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Abstract

The membrane bioreactor (MBR) technology for wastewtreatment has been of growing interest
since the late 1980s due to increasing needs fterwause and stricter environmental demands.
However, lacking understanding of the fouling pesbs is still an obstacle that needs to be cleared
before the MBR technology is fully competitive withnventional wastewater treatment processes.
This project focuses on the characteristics ofgduitibocs in MBR systems since these are found to
be the main origin of foulants. The sludge flocaMBR systems are typically exposed to higher
shear rates than in the conventional wastewatatntient plants, and this is expected to affect the
sludge floc characteristics. Therefore, the charatics of MBR sludge were compared to
conventional activated sludge (CAS).

Two submerged MBR systems were used during thiggtd.e. a pilot MBR placed at a municipal
wastewater treatment plant and a labscale MBR glateédalborg University. The labscale MBR
was build to be comparable to the pilot MBR.

Sludge flocs from both MBR and the correspondingSCRere analyzed in terms of macroscopic
and microscopic changes during the operation peribldcroscopic analysis involved size and floc
strength measurements and were both found to bendept of the shear level in the MBR systems.
Microscopic analysis involved determination of edrpdrates, proteins and humus, hydrophobic
interaction chromatography and size exclusion clatography. These measurements showed some
changes of EPS composition, however none that doilgiscribed directly to the shear levels in the
MBR systems.

The two MBR systems were found to be comparabkernms of the analysis results, even though

some main parameters were not the same.
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Dansk resume (Danish Abstract)

Interessen for membran bioreaktor (MBR) teknolodikspildevandsrensning har globalt set veeret
stigende siden slutningen af 1980’erne som fglg@gdt behov for genanvendelse af vand og
skeerpede miljgkrav. Dog er manglende viden om rigutiroblemer stadig en forhindring, der skal
flernes for MBR teknologien bliver fuldt konkurresdygtig i forhold til konventionel
spildevandsrensning.

Dette projekt fokuserer pa karakteristika for sladkifene i MBR systemer, da disse er hovedkilden
til fouling. Slamflokkene i MBR systemer er typiskdsat for hgjere shear rater end i det
konventionelle spildevandsrensningsanleeg, og ddteentes at pavirke slamflokkenes
karakteristika. Derfor er karakteristika for MBRasiflokkene sammenlignet med samme veerdier
for konventionelt aktiveret slam.

To nedsaenkede MBR systemer blev brugt gennem getjekt; en pilot MBR placeret pa et
kommunalt spildevandsrensningsanlaeg og en labsid&® placeret pa Aalborg Universitet.
Labskala MBR’en blev opbygget sa den var sammesligmed pilot MBR’en.

Slamflokke fra bade MBR og den tilhgrende konvergle aktive slam blev analyseret i forhold til
makroskopiske og mikroskopiske aendringer undertspefioden. De makroskopiske analyser
inkluderede flokstarrelse og -styrke malinger ogdee parametre aendredes som fglge af shear
niveauet i MBR systemerne. De mikroskopiske analy@m®handlede bestemmelse af sukker,
protein og humus, hydrofob interaktionskromatogoafistarrelseseksklusions-kromatografi. Disse
malinger viste aendringer af slamkarakteristika, niésse kunne ikke direkte tilskrives shear
niveauet i MBR systemerne.

De to MBR systemer viste sig at veere sammenligedlifprhold til forsggsresultaterne selvom

nogle vigtige parametre ikke var ens.
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1 Introduction

The membrane bioreactor (MBR) is a wastewaterrtreat technology, which combines the use of
microorganisms for biological degradation of orgapollutants and membrane filtration for solid-
liquid separation [Le-Clechkt al. 2006]. Thus, the area demanding settling tanksookentional
wastewater treatment plants are replaced by meralfiignation.

The technology was introduced in the late 1960Dbyr-Oliver Inc., who applied a bioreactor
combined with a crossflow filtration loop for shiypard wastewater treatment [Judd 2006; Le-
Clechet al.2006]. Other similar MBRs were developed at altbatsame time, but they all suffered
from poor economics due to high costs of membranesuse of high fluxes which implied a need
for high, energy demanding crossflow velocities-[Liechet al. 2006]. Hence, these early MBR
systems were primarily applied in areas with spew&ds; e.g. isolated ski resorts or trailer parks
[Le-Clechet al. 2006].

However, in the late 1980s an important step indinvelopment of the MBR technology was taken
as Yamamoto and co-workers submerged the membrateeshe bioreactor [Judd 2006]. This
implied a significant decrease in the energy dermascthe need for aeration of the microorganisms
in the bioreactor could be combined with the neddaocrossflow over the membranes
[Le-Clechet al. 2006]. Further process optimization and reducobrmembrane costs led to an
exponential increase in existing MBR plants thraugtthe 1990s [Judd 2006].

Since then, the global market for MBRs has beethéurdeveloping mostly within municipal
wastewater treatment but also in industrial appbcs [Atkinson 2006]. The global market is
expected to increase from being $216 millions i0&6 $363 millions in 2010 [Atkinson 2006].
This results from an increasing need for watereesd generally stricter environmental demands,
which makes the MBRs advantageous due to highegffiquality [Atkinson 2006; Shannat al.
2008]. Other advantages compared to conventionatemater treatment processes include small
footprint, higher load of microorganisms, smalleactor volume requirements and less production
of excess sludge [Le-Cledt al. 2006].

The market for MBRs is however still limited duehmh costs of membranes and lacking fouling
control under varying process parameters [Memngal. 2009]. Fouling refers to deposition of
materials either on the membrane surface or inmtembrane pores resulting in an increasing filter
resistance and thus a declining flux [Mulder 1998jis phenomenon is very difficult to handle in
the wastewater treatment process since the adistelge is very complex, consisting of many
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potential fouling materials (foulants) of both iganic and organic origin [Le-Cledt al. 2006].
Besides, the sludge characteristics change e.@r wadying weather conditions and also depend on
the origin of the wastewater [Wilét al. 2003; Wilénet al. 2008].

The fouling issues in MBRs have been studied fonyngears but have been of increasing interest
lately with as many as 400 articles dealing withyireg aspects of fouling in MBR systems in 2007
alone [Menget al.2009]. However, many different setups and operatmmditions have been used
and a lot of empirical correlations have been psegowhich are often only valid under specific
conditions. Hence, it is still very difficult to g@an overview of the subject and to set up some
general favorable conditions to limit fouling [Meagal.2009].

Therefore, the overall objective of this projecttas build up a more detailed understanding of
general characteristics of activated sludge flatsai MBR system for municipal wastewater
treatment as the sludge flocs are the main ori§ith® potential foulants [Menet al.2009]. The
next sections include a more thorough overview dRMsystems and operation parameters,
followed by a description of relevant aspects aofdgk characteristics. Finally, both the general

fouling phenomenon and fouling in MBR systems Wwélintroduced.
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2 General Principles of Membrane Bioreactors

As introduced previously, both MBR configurationghwan external filtration loop (side-stream
MBR) and with a membrane unit submerged in thedaictor (submerged MBR) exist. However,
only the submerged systems will be described tsénee they are the most common [Le-Cleth

al. 2006]. Fig. 1 is a simple schematic presentatibra submerged MBR outlining important

operation parameters for a typical MBR system.

%g Permeate
Feed l(’:hysw'a | Flux
Organic loading rate emica T™MP
: : —»
Hydraulic loading rate » Bxcess Sludes
O O
s e
09 o°
o o
® Membrane
o4 | » Pore size
o, o Hydrophobicity
o o Material
Y __ b°
0° o, o .
el Aeration

Fig. 1: A schematic design of a MBR system outlingnimportant operation parameters. Adapted from [Le-Clech
et al. 2006].

In the submerged MBR, the membrane unit is plaosdlé the bioreactor with an aeration setup
which creates a crossflow “scrubbing” the membraumgace and furthermore supplies the oxygen
needed for the microbial processes [Judd 2006]. peremeate flux is driven by a transmembrane
pressure (TMP) and either the flux or the TMP iptkat a constant level [Le-Cledt al. 2006].

The permeate line is normally also used in cleamhghe membrane [Judd 2006]. The feed is
continuously loaded at the same flow as the perndaidd 2006]. The next sections will describe

some of the operation parameters introduced inIig.

2.1 Membrane Configuration and Material

The most common membrane configurations are hofiber and flat sheet, and the majority of

membranes applied in MBR systems are polymeric mands, e.g. polyethylene (PE) or
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polyvinylidene fluoride (PVDF) [Le-Cleckt al. 2006]. The pore sizes typically range from coarse
ultrafiltration to fine microfiltration [Le-Cleclet al. 2006]. Ceramic membranes generally perform
better than polymeric-based membranes, but thesmbnames are much more expensive to

produce, and hence the overall cost makes thenvanafiale [Le-Cleclet al. 2006].

2.2 Aeration

As earlier mentioned, the aeration combines oxytgmand from the microorganisms and the need
for a crossflow along the membrane surface. Théleukize, the flow rate and the aerator area are
the main aeration characteristics that influeneesystem [Judd 2006]. The bubble size must not be
too large, since smaller bubbles give a higher niassfer of oxygen from the bubbles into the
liquid phase [Judd 2006]. On the other hand, theasled “scrubbing” is also dependent on the size
of the bubbles, since larger bubbles create mareulence [Judd 2006]. The flow rate of the
aeration is also important both for sufficient oggpglevels and for the velocity of the crossflow
[Judd 2006]. The aerator area influences the ar@aembrane that has a crossflow at the desired
velocity [Judd 2006]. The aeration results in sHesgels in the aerated area of the MBR systems,
which are mostly higher than the shear in convealivastewater treatment processes [Cegek.
1999]. These higher shear levels might result ihesired changes of sludge floc characteristics, but

the shear rate is important to diminish the needrfembrane cleaning [Judd 2006].

2.3 Membrane Cleaning

Some degree of cleaning of the membranes is negdassansure a high filtration performance of
the membranes over long-term filtration. Cleanihgnembranes can be divided in two categories;
i.e. physical and chemical cleaning [Le-Cle&tlal. 2006].

Physical cleaning is a part of the continuous meand includes either relaxation or backwash.
Relaxation is a period of time without TMP, e. gntminutes of filtration and two minutes of
relaxation [Le-Clechet al. 2006]. Backwash is cleaning with water from pertaeside of the
membrane with a reversed flux [Le-Cleshal.2006].

