,R

∆t
+
Qfeed
VR

·ci,feed −
Qperm
VR

·ci,perm −
Qsludge
VR

·ci,R (B.1)

where

ri = determined elimination rate (mg.(L.h)−1)

With the term for excess sludge removal (
Qsludge
VR

·ci,R) being generally zero due to no sludge

wastage, speci�c elimination rates varied between 0.09 to 0.39 mg.(gVSS.h)−1 for DOC and

between 0.3 to 0.9 mg.(gVSS.h)−1 and -0.4 to 2.8 mg.(gVSS.h)−1 for proteins and carbohy-

drates respectively (Figure B.4a). Lowest variations were found for DOC, whereas highest

variations were again shown for carbohydrates. Plotting the determined values for ri against

the respective values of sludge loading rates highlighted the dependency on in�uent loading

rates (Figure B.4b). Speci�c permeate loading rates did not show any direct correlation to

speci�c feed (sludge) loading rates (Figure B.4c).

Observed Retention of the HF submerged module showed to vary least for DOC with

observed retention rates from 88.3% to 59.8%, whereas a higher variation was found for carbo-

hydrates with observed retention rates varying from 92.4% to -30.9%. The observed retention

for protein was determined to be on average 45.9%, with minimum of 12.% and maximum

of 91.4 % (Figure B.5a). Interesting to note is that the observed retention for DOC, carbo-

hydrates and proteins followed a logarithmic correlation to the amount of soluble microbial

products within the bulk phase of the aeration tank, for either concentration or amount per

g.VSS (Figure B.5 b, c). Similar results were obtained for the observed retention of turbidity

(NTU) from the submerged HF module with SNTU ranging from 74.2% to 98.2% providing

a moderate logarithmic correlation to turbidity measured within the supernatant of the bulk

phase (R2 = 0.6431 ), and to turbidity normalised against g.VSS of the biomass (R2 = 0.5959 ,

graph not shown). However, assessing the overall obtained results throughout this study, these

trends could not be veri�ed, with the highest overall correlation for observed retention of DOC

vs. DOC content or concentration being R2
overall = 0.4063 and R2

overall remaining below 0.1722

for correlation of protein, carbohydrates and turbidity respectively (graph not shown).
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B.1.2. Monitoring daily �uctuation of biomass properties on a 2-hourly basis

Particle size and moreover colloidal release are amongst the parameters highly discussed to

cause membrane fouling. To elucidate the potential impact of shear stress due to side-stream

airlift operation, the subsequent impact on �oc changes and on the release of potential foulants,

an overall assessment of daily variations of biomass parameters was undertaken.

Changes in �ocs size distribution of the biomass of the aeration tank were monitored during

constant operation mode 5 times a day on 2 consecutive days (�xed HRT, �xed aeration, no

operation of side-stream modules).

Flocs size distribution monitoring was continued in the following 2 days, this time including

operation of the side-stream modules where aeration was �xed and �ux was set to approx. 9

LMH during the �rst day and 18 LMH during the following day. Particle size distributions were

measured on the biomass of the aeration tank and also on the retentate lines of the side-stream

modules. The tests were completed by analysing the supernatant of the aeration tank and

each retentate line for SMP (DOC, proteins and carbohydrates), turbidity, pH, conductivity

and dissolved oxygen.

Overall, the above described trials were repeated three times at di�erent MLSS contents and

HRTs:

• MLSS 4 g.L−1, T = 12.5◦C, HRT 24h

• MLSS 7 g.L−1, T = 15.0◦C, HRT 12h

• MLSS 4 g.L−1, T = 20.5◦C, HRT 8h

B.1.2.1. Variation of particle size distribution in the aeration tank

Surprisingly, changes in particle size within the aeration tank varied widely with the average

particle size d0.5 ranging from 39.2 µm to 80.0 µm (Figure B.6). The �oc rupture, as highly

discussed within literature, was shown to occur within the daily dynamic of the �oc itself,

even without any additional shear stress being applied.

To illustrate, the daily changes in �oc size (d0.5) were found to range between 42.2 and 80.0

µm during the monitoring at a MLSS content at of 4 g.L−1 and low temperature (T = 12.5◦C,

Figure B.6b), which represented, at the end of the study, a coverage by 51% of the broad

range of overall changes in �oc size during a pilot plant operation of approximately 2 years

(see Figure 8.1b, page 154).

The shear applied onto the biomass �ocs from the operation of the side-stream membrane

modules did not seem to alter the observed daily �oc dynamic signi�cantly, as the overall

changes in particle size distribution within the aeration tank remained in a similar range
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compared to the tests without side-stream operation (Figure B.6b vs. B.6c). Again, this

could especially be observed for the test series at MLSS 4 g.L−1 and at temperature of 12.5◦C,

where �oc size distribution for the low �ux side-stream operation varied between 43.2 µm to

79.6 µm (Figure B.6c), representing 96.8% of the range in �oc size change, in comparison to

the respective test without side-stream operation.
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Figure B.6.: Daily variations of �oc size distribution within the 2.2 m3 membrane aeration
tank. (a) Sample of Mastersizer pro�le for one monitoring day, (b) d0.5 �oc size
development without side-stream modules operation, (c) d0.5 �oc size develop-
ment with side-stream module operation

Nevertheless, during the operation of the side-stream modules at high �uxes in this speci�c

test series, �oc size distribution within the aeration tank was found to be an average of lower

d0.5 with less variation throughout the day. Consequently, this led to the assumption for

this speci�c test series, that higher shear stress exhibited onto the biomass during continued
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operation of the side-stream modules resulted in an overall smaller particle size distribution

most likely dervived from hindered growth phases compared to lower shear stress situation.

