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Résumé

"Analyse des particules submicroniques pour caractériser le colmatage membranaire en filtration tertiaire" Dans le cadre du projet OXERAM, différentes options de filtration membranaire tertiaire ont été étudiées : une membrane polymérique et une membrane céramique. Différents prétraitements ont été testés pour augmenter leur performance : ozonation et coagulation à différentes doses. Le principal objectif de cette étude était de réduire le colmatage membranaire. Le colmatage membranaire est le principal inconvénient en filtration membranaire tertiaire. Cela réduit la durée de vie de la membrane due à la fréquence des lavages chimiques, tout en augmentant les coûts opérationnels. Différentes fractions de la matière organique ont été identifié comme colmatant majeur, en particulier la matière organique dissoute. Les études du colmatage membranaire sont encore un challenge, à cause du manque de compréhension des interactions entre colloïdes et du manque de méthodes d'analyse pour déterminer le potentiel colmatant d'un effluent. L'objectif de cette étude est de déterminer les principaux colmatants, de vérifier les effets des prétraitements par pré--ozonation/pré--coagulation et de prédire le comportement d'un effluent traité d'eaux usées domestiques vis--à--vis d'une filtration, i.e. son potentiel colmatant, par une analyse de ses particules submicroniques. Il est démontré qu'une détection fiable et reproductible de la composition colloïdale d'un effluent domestique secondaire est possible grâce à la méthode : Nanoparticle Tracking Analysis (NTA). Les effets des prétraitements sur la distribution des tailles des particules et sur leurs concentrations absolues peuvent être détectées.

La chromatographie liquide couplée à un détecteur de carbone organique (LC--OCD) nous permet d'obtenir une meilleure compréhension des effets des prétraitements sur les différentes fractions de la matière organique dissoute.

Il a été trouvé que l'ozonation et la coagulation amélioraient la filtrabilité des biopolymères en formant des agrégats plus gros et en réduisant leur concentration dans l'influent. L'utilisation combinée des deux permet de supprimer 80% des biopolymères.

Lors d'expériences à l'échelle de journée entière, une corrélation directe a été trouvé entre la quantité de colloïdes mesurant entre 100 et 200nm et le colmatage réversible. Pour cette catégorie de taille, des concentrations plus faibles entrainent un colmatage plus faible. Cependant, pour vérifier ces résultats, d'autres expériences sont nécessaires, en faisant varier les matériaux de la membrane, la taille des pores et les différentes doses de prétraitements. Dans la mesure du possible, une implémentation on--line du NS500 serait très utile pour obtenir une grande quantité de résultats et ainsi avoir une fiabilité statistique. 8: Flow scheme of the liquid chromatographic SEC--OCD system [START_REF] Huber | Characterization of aquatic humic and non-humic matter with size--exclusion chromatography e organic carbon detection e organic nitrogen detection (LC--OCD--OND)[END_REF] 9: SEC--OCD chromatogram of a surface water (River Pfinz, Karlsruhe, Germany) with responses for organic carbon detection (OCD), UV--detection at 254 nm (UVD) and organic nitrogen detection (OND). [START_REF] Huber | Characterization of aquatic humic and non-humic matter with size--exclusion chromatography e organic carbon detection e organic nitrogen detection (LC--OCD--OND)[END_REF] 

Tables

c [mg L --1 ] concentration d [m] hydrodynamic diameter dp [m] spherical diameter k [M --1 s --1 ] reaction constant vdif [cm s --1 ] diffusion velocity vsed [cm s --1 ]
sedimentation velocity

Introduction

According to the European water framework directive (2000), we have to obtain « a good ecological and chemical state of surface water in 2015 ». In the same time, the EU bathing water directive ( 2006) imposes limited values for the microbial loads. Due to its situation, Berlin doesn't reach yet these limits. The environment (river Spree und Havel) is not able to dilute the effluent. Moreover, due to very small flows in low water season, the effluent represents 40% of the flow rate. Berlin council succeeded to identify three line of action:

--Disinfection of bathing water --Further Phosphorus removal (down to 0,05mg/L) --Trace organics removal The OXERAM project includes itself in this frame. The main objectives are to study the performance of different options in tertiary filtration. One of these options is low-pressure membrane filtration, like micro filtration (MF), and ultrafiltration (UF). They offered many advantages as high water quality effluent, small footprint and good reliability in operation [START_REF] Wintges | The role of membrane processes in municipal wastewater reclamation and reuse[END_REF]. The main drawback with low--pressure membrane processes is the membrane fouling. It increases chemical cleaning and so operational costs while decreasing membrane lifetime. Direct filtration is identified as an unreasonable operational strategy because treated domestic wastewater always shows high fouling potential in membrane processes [START_REF] Zheng | Major organic foulants in ultrafiltration of treated domestic wastewater and their removal by bio--filtration as pre--treatment[END_REF].