Chemical cleaning is normally done as a clean atelor line (CIP or CIL) process. In the CIP
process, the membrane stays in the reactor bidldldge is removed during the cleaning procedure
[Le-Clech et al. 2006]. CIL is the supply of cleaning chemicalsnfrdghe permeate side of the
membrane without removing sludge from the reacte-Clechet al. 2006]. In both cases, two
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different chemicals are used; one for removal gharc foulants, e.g. hypochlorite, and another for
inorganic foulants, e.g. citric acid [Le-Cleeh al. 2006]. Different approaches have been taken to
chemical cleaning from once a day to once a year(Glechet al. 2006]. The problem with
chemical cleaning is that the chemicals are hartmoftihe microorganisms and shortens the lifetime
of polymeric membranes [Le-Cleeh al. 2006].

In general, the cleaning processes are expensspeckrlly the use of chemicals and backwash.
Hence, it is desired to reduce the need for clgpaomat least improve the efficiency of the applied

cleaning procedures, and this leads to a need doe omderstanding of fouling in MBR systems.

2.4 The Biological Processes

The microorganisms in the bioreactor metabolizealised and suspended organic components of
the feed wastewater and this process is advantaghael to high chemical conversion efficiency
[Judd 2006]. The aerobic processes are ideallyldepH converting large organic molecules into
CO,, H,O and inorganic nitrogen products [Judd 2006]. H@mvesome amounts of extracellular
polymeric substances (EPS) will also be producquedéing on the conditions in the reactor as
well as the feed composition [Judd 2006]. The idmadl product of the anaerobic processes is
methane and the combination of both aerobic andrabé& treatment results in biological nutrient
removal (removal of nitrogen) [Judd 2006]. The a@éfincy of the processes and the production of

byproducts depend on various operation paramdietis,physical and biological [Judd 2006].

2.5 Biological Operation Parameters — Feed and ActivatkSludge

This section will present the most important parerseused to describe the feed and the activated
sludge in MBR processes. The total substrate cdratem of the feed is normally described by
either biological or chemical oxygen demand, BODC®D (kg/nt) [Judd 2006]. Combined with
the feed flow rate (fitd), BOD or COD yields the organic loading rate, FO{kg/d) [Judd 20086].
The mixed liquor suspended solids, MLSS (k})/ris a measure of the amounts of microorganisms
in the reactor which depends on the COD, the deosimipn of feed by microorganisms and the
excess sludge taken out of the reactor [Judd 2006].

OLR can be used to calculate the feed to microesgamatio, F/M ratio (kg COD/kg MLSS -
days), as shown in Eq. 1.
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m=_OLR Eq. 1 [Judd 2006]
V IMLSS

Where V is the volume of the reactor if.m

The solid retention time, SRT (days), is a measiirde retention time of the microorganisms in
the bioreactor. For the MBR systems, the retentiore is equal to the average lifetime of the
microorganisms as they are retained by the memb@R& can be calculated from the F/M ratio
(see Eq. 2).

S—;T = Y(F/M) 1—'(1 K
Where Y is the biomass yield which is the massetiEdormed per mass of substrate consumed (kg
MLSS/kg COD). E is the process efficiency in % &aés the death rate constant (days

Eq. 2 [Judd 2006]

e

The hydraulic retention time, HRT (days), is théendion time of the fluids in the system
[Judd 2006]. In the conventional wastewater treatnpgocess this is related to SRT, but in the
MBR system, a high SRT but low HRT is possible sitite solids are retained by the membrane
[Judd 2006].

General differences of the biological parametersonventional wastewater treatment and in MBR
systems are presented in Table 1 below.

Table 1: Comparison of biological parameters in coventional wastewater treatment and in MBR systemsJudd
2006).

Conventional wastewater treatment MBR
SRT [days] ~8 ~40
MLSS [kg/nT] ~2.5 8-12
F/M [kg COD/kg MLSS- day] >0.12 <0.12

The higher SRT in MBR systems results in a higlemodhposition of substrate and thereby a lower
amount of excess sludge and is also the reasdhddrigher MLSS [Judd 2006]. These factors will

all affect the characteristics of sludge flocsha MBR system [Judd 2006].
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3 Characteristics of Sludge Flocs

In the literature, it is difficult to find specifidescriptions of sludge characteristics in MBR ey,

and therefore this section will describe sludgeratt@ristics mainly based on the conventional
activated sludge processes.

Most of the microorganisms in conventional actidas&udge processes self-aggregates in complex
sludge flocs which mainly consist of bacterial coés surrounded by a network of extracellular
polymeric substances (EPS) [Wilét al. 2008]. Besides, the flocs include organic fibresl a

particles and inorganic components as presentedyirg.

ORGANIC PARTICLE

<«—— ORGANIC FIBER

SINGLE
BACTERIA

INORGANIC PARTICLE

Fig. 2: Schematic example of the structure of an #éigated sludge floc including single bacteria, baetrial colonies,
absorbed organic and inorganic particles and orgamwi fibres surrounded by the EPS matrix. Adapted from
[Mikkelsen 1999].

The most important component with regards to stgbaind structure of the sludge floc is EPS,
which typically constitute 50 to 60 % of the orgariraction of sludge flocs whereas the cell
biomass only constitutes 2 to 20 % of same [Wdeal. 2003]. EPS either originate from metabolic
byproducts secreted from the cells or from cellslfjse-Clechet al. 2006]. Aside from the self-
aggregation function, the EPS also serve as a gtiagebarrier around the bacteria and ensure
retention of water and adhesion to surfaces [LelCk al. 2006]. Fractions of EPS are water
soluble and might end up as dissolved polymerfiénaiqueous phase due to surface erosion from

the flocs.
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The main constituents of EPS are proteins, carhaitgsl and humus, but also presence of lipids
and nucleic acids are reported [Wiléhal. 2008; Menget al. 2009]. In the EPS matrix, relative
high amounts of multivalent cations @aFe’”*, Mg*") are present and these are important since
they are needed to stabilize the negative changddces introduced by proteins and humus [Wilén
et al. 2008].

3.1 Size and Strength of Sludge Flocs

Sludge typically has a bimodal size distributiond ahis has been observed in MBR systems as
well [Le-Clech et al. 2006]. The smaller fraction is primary particlesg. single bacteria and
colloids, and the larger fraction is the sludgedlorespectively [Mikkelsen and Keiding 1999]. The
bimodal distribution results from an equilibrium tlween flocculation and deflocculation
[Mikkelsen and Keiding 1999], i.e. aggregation @fnflocs or incorporation of primary particles
into existing flocs and erosion of particles froime tsurface of existing flocs or large scale
fragmentation of flocs, respectively (see Fig. Brjiset al. 2005]. The state of this equilibrium
depends on the strength of the forces involvedch@interaction within the sludge flocs and the
external shear forces applied on the flocs [Jaetved. 2005].

Large Scale Fragmentation

Surface Erosion
o Co
>
o
O

Fig. 3: Floc breakage involves either large scaledgmentation or surface erosion. Adapted from [Jaris et al.
2005].

The forces involved in the interaction between shefaces in the EPS matrix are comparable to

those involved for non-living colloids, includingleetrostatic forces (DLVO), hydrophobic
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interaction, polymer entanglement and bridging hytivalent ions etc. [Wiléret al. 2008]. Based
only on DLVO forces, the interaction energy is thenm of attractive van der Waals forces and

repulsive electrostatic forces as presented in&ig.

!
\
\|<— Electrostatic Repulsion
\
\
\
\
£ \
en \ ; -
g Primary Minimum
63| \
\\
Sum \\
\‘ Secondary Minimum
N l
0 S~ =
| il
” ~“<——— van der Waals Attraction
L

Particle Separation

Fig. 4: The potential energy curve resulting from VO forces between colloids. The repulsive forcesra
electrostatic whereas the attractive are van der Was forces. The minimum refers to the sum curve. Aapted

from [Israelachvili 1991].

The strength of the repulsive forces is governethbysurface charges and the ionic strength of the
medium and here multivalent ions are important esitisey both reduce surface charges by
adsorption to the stern layer and increase the isinength [Mikkelsen 1999]. The attractive forces
depend on the composition of the surfaces and #dium. The DLVO forces involve two minima
in the potential energy, as shown in Fig. 4 [IswabVili 1991]. The primary minimum represents
short range and irreversible contact between sesfavhere a very high kinetic energy is needed
for breaking up the contact [Mikkelsen 1999]. Theeandary minimum exists at a longer range
between the surfaces and represents lower enetggaation [Israelachvili 1991]. Hence, the
secondary minimum is the interactions importanttémms of the flocculation/deflocculation
equilibrium [Mikkelsen 1999].

The non DLVO forces, which according to both Mildesh [1999] and Axelost al.[1994] might

be even more important for the total interactiotween biopolymers, will affect both the distance
and the depth of the secondary minimum [Mikkels&99]. Hence, even though an increasing
amount of EPS within the floc increase the surfeltarge, it has still been shown to result in an
increased floc strength, indicating that non DLV@cEs are more important for the sludge floc
stability [Mikkelsen 1999].
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As stated in the aeration section, the shear faoesypically higher in MBR systems compared to
the conventional wastewater treatment process. é¢jenhigher rate of deflocculation must occur in
these systems. Neglecting that a changed sheanmatgd change the rate of flocculation, it is
assumed that the equilibrium between flocculatiod deflocculation must be adjusted, so that

more single particles (e.g. single bacteria, disshlEPS) are present at higher shear, which might
lead increasing fouling problems.

10
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4 Fouling Mechanisms

As stated in the introduction, fouling refers tgdsition of matter on the membrane surface or in
the membrane pores resulting in an increased aesistto permeate flux [Mulder 1996]. The
permeate flux at a given TMP depends on the memebrasistance and fouling resistance as
described in Eqg. 3.
j=_MP Eq 3 [Mulder 1996]

MR, + R
WhereJ is the flux in mi/(s-nf), TMP is the transmembrane pressure in /P& the dynamic
viscosity of the solution in Pa/s aRd andR,, is the resistances in"m

4.1 Fouling Types

In the literature, many different types of foulihgve been introduced; i.e. cake formation, biofilm
formation, gel formation, pore blocking, adsorptitmthe membrane surface and concentration
polarization [Mulder 1996; Judd 2006]. In most csgseore than one of these are important for the
fouling resistance. However, some of the resistaace negligible in systems where other forms of
fouling have a much greater impact on the flux.uhderstand these types of fouling it is important
to know what their driving forces are.

Cake formatiorrefers to a fouling layer on the membrane surfaeated by drag forces towards
the membrane resulting from the TMP [Mulder 1996].