Changes in �oc size distribution for the trials at lower HRT were found to be of less variation,

but still within signi�cant ranges with an average particle size d0.5 of the biomass of the

aeration tank varying from 47.9 to 51.5 µm (MLSS 7 g.L−1, no sidestream operation), 48.0 to

56.9 µm (MLSS 7 g.L−1, with side-stream operation), 44.3 to 50.6 µm (MLSS 4 g.L−1, HRT

8 hours, no side-stream operation) and 47.0 to 54.6 µm (MLSS 4 g.L−1, HRT 8 hours, with

side-stream operation).

Surprisingly, the previously observed lower daily �uctuation of particle size distribution of the

biomass of the aeration tank during high �ux sidestream operation could not be veri�ed during

the trials at lower HRT. However, it should be mentioned that during the operation of the

side-stream modules, �oc sizes of all three tests run were found to be of an almost identically

small size during the morning sampling of the second day (Figure B.6c). Considering the

overall high dynamic �oc changes, this might be coincidence, but it might also be assumed

that during the constant shear rates which were exhibited onto the �ocs during the night (also

with also presumably less feed changes overall than during the day), the �oc sizes approached

similarity.

Finally, it should be mentioned, that the dynamic of �oc size distribution found to be the

highest for a highest HRT (MLSS 4 g.L−1, HRT 24 hours) also coincided with the lowest

sludge age and time of pilot plant operation respectively.

B.1.2.2. Variation of particle size distribution in sidestream retentate lines

Besides the daily dynamic of �oc size distribution within the aeration tank, changes were

monitored for biomass having passed the side-stream vessels with sidestream modules operated

at constant air �ow rate (35 L.min−1 air each module) and �uxes of 9 LMH during one day and

18 LMH the following day. Changes in �oc size distribution are exemplarily represented for

the trial conducted at MLSS 4 g.L−1, HRT 8 hours, with low applied �uxes to the side-stream

module at 8am (Figure B.7).
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Considering the observed high variations in particle size of the aeration tank without side-

stream operation, the particle size changes monitored throughout the tests including side-

stream module operation were found to be of very little signi�cance. To illustrate, calculating

the overall particle fractionation during the trial at MLSS 4 g.L−1, 8 HRT, without side-

stream operation would have resulted in 87% to 111% for particle changes within the aeration

tank only (highest and lowest values on average), while particle fractionation for the retentate

values of the sidestream lines during the same test trial varied from 80% to 116% for the MT

module, 81% to 127% for the FS module and 91% to 105% for the HF module respectively.

Overall it could be concluded that the exhibited shear, by applying low aeration rate and

moderate �uxes, did not induce signi�cant changes in �oc size distribution. In fact, during

all trials, re-�occulation processes were found to have occurred during the passage of the

side-stream vessel, as indicated by a particle fractionation FI ≥ 100 % (Figure B.8).
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Figure B.8.: Observed particle fractionation during operation of the side-stream modules: (a)
MT module, (b) FS module, (c) HF module
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B.1.2.3. Impact of SMP variation on particle size distribution

The monitored biomass parameters, including SMP, ratio of PSMP /CSMP , pH and conduc-

tivity, were not found to show a statistically signi�cant trend on the observed dynamic in the

�oc size distribution. Assessing, however, the impact of measured in�uent values on �oc size

changes, a slight trend became evident between the dynamic in particle changes and ratio of

P/C. Plotting the hourly changes in particle size expressed as d(d0.5)/dt against the hourly

changes in ratios of PINF /CINF revealed a slight trend with R2=0.756 (Figure B.9a). It

should be noted, however, that the trend was mainly determined by one outstanding value.

Nevertheless, this observation could still be validated for the 3 months monitoring period, even

though signi�cance was found to decrease (R2=0.437; Figure B.9b). A generalised conclusion

could, however, not be drawn for the entire study as monitoring of in�uent samples was not

undertaken for all trials conducted.
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B.1.2.4. Changes of SMP in supernatant due to changes in particle size distribution

A comparison of the fractionation of SMP of the supernatant and the fractionation of parti-

cle size did revealed correlations in terms of carbohydrates for all three modules. A higher

fractional index for particles could be related to a higher release of carbohydrate during the

sidestream passage for all membrane modules (Figure B.10).

To illustrate, with FId0.5 determined as 116% for both FS and MT module, the concentration

of carbohydrates within the retentate line was found to represent roughly 180% of the concen-

tration of carbohydrates determined within the supernatant of the aeration tank. Surprisingly,

fractional indexes for carbohydrates of the HF module retentate were found to be above 275%,
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reaching at its maximum 450% with a corresponding FId0.5 of only 105%. Overall, the release

of SMP during the passage of the retentate line was found to be signi�cantly higher for the

HF module than for the MT module or the FS module, respectively.
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Figure B.10.: Correlation of observed particle fractionation during operation of the sidestream
modules vs. fractionation of SMP during 2-hr-monitoring trial:(a) MT module,
(b) FS module, (c) HF module

This could also be observed when comparing the HPSEC pro�les for all three side-stream

vessel's retentate lines, with the HF module showing highest changes of the supernatant.

Overall, comparing the HPSEC pro�le of the HF retentate line to the biomass of the aeration

tank, peaks were found to be higher for higher molecular weight ranges, but also slightly

higher for lower molecular weight ranges. Changes in higher molecular weight range were also

observed for the FS module retentate line, whereas the HPSEC pro�le of the supernatant of

the MT module retentate line revealed to be almost unchanged compared to the aeration tank

(Figure B.11).
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