However, pre--treatments can decrease membrane fouling and increase the filtration performance. Different studies showed that, besides e.g. adsorption and biofiltration, also coagulation is able to lower membrane fouling by removing large organic molecules and colloids, resulting in a formation of a porous, readily backwashable filter cake (e.g. [START_REF] Haberkamp | Impact of coagulation and adsorption on DOC fractions of secondary effluent and resulting fouling behavior in ultrafiltration[END_REF][START_REF] Lee | Application of ultrafiltration hybrid membrane processes for reuse of secondary effluent[END_REF]. In combination with pre--ozonation coagulation leads to the formation of larger, more stable flocs due to a microflocculation effect [START_REF] Jekel | Effects and mechanisms involved in pre--oxidation and particle separation processes[END_REF] and a further improvement of the filtration performance can be achieved [START_REF] Genz | The effect of pre--ozonation and subsequent coagulation on the filtration of WWTP effluent with low--pressure membranes[END_REF], Van Geluwe et al., 2001).

Effluent is composed of different kind of organic matter (DOM). The dissolved organic matter is particularly detrimental to the membrane. Different fractions were identified as major foulants: Biopolymers (BP), Humic substances (HS), colloidal/particulate compounds (eg. [START_REF] Jermann | Interplay of different NOM fouling mechanisms during ultrafiltration for drinking water production[END_REF][START_REF] Amy | Fundamental understanding of organic matter fouling of membranes[END_REF][START_REF] Haberkamp | Organisches Membranfouling bei der Ultrafiltration kommunaler Kläranlagenabläufe: Ursachen, Mechanismen und Maßnahmen zur Verringerung[END_REF][START_REF] Zheng | Major organic foulants in ultrafiltration of treated domestic wastewater and their removal by bio--filtration as pre--treatment[END_REF]. But we still don't know the roles of the different fractions and/or their interactions.

That is one of the goals of this project, find tools in order to understand and determine the fouling potential of the effluent.

The main objectives of this study are to assess the fouling behavior of treated domestic wastewater by sizing and counting its submicron constituents with Nanoparticle Tracking Analysis (NTA) and to look for a link between colloidal loads and filtration performance of low--pressure membranes. Based on the findings the pre--treatment by pre--ozonation and subsequent coagulation has to be optimized regarding to minimize fouling--active fractions, a good filtration behavior and the best possible prevention of membrane fouling.

Chapter 2 begins with a theoretical introduction to the dispersed system wastewater, its complex composition of different ingredients and their interactions. Moreover, the applied pre--treatment processes and their effects on particular and colloidal water constituents are described. Furthermore, low--pressure membrane processes, the problem of membrane fouling and a review of requirements to assess the fouling potential of waters are presented.

Chapter 3 introduces the materials and analyses applied in this study. It starts with a short presentation of the two pilots studied at WWTP Ruhleben, followed by a description of the Liquid Chromatography -Organic Carbone Detector (LC--OCD) used to measure the different fractions of the dissolved organic matter. It ends with a description of submicron particle analysis with NTA--technology. Chapter 4 presents the results. In a first time, we will focus on the efficacy of two different tertiary membrane filtration options, a polymeric membrane and a ceramic one. Their effects on different fractions of the dissolved organic matter are highlighted. Secondly, the focus will be on the ceramic membrane, the only one to use some ozone as pretreatment. The main theme is the effect of pre--treatment on the dissolved organic matter. Finally, correlation will be discuss between the particles size and the different fractions of DOM. Submicron particle analysis will permit to find a link between the colloids size distribution and their effect on membrane fouling. Finally, the main outcomes of the study are presented and discussed in Chapter 5. Recommendations for the pre--ozonation and coagulation conditions in the pilot units are given and suggestions are made for further research on this application and on this topic.

Theoretical background 2.1 Composition of the influent

Treated domestic wastewaters contain a lots of different dissolved, colloidal and particulate compounds. Colloidal (1nm < dp < 1000nm) and supracolloidal (1µm < dp <100µm) fractions play an important role in all kind of water quality and treatment issues. They are involved in many processes, e.g. adsorption, desorption, ion exchange, complexation, precipitation and crystallization (Boller, 2003;[START_REF] Schick | Einfluss der Ozonung auf die Änderung der Grenzflächeneigenschaften von Partikeln bei der Aufbereitung von feststoffarmen Oberflächenwässern[END_REF]. One of the big steps of wastewater treatment is to remove these particulate and colloidal matters (Boller, 2003). Figure 1 gives an overview of different water constituents, their size ranges and the processes for separation. For all practical purpose, we look further only in colloids, 1nm < dp < 1000nm. All our samples were pre--filtered (5µm / 0,45µm), and in this thesis we will focus on the different fractions of these submicron compounds.