A biofilm is a network of biopolymers on the membrane serfacmed by microorganisms, which
secrete the polymers forming the network [Judd 2006

Gel formationalso refer to the formation of a polymeric networkthe membrane surface, but gels
are created by polymers in the bulk and hence cibtedy by microorganisms. Formation of a gel
on the membrane surface can result both from TMPcancentration polarization [Mulder 1996].
Pore blockingis when matter penetrates into the membrane atsdsgeck in a pore and thereby
blocks it [Mulder 1996].

Adsorptioncan happen either at the membrane surface oreirpdines of the membrane. This is
controlled by attractive forces between the matesr the membrane and the membrane surface
[Mulder 1996].

Concentration polarizations created by retained molecules near the membsarface. These

retained molecules influences on the mass tramisfeugh membrane by increasing the resistance
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through the area of concentration polarization [#4ul1996]. This is however mostly a problem in
systems with low or no TMP, since the TMP in moases yields much more fouling than the

concentration polarization [Mulder 1996].

4.2 Critical and Steady State Flux

The main reason for fouling in MBR systems is thagdforces towards the membrane resulting
from TMP. As stated earlier, the aeration in MBRsteyns creates turbulence at the membrane
surface comparable to crossflow systems. The effe@MP on the flux for a crossflow filtration

system is shown in Fig. 5.

Critical flux

Flux

TMP

Fig. 5: Flux vs. TMP. Below critical flux, the relaion is proportional. Above critical flux, increases in TMP do
not increase the flux.

The critical flux is the highest obtainable fluxanmembrane system before the fouling resistance
increases rapidly. This means that the flux in@egzoportional to TMP under critical flux, but
over critical flux increasing TMP does not leadatoincrease in flux [Judd 2006].

If the flux is below critical flux at a constant T™Min a crossflow system, it reaches a stable level
over time, i.e. steady state flux (see Fig. 6) [flé&ul1996].

Flux Steady state

v

Fig. 6: Flux vs. time at constant TMP. Over time stady state flux is obtained. Adapted from [Judd 208).
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The steady state flux is obtained when the foulegistance reaches a stable level. This depends on
the balance between the amounts of new foulantsradhto the fouling layer and amounts of
foulants ripped off the fouling layer [Christensetnal. 2009]. The flux creates a force towards the
membrane surface due to a difference in pressuezeah the crossflow creates a force away from
the membrane surface due to a difference in velq€ihristenseret al. 2009]. Attractive forces
towards the membrane or other foulants due to ehardpnydrophobicity as well as repulsion due to

the same forces will also affect the steady state[Christenseret al. 2009].

4.3 Fouling in Membrane Bioreactors

The fouling in general is normally categorized #isex reversible or irreversible, however in MBR
systems these categories are not sufficient shnere tare two general types of cleaning (see section
2.3 ). Therefore, the reversible fouling can betspto removable and irremovable [Mermrg al.
2009]. The removable fouling is the fouling thandae removed by physical cleaning, while
irremovable fouling is the fouling that cannot bemoved by physical cleaning but only by
chemical cleaning [Mengt al. 2009]. The irreversible fouling can neither be osed by physical

nor chemical cleaning (see Fig. 7) [Megigal. 2009].

New Membrane Irreversible Fouling

00 0T

Initial Filtration

*
|:| |:| Chemical Cleaning
l Filtration

Physical Cleaning ® ®
—_— 2
I Filtration Qi; £|
4—
Removable Fouling and Trremovable Fouling

Irremovable Fouling

Fig. 7: Removable and irremovable fouling needs plsjcal or chemical cleaning, respectively. Irreversie fouling
cannot be removed by any of the cleaning procedureAdapted from [Meng et al. 2009].
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In MBR systems operated at constant TMP and wigkleg physical cleaning, the flux will decline
rapidly during the initial filtration due to thermation of irremovable and irreversible fouling fLe
Clechet al.2006]. It then reaches a more stable level, buittiesfouling still occurs, the flux will
slightly decrease over time and chemical cleanirni lve needed [Le-Cleclet al. 2006]. This
description is analogous to the general descripiisteady state flux above.

Most reported MBR systems are though carried owbastant flux, and therefore more thorough
descriptions of the development of the fouling sesice are found for such systems. In these
systems, comparable stages occur but the TMP nedusgradually increased to maintain constant
flux and this accelerates the fouling formation.

Operation at constant flux typically results inreases in TMP as shown in Fig. 8.

A
T™MP

Stage 3

Stage 2

Stage 1

»

Filtration time

Fig. 8: TMP as a function of filtration time. The TMP rises in three stages. Adapted from [Mengt al. 2009].

Stage 1linvolves conditioning fouling at a low TMP and tiserefore more dependent on the
interactions between the membrane and componerite afludge [Judd 2006]. This stage is often
negligible compared to the fouling occurring latethe process [Judd 2006].

Stage 2has a long, weak rise in TMP created by cake foanabiofilm growth and/or pore
blocking. As long as the distribution of foulingrisgular over the membrane surface, the TMP will
be kept at a rather low level thereby keeping ttxe inder critical flux. However, the fouling will
be distributed irregularly over time [Judd 2006].

In Stage 3the fouling is irregularly distributed resultimg an increased flux in local areas of the
membrane. This leads to areas with a flux highan the critical flux and thereby a high increase in
fouling, resulting in the TMP jump seen in Fig. Bifld 2006]. However, recent studies have also
shown that the TMP jump might result from changeshie cake layer with an increase in EPS
concentration at the bottom of the cake layer [Meingl. 2009].
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4.4 Foulants in Membrane Bioreactors

The fouling components in MBR systems can generbiy defined in three categories; i.e.
biofouling, organic fouling and inorganic foulingyleng et al. 2009]. Biofouling refers to fouling
involving microbial cells. The cells are much largban the membrane pores, and therefore the
microbial cells will typically be involved in remable cake formation on the membrane surface
[Meng et al. 2009]. However, the cells might adhere and grovihenmembrane surface forming a
biofilm, but often this step first involves depasit of EPS or at least an increased secretion & EP
[Meng et al. 2009]. Hence, it might be considered as a gel &ion and not a biofilmOrganic
fouling involves EPS, and these foulants will typicallgiea adhere to the membrane surface since
they are smaller, and therefore less affected bylithforces at the membrane [Meegal. 2009].
Besides, they might also partially penetrate thenbrane pores and end up as pore blocking.
Inorganic foulingrefers to fouling involving inorganics such as @aCand this type of fouling is
generally considered insignificant compared biafayland organic fouling [Mengt al. 2009].
However, the presence of multivalent cations suclE@" and Md* are important with regards to
the formation of fouling layers since e.g. depasipeoteins needs stabilization of their negative
charges [Mengpt al. 2009]. Thus, the cations are needed for formatiogel layers and since they
are dissolved in the water passing the membragé, doncentrations of cations can be build up in

the organic and biofouling layers [Mepgal. 2009].
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5 Problem Statement

Based on the sections describing fouling in MBReays, an understanding of the characteristics of
MBR sludge must be important since sludge is thinrmagin of potential foulants. Assuming that
higher shear forces in the MBR systems comparatiddCAS process will affect the sludge floc
characteristics, led to the following problem stag¢@t of this project.

How do sludge floc characteristics change resulfiregn shear forces in a MBR system compared

to the conventional activated sludge processes?
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6 Experimental Approach

The analysis of the sludge flocs focused both oarasgopic characteristics including floc size and
strength and on microscopic characteristics in $edffEPS composition. The effect of shear forces
on floc size and strength was described in thealitee, and hence it was expected that these
parameters would change in the MBR systems dugt®hshear forces. These characteristics are
also interesting with regards to fouling, mainly fine fouling resistance resulting from cake
formation (see section 4.4).

The EPS composition was studied both for dissobuad extractable EPS fractions. The hypothesis
for these studies was that higher shear forcesgehttte composition of the EPS both in the bulk
and in the sludge flocs as loosely bound EPS wbeldlispersed whereas strongly bound EPS
would remain. Therefore, the contents of the tlmegor EPS constituents (i.e. proteins, humus and
carbohydrates) were determined. However, methodd tletect changes in the polymeric
composition in terms of properties such as sizargdor hydrophobicity might be more interesting
both with regards to stability of sludge flocs dadling in MBRs.

Hydrophobic interaction chromatography (HIC) is athod typically used for separation of
proteins and other large complex biopolymers wiskirbphobic parts [Bradshaw 2006]. In the
known literature, this chromatography method hasbeen applied for EPS analysis. Hence, it was
assumed that this method could serve as a measuteanges in EPS composition in terms of
hydrophobicity. Size exclusion chromatography (SE&$ been shown to yield fingerprints of the
EPS composition, which change resulting from veoret of operation parameters [Garnedral.
2005; Lykoet al. 2007]. For a complex mixture of polymers such &SEamples, not only size
exclusion mechanisms will affect the retention srseéce some of the polymers might interact with
the column material. However, by further charagzedron of the separated polymer fractions,
specific information of the changes in polymericrgmsition was obtained in these studies.
Therefore, these two chromatography methods wese aded in the studies of changes in EPS
composition.

The analysis methods were first applied on sludgeptes from initial experiments. In these short
term experiments, sludge was treated with varyimgps forces assumed comparable to the shear
forces in MBR systems (shear turbulence values $6Mto 1700°9).

The analysis methods were applied on sludge saniples a pilot MBR placed at Lundtofte
WWTP. The sludge was regularly analyzed over aopenf 57 days from the start-up with
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conventional activated sludge (CAS) with an MLS&lbbut 3 g/L. To obtain the desired F/M ratio,
MLSS was increased with 9 g/L as the final aim. dbgective of analysis was to follow changes in
sludge characteristics from the start up and hil final MLSS level was reached, but since this
period was longer than expected, the whole peri@$ wot covered within this project. As
reference, CAS samples with the same feed wergzetl

Finally, a labscale MBR was build up, making it gpibte to follow the changes of the sludge
characteristics in the initial phase more thoroygflhe object was to make a setup as close as
possible to the setup of the pilot MBR, so that panson of results was possible. For the labscale
MBR, sludge samples were analyzed over a perictdadays but with smaller intervals between
the samples compared to the pilot MBR.
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7 Experimental Setup

7.1 Setup for Initial Experiments

Sludge was gathered at Aalborg East municipal wadty treatment plant (WWTP). The sludge

was concentrated to 10 - 11 g/L dry matter contantsstored for maximum 24 h before the shear
experiments.

Mikkelsen and Keiding [2002] have calculated tudmilshear levels (G) using a certain baffled

reactor and a certain single bladed paddle fronstineng speed in rpm (see Table 2).

Table 2: Relations between G and stirring speed ia baffled reactor (cylindrical, d: 105 mm, h: 120 nm) with a
single bladed paddle [Mikkelsen and Keiding 2002].

G [s"] | Stirring speed [rpm
500 670

800 900

1100 | 1150

1400 | 1350

1700 | 1560

To test the shear influence on the sludge, threbukent shear levels were chosen for the
experiments; i.e. 500, 1100 and 1708 The experiments with the three shear levels were
conducted simultaneously and with sludge from #maesbatch. The sludge was kept cool in an ice
bath.

The changes of the sludge flocs were followed dyrihe experiments by measurements of
supernatant turbidity, which is a measure of th@wams of dispersed mass in the aqueous phase.
This was done by taking out a sample of 6 mL oflg&y which was centrifuged for 2 min at 3000
rpm (Sigma Laboratory Centrifuges, Model 3-15). Timbidity of the supernatant was measured in
a spectrophotometer at 650 nm (Thermo Spectrombip$iEpsilon). The experiments were stopped
when the supernatant turbidity had reached a lettél only slight increases, and the sludge was

then immediately used for further analysis. Thétierr analysis is described in section 8.
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7.2 Setup and Operation Parameters for Pilot MBR at Lurdtofte WWTP

The pilot MBR produced by Alfa Laval A/S was placadand operated by Lundtofte WWTP. It

was a submerged MBR system with a flat sheet membcanfiguration. The setup included an

aerobic tank (for nitrification) containing the merane unit and an anaerobic tank for

denitrification. TMP was controlled by the diffe@nof water levels in the aerated tank and the
permeate tank, and was ~15 mbar during the analyzedd yielding a flux of ~7.5 L/ h-n

Physical and biological operation parameters atedi in Table 3 and 4, respectively. Since the
MLSS was increasing in the operation period, thedl biological values are approximate values.

Table 3: The physical parameters for the pilot MBRsystem.

V aerobic tank [ 4.1

V anaerobic tank [} 4.2

TMP [mbar] ~15
Membrane material PVDF
Membrane area [fh 40

Average pore size [um] 0.2
Recirculation between tanks 300 %
Relaxation 2 min every 10 min
Aeration [L/(min- )] 8

Table 4: Approximate values of the biological pararaters for the pilot MBR system.

Feed COD [mg/L] ~ 300
COD load [kg/day] ~2.2
F/M [kg COD/kg MLSS-day] ~0.06
MLSS (g/L) 3-6
HRT [h] 17

Sludge samples of 1 L were taken from the aer@bik bf the MB, and as reference sludge samples
of 1 L were also taken from the CAS process witlnesdeed. The two samples were transported
(approximately 24 h) in a cool box, which kept gamples at approximately 5 °C. After transport,
the samples were handled as described in sectiBariples were taken out on day 1, 4, 11, 15, 22,
25, 29, 32, 36, 43, 50 and 57.
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7.3 Setup and Operation Parameters for Labscale MBR

Fig. 9 is a schematic presentation of the labsSEHB&, which was built up as a part of this project.
The aim of the setup was to have biological andsjgay parameters comparable to those of the
pilot MBR, but due to limited resources and timehivi this project, this was not achievable in all

aspects.

Permeate
~30 L/h
-—

ZaN

— Permeate tank

Valve

80 cm
TMP ~80 mbar

—_I 90 L/h
Z > —

Air
30 L/min

590 L/h

500 L/h
-«

Log of Permeate Flow

Fig. 9: Schematic presentation of the labscale MBBystem.

The setup included an aerated tank (nitrificationyhich the membrane unit (flat sheet membranes
supplied by Alfa Laval A/S, see Appendix for dimems) was submerged and an anaerobic tank
(denitrification) of same volume. The TMP was cotigd by the difference in water levels between
the aerated tank and the permeate tank, but dbmghoresistance of the flowmeter, a higher TMP
was applied to obtain a flux similar to that of tien for the MBR pilot.

Relaxation was applied by using a programmed véBigkert) placed in the flow line before the
permeate tank. The permeate flow was continuougjgdd using a flowmeter and a PMD (1208
LS) connected to a computer with a datalog softwamgrammed in Delphi (ver. 6.0, Borland
Software Corporation). The output of the flowmetes converted to a flow in the software using a

calibration curve.
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Aeration was applied from a “cage” under the memeéranit, ensuring that the aeration created a
crossflow at the membrane surfaces. To avoid sgtih the anaerobic tank, the sludge of this tank
was recirculated by a pump which also ensured ageation between the aerated and anaerobic
tank.

All physical operation parameters of the labscateliated in Table 5.

Table 5: The physical parameters for the labscale BR system

V aerobic [m] 0.35

V anaerobic [M 0.35

TMP [mbar] ~ 80
Membrane material PVDF
Membrane area [fh 2

Average pore size [um] 0.2
Recirculation between tanks 300 %
Recirkulation in anaerobic tank [L/h] ~ 500
Relaxation 2 min every 10 min
Aeration [L/(min- )] 15

The sludge was gathered at Aalborg East municip®TW, and had an initial MLSS of
approximately 9 g/L. The feed was dog food (Trinlikkast, Carbohydrates 58%, Proteins 18%, Fat
6%) which was grinded and mixed with water and ddde amounts yielding an F/M ratio
corresponding to the desired F/M ratio of the pMBR. The biological operation parameters are
presented in Table 6.

Table 6 shows the biological parameters for the laizale MBR system.

Feed COD [g COD/g dog food] 1
F/M [kg COD/kg MLSS- day] 0.06
Amount of dog food per day [g/day] 420
MLSS (g/L) ~9
HRT [h] 28
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Sludge samples of approximately 1.4 L were takemfthe aerobic tank and handled as described
in section 8.

Samples were taken at the same time on following:dd, 1, 3, 6, 9, 12 and 14. The sample from

day 0 was taken out before the MBR system wasestamd hence not affected by the shear of the
MBR system.

The system was fed with 24 h intervals throughbatgeriod and always after sampling.

To control the permeate quality, permeate saml@s2oL were taken out with same frequency as

sludge samples and the turbidity of permeate samplere measured at 650 nm (Thermo

Spectronic, Helios Epsilon). Furthermore, the datter contents and MLSS were measured.
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8 Experimental Methods

For all sludge samples from the initial experimenpdot MBR, CAS and labscale MBR,
measurements of conductivity, pH, dry matter coistand MLSS were carried out immediately.
Floc size distribution and extraction of EPS weflsoacarried out immediately in the initial
experiments and for the labscale MBR, while theyenearried out after the 24 h of transport for
pilot MBR and CAS samples. Floc strength measurésneere carried out immediately but only
for pilot MBR, CAS and labscale MBR samples.

8.1 Determination of Conductivity and pH

Conductivity of the samples was measured using redwdivity meter (Radiometer Analytical,
CDM 210). pH was measured with a pH meter (Radiem&nalytical, PHN 220) equipped with a
pH electrode (Schott Instruments, Blueline 11 PH).

8.2 Determination of Dry Matter Contents and Mixed Liquor Suspended Solids

For determination of dry matter contents, 10 misafple was dried in a pre-weighed alumina tray
in a furnace at 105 °C for 24 h and then weighegiragh accordance with Dansk Standard 204
[1980]. For determination of MLSS, 10 mL of samples filtered on a pre-weighed glass fibre
filter (Advantec, GA55, 1.6 um). Filter and filtedae was dried in a pre-weighed alumina tray in a
furnace at 105 °C for 24 h and then weighed agaactcordance with Dansk Standard 207 [1985].

8.3 Measurements of Floc Size Distribution

The sludge samples were analyzed using a Micrdivéicrotrac Il, Model 7997-10, Leeds &
Northrup). The samples were diluted until the las@enuation was within the range from 0.8 to

0.85. Two measurements of 20 seconds were condimtedch sludge sample.

8.4 Measurements of Floc Strength

The floc strength measurements were carried outhbymethod introduced by Mikkelsen and
Keiding [1999]. The sludge sample (700 mL) wagsatirffor 5 hours with a single bladed paddle at
900 rpm (G = 8007 (Heidolph, RZR 2041) in a baffled reactor (cyfial, d: 105 mm, h: 120

27



Experimental Methods

mm). The reactor was kept in an iced water batluramg a constant temperature of 4 °C. The
amounts of dispersed mass were followed throughmuts hours by measuring the turbidity of

sludge supernatant. 6 mL of withdrawn sludge sampé#s centrifuged (Sigma Laboratory

Centrifuges, Model 3-15) for 2 minutes at 3000 rphie turbidity of the supernatant was

determined by measuring absorbance at 650 nm (Th8&pactronic, Helios Epsilon).

The floc strength measurements of the pilot MBR @A&b samples were carried out by DHI. The

same method was used but the supernatant turbidisymeasured in NTU units and the samples

were only stirred for 2 hours.

8.5 Extraction of Extracellular Polymeric Substances

The extraction of EPS was carried out using thehowetlescribed by Frgluret al.[1996]. 250 mL
sludge was centrifuged (Sigma Laboratory Centrig@e16K) at 2000 G for 15 minutes at 4 °C. A
sample of the supernatant was stored (4 °C, 0.00%a%) for further analysis, and this sample
will be referred ‘dissolved EPS’ in the remainiregsons.

The pellet was resuspended in tap water to a volam250 mL and mixed with 75 g cation
exchange resin (DOWEX, Marathon C) per total g miatter contents. The mixture was stirred at
900 rpm (G = 800Y for 2 hours in a baffled reactor (cylindrical, 5 mm, h: 120 mm) at 4 °C
followed by centrifugation at 12000 G for 1 minuféhe supernatant was further centrifuged at
12000 G in two steps of 15 minutes and finally etlo¢4 °C, 0.005 % Nad)l This sample will be
referred to as ‘extracted EPS’ in the remainindieas.

The dry matter contents of both the dissolved aticheted EPS samples were determined by the

same method as the sludge samples (see section 8.2)

8.6 Determination of Protein and Humus Contents in EPSamples

The determination of humus and protein contentthésamples of extracted and dissolved EPS
was carried out using the modified Lowry methodg]End et al. 1996; Lowry 1951]. 500 puL
sample was mixed with 700 pL of an alkaline coppagent and 10 minutes later 100 pL of Folin
reagent was added. After 45 minutes, the absorbahdbe mixture was measured (750 nm,
Shimadzu UV-1601). The absorbance of a blind with same amount of sample and reagents but
without copper was also measured. The exact déiseripf the used reagents and procedures can
be found in Appendix B.
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Bovine serum albumin (BSA) and humic acid (Flukee@ika) were used to obtain standard curves
for protein and humus, respectively.