Nature of aquatic colloids

Aquatic colloids are compounds with sizes between 1 nm and 1µm. They are homogeneously dispersed throughout the aqueous phase [START_REF] Pashley | Applied colloid and surface chemistry[END_REF]. Colloids can be classified by various parameters such as e.g. origin (natural vs. anthropogenic vs. engineered), chemistry (inorganic vs. organic) or surface charge (anionic vs. cationic vs. neutral). Table 2 shows the diversity of aquatic colloids that composed influent. A group, the organic macromolecules, especially interests us. It is large molecular weight compounds, with a size in the colloidal range (<1µm). These dissolved organic matter (DOM), play an important role, first because they are quite concentrated in organic--rich system such as treated wastewater, second because of their interaction with others and the environment (coating gel effect). Colloid concentration and size distribution in treated domestic wastewater are specific. We observed variations in the colloidal fraction, depending on parameters as local situation (sewer type, landscape and habits) and daily conditions (weather, climate, weekday, day hour) [START_REF] Nieuwenhuijzen | Particle related fractionation and characterization of municipal wastewater[END_REF]. In the natural environment (e.g. rivers, lakes) and in the "controlled" natural environment (e.g. drinking water and wastewater plants), the numerous concentration of particles typically increases exponentially with decreasing particle size [START_REF] Pronk | Characterization of nano--and microparticles in Swiss surface waters and their role in potable water production[END_REF].

Appendix 1 shows that for colloids, vdiff > vsed. Those compounds will not settle but stay dispersed under Brownian motion. The efficiency of the separation processes will depend on the stability of the dispersed colloids, and this system is controlled by the surface interaction, which is very high for small compounds. Treatment focuses on their surface properties, in order to stabilize the flocks.

Interaction of colloids in water

Two main forces run the stability of this system, Van der Walls force and electrostatic interaction. Van der Walls force is an attractive force that is induced between two dipoles. It affects the repartition of electrons in every single atom or molecule and rearranges themselves in a same direction. This surface force induces stability. The electrostatic interaction is a repulsive force between two same charge compounds. Colloids are mostly negative charged, due to their functional groups. Opposite charge ions (mostly cationic) concentrate around. That is why metallic salts are used, because their metallic ions have the cationic charge to stabilize the colloids.

Impact on organic matter

As organic rich system, there are a lot of interactions in treated wastewater. In order to lower the system energy, organic colloids (e.g. humic substances, extracellular organic matter (EOM)) accumulate on mineral surfaces and modify the properties [START_REF] Schick | Einfluss der Ozonung auf die Änderung der Grenzflächeneigenschaften von Partikeln bei der Aufbereitung von feststoffarmen Oberflächenwässern[END_REF]. These interactions depend on pH and concentration of multivalent cations. Especially Ca 2+ --ions are bridging compounds between negatively charged colloids functional groups. The adsorption affinity increases proportionally with the molecular size, due to high amount of binding groups [START_REF] Jekel | Huminstoffe im Flockungsprozeß der Wasseraufbereitung[END_REF]. Due to adsorption of organic matter, a coated layer creates and modifies the interactions forces between colloids. Depending on water quality, nature and load of organic matter, destabilizing and stabilizing effects can occur. The impact of organic colloids coating is complex and depends on colloid and water specific conditions. Attractive forces can be enhanced by molecular adsorption. However there is at this point no big theory quantifying the relation between adsorbed organic matter and dispersion stability.

Particles separation processes in water treatment

Particles separation is a process used for every kind of water, as soon as they possessed some turbidity and suspended solids. Those parameters are representative for water quality parameters as such as nutrient loads, and chemical adsorption (Boller, 2003). Classic techniques are sedimentation, granular media filtration and flotation or a combination of these processes. However, these techniques are limited on the fractions above 10μm, whereas colloids are only marginal affected and in most cases need a chemical pre--treatment for destabilization, agglomeration and formation of separable flocks. This can be realized by addition of e.g. electrolytes, organic polymers and metal salts of ferric or alum. But also due to ozonation, although it is not a classical particle separation processes, a destabilization of colloid solutions can be achieved [START_REF] Jekel | Effects and mechanisms involved in pre--oxidation and particle separation processes[END_REF].

In the next sections, we focused on ozonation and coagulation by metal salts because these processes were used as pretreatment prior to low--pressure membrane filtration in OXERAM project.

Ozonation

Ozone is the allotropic, triatomic form of oxygen (Cf. Figure 2). The positives charges on the central atom in both resonance structures give it a strong electrophilic character. Conversely, the excess negative charge present on one of the terminal atoms improves a nucleophile character. These properties confer ozone a very strong reactivity [START_REF] Van Geluwe | Ozone oxidation for the alleviation of membrane fouling by natural organic matter: A review[END_REF]. Ozonation is the process in which ozone--rich air or oxygen is introduced into water as well as the addition of water with high ozone concentration in the water to be treated [START_REF] Gilbert | Chemische Oxidation[END_REF]. Further characteristics of ozone are summarized in Table 2. 