8.7 Determination of Carbohydrate Contents in EPS samgs

The determination of carbohydrate contents in @m@pes of extracted and dissolved EPS was
carried out using the anthrone method [Gaudy 1982hixture of 1 mL sample and 2 mL of a
sulphuric acid solution with anthrone reagent ai a& a blind with same volume of sample and
sulphuric acid solution but without anthrone waddabfor 14 minutes in a water bath at 100 °C.
Afterwards the absorbance of sample and blind waasored (625 nm, Shimadzu UV-1601). The
exact description of the used reagents and proesdian be found in Appendix C. Glucose was
used to obtain a standard curve.

8.8 Hydrophobic Interaction Chromatography of EPS sampéks

The hydrophobic interaction chromatography (HICkwearried out using a HPLC setup (Dionex
chromatograph) with a Phenomenex Jupiter C18 coludatection was carried out with an UV
detector (Dionex UVD170U) at 225 and 275 nm andeaaporative light scattering detector
(ELSD, Varian 380-LC). The mobile phase was an agsesolution (milliQ water, degassed) of
0.005 M NHHCO; (AppliChem, p.a.) at pH 8.3 and the applied floater was constant at 1.0
mL/min.

The samples were filtered using a 0.45 pum syriiger {PVDF, Millipore) and the injected sample
volume was 50 pL for samples of extracted EPS.

BSA (Applichem, Fraction V, 98%) was applied astem standard and humic acid (Fluka

Chemika) as standard for humus.

8.9 Size Exclusion Chromatography of EPS samples

SEC was carried out with the same setup, mobilsgktc. and with the same samples as HIC but
with a Phenomenex PolySep SEC P4000 column.
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9 Results

This section first presents measured operation npetexs of the pilot and labscale MBR.
Afterwards, the results of the sludge sample amalysm both the initial experiments, pilot MBR,
CAS and labscale MBR are presented in sectionslingrneach of the applied analysis methods.

To ensure clarity of the presented figures andrésalts in general, only the results for chosen
samples are included, but the samples have beeserlsn that they cover the whole sampling
periods and so that no significant trends are mdé&esults which are not presented here and all

raw data can be found on the enclosed CD-ROM.

9.1 Operation of Pilot and Labscale MBR

Control parameters such as pH, conductivity and Blla®e handled in Appendix D. The logged
permeate flux data for the pilot and labscale MB&@esented in the next sections.

9.1.1 Permeate Flux of MBR Pilot at Lundtofte WWTP

The permeate flux in the analyzed period of thet@lBR (until day 57) was about 7.5 L/(h¥m
but the permeate flux data from this period way @viailable as a rough sketch (see Appendix E).
To show a more detailed example of the permeate dluthe pilot MBR, Fig. 10 shows the
permeate flux over a period of 8 hours obtaineérdfte 57 day period.
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Fig. 10: Logged permeate flux (1 miit) of the pilot MBR at Lundtofte WWTP over an 8 h interval. Flux was
regularly paused for 2 minutes in every 10 minutesNote that the presented interval was measured aftéhe

initial 57 days otherwise included in this report.
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In the presented interval, the permeate flux waa ateady state of approximately 15 L/(Rr.m
After the 2 minutes relaxation, the flux was highiesan the steady state level, and then declined

during the 10 minutes.

9.1.2 Permeate Flux of Labscale MBR

The logged permeate flux for the whole operatiomggkeof the labscale MBR is seen in Fig. 11.
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Fig. 11: Permeate flux for the 14 days of operatiofor the labscale MBR. The flux in the relaxation griods is not

included in this figure.

It is seen that the permeate flux decreased ilyitiskached a steady state after 2 days and then
started to decrease slightly again after 10 dagigfammughout the remaining period of operation.

In Fig. 11, the flux during relaxation is not inded and as a result of the logging frequency
(2 min), the higher flux obtained initially after relai@t was not logged. Therefore, the flux was

logged at a higher frequency for 1 hour within skeady state period (see Fig. 12).
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Fig. 12: Permeate flux with a higher log frequency60 min™) in a 1 h interval after 7 days of operation for he

labscale MBR.

Fig. 12 shows that the flux declined rapidly aféach relaxation and reached a steady state level
which was stable throughout this 1 hour period.

The resistances of the permeate system (flowmeter)membrane and the fouling layer build up
after 14 days of filtration for the labscale MBRe goresented in fig. 13. The resistances were

determined by flux vs. TMP measurements and u&o8, section 4.
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Fig. 13: Resistance (M) vs. TMP (mbar). ¢ marks the determined system resistances, marks the accumulated
system and membrane resistances and marks the accumulated system, membrane and foulingesistances

after 14 days of filtration.
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It is seen that the membrane resistance was niglgligompared to the system resistance (see Fig.
13). After 14 days of filtration, the fouling regace had increased the total resistance significan
By including only fouling and membrane resistanoelq. 3 (that is subtracting the system
resistance from the total resistance), the actdéP Tvorking over the membrane was estimated to
be 25 mbar with the total TMP of 80 mbar appliedmtyithe 14 days of operation.

9.2 Initial Experiments

This section presents the measurements of supetrabgorbance during the 5 hours of shear
exposure in the initial experiments. The resultthefsludge analysis carried out after the 5 hoftirs

shear exposure are presented along with the résuttsthe pilot and labscale MBR.

9.2.1 Development of Dispersed Mass

The development of amounts of dispersed mass ahtee different shear levels is indicated in Fig.
14, which shows the absorbance of sludge supetregdnnction of time.
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Fig. 14: The absorbance (at 650 nm) of sludge supetant over time for the three applied shear levels® marks

500 s', m marks 1100 § and A marks 1700 &. The lines are guides for the eyes.

It is seen that the amounts of dispersed massaseceinitially but reached a more stable level
within the 5 hours of shear exposure. Besides, seen that a higher shear yielded larger amounts

of dispersed mass.
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9.3 Size Distribution of Sludge

9.3.1 Sludge Samples from Initial Experiments

The size distributions of CAS resulting from vargtear levels are shown in Fig. 15.
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Fig. 15: The accumulated size distribution of sludg flocs after 5 h treatment at variable shear levsl

It is seen that a higher shear led to smaller @itigs in these short term experiments.

9.3.2 Sludge Samples from Pilot MBR and CAS at Lundtd¥t¢/TP

The size distribution of sludge in the pilot MBRatlyed over time as shown in Fig. 16.
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Fig. 16: Accumulated size distributions for samplefrom day 1 to day 57 of the pilot MBR.
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The size distribution of the four samples showikrig. 16 changed towards a bimodal distribution
over time with an increasing part of flocs withiretrange from 80 to 125 pum. The majority of flocs
and particles were in the range from 4 to 65 um.

The size distributions of the sludge from the pMBR and CAS are compared in Fig. 17.
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Fig. 17: Accumulated size distributions for samplefrom day 1 and 57 of the pilot MBR and CAS.

It is seen in Fig. 17 that the average floc sizehef MBR sludge was lower than for CAS. The
majority of flocs and particles in CAS were in 8iege range from 11 to 125 um.

9.3.3 Sludge Samples from Labscale MBR

The floc size distributions for the labscale MBRdge are shown in Fig. 18.

100 - Py ST -
90 | A S
80 - S
70 1 o
60 - i
50 |

40 il

Accumulated [%)]

30 J

20 - d g DayO

{ -=-Dayl
10 4 ¢ --+--Day 6
-o-Day 14

0

0 50 100 150 200 250 300 350
Size [um]

Fig. 18: Accumulated size distributions of sampleffom day 0 to day 14 of the labscale MBR. The samgplfrom

day 0 was taken out before the MBR system was stad and hence not exposed to the shear levels of MiBR.
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As seen in Fig. 18, the average floc size for samylom day 1 to 14 was significantly lower
compared to the average size of the sludge sampteday O (i.e. CAS). For the samples from day
1 to 14, the majority of the sludge flocs werehi tegion from 4 to 125 um, but the average size

was increasing from day 6 to day 14.

9.4 Floc Strength of Sludge

9.4.1 Sludge Samples from Pilot MBR and CAS at Lundtd¥f&/TP

The results of floc strength measurements for sasnfpbm the pilot MBR and CAS are shown in
Fig. 19.
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Fig. 19: The turbidity of sludge supernatant as aunction time, indicating floc strength. Results forMBR sludge
samples from day 4 #) and day 22 () and for CAS samples from day 44) and day 22 ¢) are presented. The
lines are guides for the eyes. Note that the turbity of the supernatant was measured in NTU units fothe

samples from the pilot MBR and CAS.

Fig. 19 shows that the measured turbidity (i.epelised mass) for the samples from the pilot MBR

were generally lower than for CAS. This indicatésttthe sludge flocs from the MBR were

stronger than CAS flocs.
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9.4.2 Sludge Samples from Labscale MBR

The development of floc strength of the sludgeéhmlabscale MBR is seen in figure 20.
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Fig. 20: The turbidity of sludge supernatant as audnction of time, indicating floc strength of sampls from the

labscale MBR (@ day 0,0 day 1,A day 6 ande day 14). The lines are guides for the eyes.

It is seen that the sample from day O had a loveer strength than the sludge from the following
days (see Fig. 20). Besides, the floc strengthghtty increasing from day 1 to 14.

9.5 Determination of Carbohydrates, Proteins and HumusAmounts in EPS Samples

This section presents the determined amounts dbbgdrates, proteins and humus in samples of

extracted and dissolved EPS (see Section 8.5).

9.5.1 |Initial Experiments

The amounts of carbohydrates, proteins and humestmacted EPS samples from sludge exposed

to variable shear forces are presented in Fig. 21.
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Fig. 21: Amounts of carbohydrates #), proteins (=) and humus Q) in extracted EPS from initial experiments

with shear varying from 0 to 1700 &.

It is seen that the extracted EPS contained highssunts of proteins and humus compared to
carbohydrates. No development of the amounts regutiom varied shear forces is seen.

Fig. 22 presents the determined amounts of carbvalsgl proteins and humus in dissolved EPS
samples from the initial experiments.
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Fig. 22: Amounts of carbohydrates #), proteins () and humus Q) in dissolved EPS from initial experiments

with shear varying from 0 to 1700 &. Note the scale of the y-axis.
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The amount of proteins increased with increasirepslwhereas carbohydrates and humus amounts
did not change significantly. As expected, the am®uvere generally much lower than in the

extracted EPS samples.

9.5.2 Samples from Pilot MBR and CAS at Lundtofte WWTP

To determine the deviation of the methods and ggrawo of the extracted and two of the
dissolved samples were measured three times withstendards every time (see Appendix F). The
two samples were from day 4 and day 22 in the MIBR. These results led to the relative standard
deviations seen in Table 7.

Table 7: The relative standard deviations in percenfor the methods for determination of carbohydrate protein
and humus amounts. All calculated from 12 measurenmgs.

Method Standard deviation [%]
Carbohydrates 18

Protein 29

Humus 38

Other double determinations were made, but thesbandled in Appendix F.
The development of carbohydrate, protein and huamisunts in extracted EPS samples from the
pilot MBR is presented in Fig. 23.
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Fig. 23: The amounts (ppm) of carbohydrates4), proteins (@) and humus Q) in extracted EPS samples from
day 1 to day 57 for the pilot MBR at Lundtofte WWTP. The presented amounts are relative to the dry mégr
contents (g/L) of the extracted EPS sample.
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The amount of carbohydrates was significantly highethe sample from day 1 compared to the
following samples (see Fig. 23). The amount of greg was generally increasing whereas the
humus amounts slightly decrease in the amount ofusy but the changes for humus were lower
than the standard deviation.

The corresponding measurements for extracted ERPles from CAS at Lundtofte WWTP are
seen in Fig. 24.
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Fig. 24: The amounts of carbohydrates ¢), proteins (m) and humus () for extracted EPS from CAS at

Lundtofte WWTP. The presented amounts are relativeto the dry matter contents (g/L) of the extracted PS
sample.

It is seen that the amount of carbohydrates didchanhge significantly over time for the extracted

EPS samples from CAS. The amounts of proteins hadaeasing tendency whereas amounts of
humus had a decreasing, but again this was nadrléingn the standard deviation.

The amounts of carbohydrates, proteins and humdsssolved EPS samples from the pilot MBR

are presented in Fig. 25.
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Fig. 25: The amount of carbohydrates ¢), proteins (=) and humus @A) in dissolved EPS samples from day 1 to

57 for the pilot MBR at Lundtofte WWTP. The presented amounts are relative to the dry matter content$g/L)

of the dissolved EPS sample.

It is seen that the amount of proteins and humutghéndissolved EPS samples did not change

significantly. However, the amount of carbohydrateshe sample from day 1 had a significantly

higher level compared to the following samplesaagtie extracted sample from same day.

The amounts of carbohydrates, proteins and humudissolved EPS samples of CAS from
Lundtofte WWTP are shown in Fig. 26.
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Fig. 26: The amounts of carbohydrates @), proteins (w) and humus Q) in dissolved EPS samples from day 1 to

57 for CAS at Lundtofte WWTP. The presented amountsare relative to the dry matter contents (g/L) of he

dissolved EPS sample.
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No significant changes of the contents in the dv&xbEPS samples from CAS were observed. The
amounts are similar to the levels seen for the MBRIge (see Fig. 25).

9.5.3 Samples from Labscale MBR

The amounts of carbohydrates, proteins and humwextiacted EPS samples from the labscale
MBR are presented in Fig. 27.
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Fig. 27: The amount of carbohydrates ¢), proteins (@) and humus Q) in extracted EPS samples from the

labscale MBR. The presented amounts are relative tine dry matter contents (g/L) of the extracted EPS$ample.

No changes in amounts of carbohydrates, proteimuarus are seen. The levels are similar to the
levels determined for the pilot MBR and CAS (seg. BB and 24).

Fig. 28 presents the determined amounts of carlvatasl proteins and humus for the dissolved
EPS samples from the labscale MBR.
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Fig. 28: The amounts of carbohydrates ), proteins (=) and humus @A) in the dissolved EPS samples from the

labscale MBR. The presented amounts are relative tine dry matter contents (g/L) of the dissolved EPSample.

It is seen that only the amounts of humus in tesalved EPS changed significantly, with increased

amounts throughout the operation time.

9.6 Hydrophobic Interaction Chromatography of Extracted EPS

This section presents results of HIC of extract®$Eamples. Only chromatograms obtained with
the UV detector (at 225 nm) are included in thgoreé Other wavelengths (250 and 275 nm) and an
ELSD detector were used in some of the measuremamtgo limit the amount of data handling,
these chromatograms have not been included. Hpobeaccharides were not detected.

For samples of dissolved EPS and also of BSA anditacid, no peaks other than the dead

volume were detected. These results are not pexbdmit can be found on the CD-ROM.
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9.6.1 Samples from Initial Experiments

The results of the hydrophobic interaction chrorgedphy for extracted EPS are shown in Fig. 29.
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Fig. 29: Hydrophobic interaction chromatograms for the four samples of extracted EPS after exposed to
different levels turbulent shear.

The first peak after approximately two minuteshis tlead volume (see Fig. 29), that is not retained
by the column. After the dead volume, the peakshr@aly separated. However, there is no sign of
developments due to shear forces.

9.6.2 Samples from Pilot MBR and CAS at Lundtofte WWTP

In general, only the retention time from 1 to 5 ates is included in the chromatograms presented
in this section. As in Fig. 29, small peaks occdrie the retention time interval from 5 to 20
minutes. No significant changes were though obskfiem sample to sample and therefore this
interval was skipped to clarify the interval fromtd 5 minutes. Chromatograms for the full
retention time can be found on the CD-ROM.

Fig. 30 and 31 present the chromatograms for fampdes of extracted EPS from the MBR Pilot
and CAS, respectively.
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Fig. 30: Chromatogram of extracted EPS samples of BR Pilot sludge from day 1, 22, 36 and 50. Absorbae
has been normalized by dry matter contents of samel
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Fig. 31: Extracted EPS sample from CAS sludge frorday 1, 22, 36 and 50. Absorbance has been normalizey
dry matter contents of the sample.

In general, four distinct peaks are observed dlfterdead volume peak at 2 minutes. However, the
retention time of the four peaks was differentday 1 compared to the other three samples which
had comparable peak patterns. The sample from degslnot measured in the same measurement

series as the other three samples.

Fig. 32 presents two chromatograms of the same Isaphextracted EPS (Pilot MBR sludge Day
4) measured after different storage time (15 and&5s).

46



Characterization of Sludge in a Submerged MembBaoesactor

250 1

——Day 4 / 14 Days Storage
Day 4 / 64 Days Storage

200 -

150 -

100 -

Absorbance at 225 nm [mAU]

50 1

1 2 3 4 5
Time [min]

Fig. 32: Comparison of chromatograms of same samplECAS Day 4) conducted after different storage timg14
and 64 days).

As in Fig. 31 and 32, four peaks occurred afterdaad volume peak but with varying retention

time. The changes in retention time were similathe®changes between different samples observed
in Fig. 31 and 32.

9.6.3 Samples from Labscale MBR

Fig. 33 shows the chromatograms for four samplegxtfacted EPS from the labscale MBR.
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Fig. 33: EPS sample from Labscale MBR sludge fromay 0, 1, 6 and 14. Absorbance has been normalizeg b
dry matter contents of sample.
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All the chromatograms had the same pattern, buaitheunts of the polymers that resulted in the

peak at ~3.7 minutes gradually decreased from dayday 14, where it is no longer detectable.

9.7 Size Exclusion Chromatography of Extracted EPS

This section presents size exclusion chromatogrdsisdetector at 225nm) of chosen extracted
EPS samples. In general, only the retention timenfd to 16 minutes is included since peaks only
occurred in this interval. Samples of dissolved BR&e also separated using SEC yielding
chromatograms with a more narrow range of separabiot no significant changes of the
chromatograms were observed over the analysisgeand therefore these data are not presented
here. The chromatograms for the full retention tmsewell as for dissolved EPS can be found on
the CD-ROM.

9.7.1 Samples from Initial Experiments

The size exclusion chromatography for the extra&iP& exposed to different levels of turbulent
shear is seen in Fig. 34.
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Fig. 34: Size Exclusion Chromatogram for the four amples of extracted EPS exposed to different leved$ shear.

The dead volume was detected at approximately @itesn There were small deviations within the
chromatograms but the patterns of the chromatogvesns similar.

BSA and humic acid separation yielded the chronratog seen in Fig. 35.
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Fig. 35: Size Exclusion Chromatograms of BSA and Huic Acid.

It is seen that BSA had the lowest retention timd #hat both had lower retention times than the
dead volume.

9.7.2 Samples from Pilot MBR and CAS at Lundtofte WWTP

Fig. 36 shows chromatograms of samples from the NBR.
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Fig. 36: Chromatograms of extracted EPS samples gfilot MBR sludge from day 1, 22, 36 and 50. Only th

retention interval from 4 to 16 minutes is included Absorbance has been normalized by dry matter coents of
sample.
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The peak of the dead volume was more significanthfe sample from day 1, which was conducted
in another measurement series than the other samyéiations of the peak patterns occurred
especially in the retention time interval from 4 @ominutes with more significant peaks of the
samples from day 22, 36 and 50 compared to day thel retention interval after the dead volume,
the absorbance baseline for day 50 shifted sahleatneasured values were below 0 as seen in Fig.
36. However, the absorbance pattern was simildré@ther samples.

Chromatograms for extracted EPS samples from CASlawwn in Fig. 37.
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Fig. 37: Chromatogram of extracted EPS sample fronCAS sludge from day 1, 22, 36 and 57. Only the retdon

interval from 4 to 16 minutes is included. Absorbacne has been normalized by dry matter contents of sale.

The pattern of peaks were similar for all sampbesept for day 1 for which the dead volume and
peaks after deviated slightly. This sample was nregkin another series than the other samples.

Fig. 38 compares chromatograms of the same sanitiievaried storage time.

50



Characterization of Sludge in a Submerged MembBaoesactor

30 1

——Day 4/ 15 Days
Day 4 / 65 Days

N
(&3]
I

N
o
I

Absorbance at 225 nm [mAU]
= [
o [6;]

[&)]
I

0 T T T T
4 6 8 10 12 14 16
Time [min]

Fig. 38: Comparison of chromatograms of same samp(gilot MBR day 4) conducted after different storage time
(15 and 65 days). Only the retention interval fromt to 16 minutes is included.

The patterns of the chromatograms are similar ketioe dead volume whereas they deviate after

the dead volume. This deviation is comparable ¢odéviations seen after the dead volume in Fig.
37 and 38.

9.7.3 Samples from Labscale MBR

Chromatograms of extracted EPS samples from tlseddd MBR are shown in Fig. 39.
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Fig. 39: Chromatograms of extracted EPS samples fro labscale MBR from day 0, 1, 6 and 14. Absorbandeas

been normalized by dry matter contents of sample. fily the retention interval from 4 to 16 minutes isincluded.
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The chromatograms were similar in most regions,daviations in absorbance peak patterns were
especially observed in the retention time intefuan 6 to 8 minutes. Specifically, at ~6.5 minutes
a peak increased regularly from day 0, where it m@gletectable, to day 14.

The chromatogram patterns were similar to the sasnfstbm the pilot MBR, except for the dead
volume peak which was generally lower for the sa®ilom the labscale MBR.
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10 Discussion

10.1 Operation of the Pilot and Labscale MBR

The flux development for the whole operation peraidthe labscale MBR operated at constant
TMP was in accordance with the stages describetiantheory (See Section 4.3). In the initial
phase, the flux declined significantly (see Fig) #dsulting from formation of irremovable and
irreversible fouling. The flux then reached a metable level with a constant fouling resistance.
This level is determined by the balance betweensttrabbing forces removing fouling and the
attraction forces of foulants either towards otioetants or the membrane surface (see section 4.2).
The decrease in the end of the operation periodregylts from changes in the fouling layer
structure or accumulation of irreversible and iroeable fouling. For the pilot MBR, the flux was
more varying due to setup adjustments and stofteeifollowed operation period.

In Fig. 12, it is seen that the flux rapidly deelhto a stable level after relaxation for the lalbesc
MBR whereas it was steadily decreasing throughtweitlt0 minutes for the pilot MBR (see Fig. 10).
The latter can though partly result from the logding rate (1 mitl). The decrease results from the
formation of removable fouling, which was removedthe scrubbing during relaxation. For the
labscale MBR, it was formed very fast whereas tloegss is slower for the pilot MBR. However,
since the aeration setup flow, the applied TMP #redimensions of the membrane units were
different in the two systems, the scrubbing effe@s not necessarily comparable in the two
systems.

Due to a high pressure loss over the flowmeterapiied TMP in the labscale MBR was 80 mbar
which was the maximal TMP possible to apply in bldd system. The actual TMP working over
the membrane was estimated to be 25 mbar assulmhghe flux was below critical flux. This
assumption is supported by the fact that the feached a steady state with the applied TMP of 80
mbar, and steady state only occurs below critita {see section 4.2). The pilot MBR was
operated at approximately 7.5 L/(H)rin the operation period included in this projémif the final
aim of flux was 15 L/(h-f) with a TMP of ~30 mbar. Hence, the actual TMRhef labscale MBR
was slightly lower but still comparable to aimedxflfor the pilot MBR. In further work with the
labscale MBR, the setup should though be adjusid¢dat the flowmeter is not a limiting factor.
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10.2 Floc Size and Floc Strength

10.2.1 Sludge Samples from Initial Experiments

In the initial experiments, the absorbance of studgpernatant was used as a measure of changes
of the sludge flocs under the applied turbulentasHevel. After 5 hours of applied shear, the
supernatant absorbance only increased slightly.céleb hours of varying turbulent shear was
applied to test changes of sludge characteristgslting from varying shear.

The supernatant absorbance measurements also stimavéide final amounts of dispersed material
increased with the applied turbulent shear in thasert term experiments (see Fig. 14). The
average size of the sludge flocs decreased witteasing shear level (see fig. 15). This is in
accordance with the theory of sludge floc size simength presented in section 3.1. The average
floc size depends on the equilibrium between fltetton and deflocculation, which is determined
by the intermolecular forces within the sludge #laassuring flocculation and the applied shear
forces resulting in deflocculation. Hence, assuntivag the intermolecular forces did not change in
such a short term experiment, more deflocculatiostroccur with increasing shear forces resulting
in more dispersed materials and a lower averagedisludge flocs. Hence, the expected changes
were observed with these methods, and therefoyewtkee also applied in MBR sludge analysis.

10.2.2 Slugde Samples from Pilot MBR, CAS and Labscale MBR

The mesurements of size distributions showed tiettajority of the sludge flocs were in the size
range from 5 to 125 pum (see Fig. 15, 16 and 17i¢ciwis considered reasonable compared to size
distributions for sludge flocs presented in therhture, e.g. Le-Clec#t al. [2006] and Mikkelsen
and Keiding [1999]. Generally, the average sizeslafige flocs from the pilot MBR was lower
compared to CAS (see fig. 16) and the same waslsgeamparison of sludge from day 0 and the
following samples from the labscale MBR (see fig). Doing the same comparison in terms of floc
strength, shows a corresponding trend as MBR slidgk a higher floc strength. The changes
occurred within 24 hours of operation of the MBRwsl @are similar to the changes seen during the
short term shear exposure of the initial experimeitherefore, it is assumed that this general
difference results from higher shear in the MBRieys

The average floc size of sludge both from the mlod labscale MBR increased slightly in the end
of the analyzed periods. Over longer terms, opangtarameters such as temperature did however

also change slightly for the pilot MBR, and the ME.#as increasing throughout the period. For the
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labscale MBR, the feed was changed since it waposdible to feed with real wastewater. Hence,
the observed long-term changes could result froesehchanges. Another possibility is that the

microorganisms over time gradually adapted to treged environment in the MBR.

10.3 Determination of Carbohydrates, Protein and Humus Anounts in EPS Samples

10.3.1 Samples from Initial Experiments

The contents of proteins were highest and carbaltgdilowest for extracted EPS samples (see Fig.
21, results), and this corresponds to EPS compasitpresented in the literature, e.g. [Wikdral.
2008]. No significant composition changes were oles with increasing shear for the extracted
EPS, but in the dissolved EPS samples, the contntsroteins increased significantly with
increasing shear (see Fig. 22). This correspondh wie increased turbidity of the sludge
supernatant measured after the 5 hours of sheaser (see Fig. 14). One might expect that the
increasing amounts of proteins dispersed from thdge flocs also imply corresponding lower
amounts of same in the extracted EPS sampleshbuntrease is low compared to the amounts

determined for the extracted EPS samples.

10.3.2 Samples from Pilot MBR, CAS and Labscale MBR

With regards to amounts of proteins and humusaeted EPS samples from the pilot MBR and
CAS sludge had similar developments during the atper time. Hence, the decrease in humus and
increase in protein amounts (see Fig. 23 and 24t masult from changed in external changes in
operation parameters such as temperature or feegasition. The amounts of proteins and humus
in the dissolved EPS samples did not change sogmifiy.

The amounts of carbohydrates were significanthyhérgooth for the dissolved and extracted EPS
sample from day 1 of the pilot MBR compared to shenples for the rest of the period and to the
stable level seen for CAS samples (see fig. 24¢s&tigher amounts might be an initial effect of
the increased shear forces in the MBR system.

For the EPS samples from the labscale MBR, amaimi#ar to the pilot MBR and CAS were also
found and the amounts were stable throughout tleeatipn period, except for the humus amounts
in the dissolved samples which was increasing tjitout the operation period but since the
changes were gradual and not immediate as the ekamdloc size and strength, the changes might

result e.g. from the changed feed.
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The determined standard deviations included botfatvans resulting from the method and from

storage of the samples (see section 8.5), sinceER® samples were analyzed in series and
therefore were stored for varying time before asialyThe standard deviations were generally high,
especially for the modified Lowry method in whichrhus determination accumulates the error for
both humus and protein amounts and therefore yigldgher standard deviation. Besides, these
methods measure the overall amounts of the thregapents but even though the total amounts

e.g. of proteins do not change, changes of thestgpproteins might change.

10.4 Hydrophobic Interaction Chromatography of Extracted EPS

10.4.1 Samples from Initial Experiments

In the presented chromatograms, many distinct peake detected after the dead volume peak (see
Fig. 29). Hence, a variety of polymers which ingtravith hydrophobic column material were
present in the extracted EPS samples, and the rhitjee retention time, the stronger is the
interaction between the polymers and the columneri@t However, the chromatograms were
completely similar for all samples so with the useethod there were no detectable composition
changes of the polymers depending on the appliedrdavels.

BSA and humic acid were not separated by the colwmrother standards should be applied if the
results using this method should be fully verifiethwever, it was still considered interesting to se

if any changes occur for MBR sludge compared to CAS

10.4.2 Samples from Pilot MBR, CAS and Labscale MBR

The hydrophobic interaction chromatograms did nbbws any detectable changes of EPS
composition for the pilot MBR and CAS sludge. Thdyochanges observed resulted from the fact
that not all samples were measured in the sameumreasnt series (see Fig. 32). For the labscale
MBR, one of observed peaks changed significantymfrthe sample from day O to day 14.
However, the changes occured gradually over thelevbperation period and hence might result
from the feed. It is though remarkable that theooatograms for the labscale MBR were similar to
MBR pilot even though the origin of the sludge was the same and the operation parameters were
not completely similar. This indicates that the gemce of the polymers separated by this

chromatography technique is less sensitive to aemmgenvironment, both physical and biological.
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In further studies it would be interesting to cltdeaize the separated fractions and to apply the

technique in analysis of different fouling layeossee if the same polymers are present there.

10.5 Size Exclusion Cromatography of Extracted EPS

10.5.1 Samples from Initial Experiments

The SEC of extracted EPS samples yielded fingeip(see Fig. 34), which were comparable to the
results presented in the literature, e.g. [Garetal. 2005; Lykoet al. 2007]. The fingerprints were
similar for all samples of these initial experingrgxcept for slight changes after the dead volume.
In this region, other mechanisms than size exatuaitect the retention time and the same similar
peaks occurred but with different retention time doe of the samples. Hence, the extracted EPS
composition did not change detectably within thpliggal variations of shear in these experiments.
BSA and humic acid were separated within the raofyseparated polymers from the sludge

samples. However, a wider range of standards stmutpplied in further studies.

10.5.2 Samples from Pilot MBR, CAS and Labscale MBR

In the retention time range before the dead volugnadual changes over operation time were
observed both for sludge from the MBR pilot and [iescale MBR but not to same extent for CAS

sludge. This indicates that the composition of BERP$he sludge flocs actually change resulting

from the changed operation parameters in the MBRpewed to CAS.

For the MBR pilot, the changes were most significliom day 1 to day 36 whereas the

composition was more stable in the remaining pe(sme Day 36 and Day 50). In the labscale
MBR, the composition is slightly changing throughthe whole analysis period.

Thus, the changes occur over longer terms tharchiamges in floc size and strength and the
chromatograms of pilot MBR and CAS are still congde. Hence, these changes do not
necessarily result directly from increased shea, ihstead from slight changes of operation

parameters as described in earlier sections. 8tdlchanges are interesting but the main object in
this project was the comparison of the CAS and M&®Rige, further studies of the changing

fractions were not carried out.

Changes of peaks were also observed in the reterdimge after the dead volume, but as for the
samples from the initial experiments, the peaks kiawilar shape and therefore changes are

expected to result from the fact the not all sasplere measured in the series (see Fig. 38).
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11 Conclusion

The objective of this project was to investigataralfes in sludge floc characteristics resulting from
higher shear forces in a MBR system compared tearttional activated sludge processes. Sludge
flocs from both a pilot MBR and a labscale MBR witbmparable setups were analyzed and
compared with CAS sludge of same origin.

On the macroscopic level, the average floc size wa®r and the floc strength higher for the
sludge in the MBR system compared CAS. These clsangmurred within 24 hours of operation for
both MBRs.

On the microscopic level, long-term changes of EB@position in terms of carbohydrate, protein
and humus contents were observed for the MBR s|udge these changes were not ascribed
directly to changed shear forces. Hydrophobic adgon chromatography and size exclusion
chromatography of EPS revealed slight changes & &bdmposition, but again the changes were

observed over longer terms and assumed not ta iisedtly from the changed shear forces.
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12 Further Work

This project has studied sludge characteristicherbulk phase of the MBR systems. The next step
in understanding the fouling problems in MBRs istody the interactions between the bulk phase
and the fouling layers at the membrane surfaces $i@p includes a thorough study of composition
of individual fouling layers/classes and their irapan the total fouling resistance. Here the
methods used for determination of EPS compositiathinv this project could be applied. The
polymer fractions separated by HIC and SEC shdwddh be further characterized. This could be
done e.g. by applying IR spectroscopy, MS and/ofR\M

Furthermore, the labscale MBR should be placedrmataicipal WWTP since the use of synthetic

feed instead of wastewater will affect the MBR gledh long-term operations.
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14 Notation

BOD Biological Oxygen Demand
BSA Bovine Serum Albumin

CAS Conventional Activated Sludge
CIL Clean In Line

CIP Clean In Place

COD Chemical Oxygen Demand

E Efficiency

ELSD Evaporative Light Scattering Detector
EPS Extracellular Polymeric Substances
FIM Feed to Microorganism ratio

G Turbulent shear level

HRT Hydraulic Retention Time

J Flux

Ke Death rate constant

MBR Membrane BioReactor

MLSS Mixed Liquor Suspended Solids
OLR Organic Load Rate

PE PolyEthylene

PVDF PolyVinyliDene Flouride

R Fouling resistance

Rn Membrane resistance

SRT Solid Retention Time

TMP TransMembrane Pressure

Vv Volume

WWTP WasteWater Treatment Plant

Y Biomass vyield

VI Dynamic viscosity
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Appendix A — Dimensions of Membrane Module

Fig. 40 shows dimensions of the flat sheet membnao@ule in the labscale MBR.

+34 cm<
N
35 cm < g
\
25 cm <
35¢cm
\_ O

Fig. 40: The membrane module in the labscale MBR. fle grey part of the figure is the plastic cage fothe
membrane and the black part in between the grey arthe membrane. The four black plates are for attacimg the
membrane module to the reactor. The aeration was pted under the membrane in the plastic cage and thiwvas

symbolized by the white circle.
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Appendix B — Lowry Method

This appendix describes the exact procedures ahtidified Lowry method used for determination
of protein and humus.

Three basic solutions of reagents called A, B angla8 made to create the used reagents solutions
D, EandF.

A: 5.71 g NaOH and 28.571 g M&0; dissolved in 1000 mL demineralised water.

B: 0.7143 g CuS@5H,0 dissolved in 50 mL demineralised water.

C: 1.4286 g Na-tartrate dissolved in 50 mL demiiszd water.

D: A, B and C in the ratio 100:1:1 respectively.

E: A, C and demineralised water in the ratio 10Dréspectively.

F: 5 mL Folin-Ciocalteus and 6 mL demineralisedexat

Every of the following samples were made twice.

500 pL standard or sample was put into reagentstiber of each samples were diluted if
necessary. Then half of the samples and standanel adeled 700 uL reagent D and the other half
700 pL reagent E. All samples were mixed on a weméer. Then all samples stand for at least 10
min. 100 pL reagent F was added and mixed on thex:onixer directly after this addition. After
standing for 45 min. the absorbance was measurgsOatm.

Standard curves were made from 0 to 100 ppm fdr paiteins and humus.

The total absorbance (ABgQ) was the samples mixed with reagent D. The sampiged with
reagent E was called blind (AB&i). The absorbance of protein (ARsein and the absorbance of

humus (ABSumug Were calculated as seen below.

ABSiotal = ABSprotein + ABShumus
ABSpjing = 0.2 - AB$rotein+ ABShumus

U
ABSprotein: 1.25(ABSotal — ABSyiing)
ABShumus= ABSyling — 0.2 - AB%rotein
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Appendix C — Anthrone Method (1)

This appendix describes the procedures of the @mthmethod used for determination of
carbohydrate contents.

Two reagents was used - A and B.

A: 27.5 mL demineralised water and 472.5 mL an@® . anthrone.

B: The same as A without the anthrone.

Both A and B were cooled down to approximately 4b¥fore use.

1.0 mL sample or standard was added to four tub@smL reagent A were added to two of the
each sample or standard and the other two wereddifianL reagent B. All samples and standards
were mixed on a vortex-mixer.

Both samples and standards were boiled at 100 rC4fanin and then cooled down in a ice bath.
Afterwards every sample and standard was meastugbaim.

Standard curve was made from 0 to 100 ppm.
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Appendix D — Operation Conditions of MBR systems (1L

pH Results

The results from pH measurements on both pilot MBRIge, CAS and labscale MBR shows no
sign of development. The pilot MBR has an averageop7.36, CAS is a little lower at 7.17 and
the labscale is the highest at 7.43.

Conductivity Results

The measurements of the conductivity are changweg time as seen in Fig. 41.

1.8 4

1.6 A ] .

1.4 A .
—_ *
5124
%)

a

= . ¢
g 081 o ¢
S hd ¢ L
c
8 0.6 14 .

0.4 4

0.2

0 T T T T T )
0 10 20 30 40 50 60
Time [days]

Fig. 41: Conductivity development over time # is the pilot MBR, o is CAS and A is the labscale MBR.

The pilot MBR and CAS changes seen in Fig. 41 praximately the same and are therefore
considered to be due to feed changes. The changd®eiconductivity for labscale MBR are
increasing which means that the something is inftueg on the conductivity. This could be the dog
food and the fact that the permeate is return thécaerated tank. The return of the permeate means

that small ions that are normally lead out throtlghpermeate stays in the system.

MLSS Results
Fig. 42 shows the development in MLSS as a funaticime in the two MBR system.
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Fig. 42: MLSS development over time# is the pilot MBR and A is the labscale MBR.

MLSS increases over time for pilot MBR as expectddwever a small decrease in MLSS is

detected for the labscale MBR.

Permeate MLSS and Turbidity
On the permeate from the labscale MBR MLSS and idlilybat 650 nm was measured. Both

values was so low that the measurements did nolt resany usable values.
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Appendix E — Permeate Flow from Pilot MBR

Fig. 43 shows the flow measurements from tfeoft February to the ' of April from the pilot

MBR at Lundtofte WWTP.
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Fig. 43: The permeate flow (L/h) over time for thepilot MBR at Lundtofte WWTP.
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Appendix F — Carbohydrate, Protein and Humus DeternmationS

Triple determination

Triple determination for standard deviation of adrpdrates, proteins and humus for day 4 and 22

from the pilot MBR is seen in Table 8.

Table 8: The three measurements on the same sampt® day 4 and 22 in the pilot MBR at Lundtofte WWTP
both dissolved and extracted EPS.

MBR dissolved day 4 | Carbohydrates [ppm/(g/L)] Protein [ppm/(g/L)]| Humus [ppm/(g/L)]
Measurement 1 22 8 23
Measurement 2 18 28 10
Measurement 3 12 18 13

MBR dissolved day 22| Carbohydrates [ppm/(g/L)] Protein [ppm/(g/L)]| Humus [ppm/(g/L)]
Measurement 1 8 16 22
Measurement 2 6 22 11
Measurement 3 6 17 15

MBR extracted day 4 | Carbohydrates [ppm/(g/L)]Protein [ppm/(g/L)]| Humus [ppm/(g/L)]
Measurement 1 23 152 394
Measurement 2 21 207 166
Measurement 3 18 258 151
MBR extracted day 22| Carbohydrates [ppm/(g/L)] Protein [ppm/(g/L)]| Humus [ppm/(g/L)]
Measurement 1 33 327 324
Measurement 2 26 248 206
Measurement 3 24 263 199

Double determination

To see the influence of storage time on the cordénarbohydrates, protein and humus the sludge

from day 57 from the pilot at Lundtofte WWTP wadraxted twice with 24 h of storage between

the two extractions. The results of this can ba& sed able 9.
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Table 9: The difference in the dissolved and extraed amount of carbohydrates, protein and humus forthe
sludge from day 57 from the MBR at Lundtofte WWTP.+ 24 h means that the sludge has been stored for Bt

5 °C before extraction.

Carbohydrates Protein Humus
[Ppm/(g/L)] | [Ppm/(g/L)] | [PPm/(g/L)]

MBR dissolved day 57 5 31 15
MBR dissolved day 57 + 24 | 3 28 21
MBR extracted day 57 33 330 211
MBR extracted day 57 + 24 | 36 328 218

The small difference between the two extractiore® (able 9) is of no significance since they are
not larger than the standard deviation. Also thtedince could be ascribed to the deviation in the
extraction method. Therefore the sample from déayp® the labscale MBR was extracted twice at

the same time. These results are shown in Table 10.

Table 10: The difference in the dissolved and extrded amount of carbohydrates, protein and humus foithe

sludge from day 9 from the labscale MBR. The extra®mn was done twice at the same time hence | and Il

Carbohydrates Protein Humus

[Ppm/(g/L)] | [PPm/(g/L)] | [PPmM/(g/L)]
MBR dissolved day 9 | 7 64 164
MBR dissolved day 9 I 7 48 103
MBR extracted day 9 | 94 431 243
MBR extracted day 9 Il 102 506 275

The differences in the results shown in Table Hladso within the standard deviation and therefore

no tendencies are to be determined.
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