Reactions of ozone in water

Ozone is not stable in water and will be decomposed while forming radicals. The kinetic of ozone decay critically depends on the characteristics of the water. The effect of ozone on water constituents can be caused by two different reactions.

First ozone directly reacts with inorganic compounds and certain functional groups of organic colloids. The kinetic of this reaction depends on the pH. It is very slow at low pH range (k=10 3 M --1 s --1 ) and increases at neutral pH (k=10 6 --10 9 M --1 s --1 ). The electrophilic character of ozone confers strong reactivity with unsaturated groups, like double bonds and electron rich aromatic structures. It forms functional groups like aldehydes, ketones and more especially carboxylic acids [START_REF] Von Gunten | Ozonation of drinking water: Part I. Oxidation kinetics and product formation[END_REF].

The second reaction concerns one of the radical created by ozone decay, --OH. Its standard reduction potential is stronger than ozone (2.80V vs. 2.07V). The reaction is unspecific and faster then ozone (k=10 8 --10 11 M --1 s --1 ).

Application of ozone in water and wastewater treatment

Nowadays ozonation is one of the main steps in many water treatment facilities with various subjective for applications, depending on water type, water quality and treatment goals. Table 3 summarizes the three main applications of ozone in municipal water and wastewater treatment. Ozone is used in most of the case against organic compounds and pollution. Due to its selectivity for electron rich system, e.g. double bonds, we can reach a reduction of taste, odor and color. The DOC is affected at those ranges of dosage. An Oxygen atom integrates organic compounds and provokes their scission. Large molecular weight compounds are transformed into smaller. A total mineralization can be reached to higher dosage [START_REF] Genz | The effect of pre--ozonation and subsequent coagulation on the filtration of WWTP effluent with low--pressure membranes[END_REF]. The COD is decreasing from the beginning of ozonation by forming oxygenated groups, which shows in most cases a better biodegradability and therefore causes an increase of the BOD.

Disinfection potential of ozone is bigger than Chlorine or chlorine dioxide, but it is effective only for dose > 1 mgO3/mgDOC. However, between 0.3--0.5 mgO3/mgDOC, the diminution of colony--forming units (cfu) is enough to undercut the limits of the EU bathing directive (2006) [START_REF] Huber | Oxidation of pharmaceuticals during ozonation of municipal wastewater effluents: A pilot study[END_REF].

We will then study the microflocculation effects of ozone on particles and colloids in water.

Effects of ozonation on water constituents

Impacts of ozonation are depending on following parameters:

• Nature, size and concentration of colloidal constituents • Natural organic matter • Electrolytes concentration • Process parameters of the system We can identify six mechanisms, but the limits between them are yet not clear [START_REF] Schick | Einfluss der Ozonung auf die Änderung der Grenzflächeneigenschaften von Partikeln bei der Aufbereitung von feststoffarmen Oberflächenwässern[END_REF].

Impact on the steric stabilization:

The thickness of organic coating layers on inorganic particles, stabilizing them either via an increase in electrical charge or via the steric effect, is reduced due to an oxidative decomposition of adsorbed organic macromolecules to low molecular weight fractions and a subsequent desorption of these fractions. (e.g. Jekel, 1986b;[START_REF] Chandrakanth | Effects of ozone on the colloidal stability and aggregation of particles coated with natural organic matter[END_REF] Specific reaction of ozone with organic compounds in the presence of alkaline ions: Due to ozonation, carboxylic acids and other compounds with higher acidic properties are formed, resulting in an enhancement of electrostatic interactions between colloids as well as dissolved substances. In the presence of alkaline ions, especially Ca2+, which cause coordinative bounds of functional groups in humic substances, a colloid destabilization as well as precipitation effect after ozonation may occur. [START_REF] Edwards | Effects of ozonation on coagulation of NOM using polymer alone and polymer/metal salt mixture[END_REF][START_REF] Becker | Ozone, oxalic acid and organic matter molecular weight effects on coagulation[END_REF] Polymerization effects: A few studies also describe ozone induced polymerization effects. Metastable organic radicals are formed via radical pathway, which do not combine with dissolved oxygen for further oxidative reactions. These organic radicals can combine to form dimers or products of higher molecular weight. These polymers act like classic flocculation agents and lead to a particle aggregation. (e.g. [START_REF] Farvardin | Preozonation as an aid in the coagulation of humic substances optimum preozonation dose[END_REF] Interaction between ozone and organo--metal complexes: In presence of organo--metal-complexes of NOM and Fe2+, Fe3+, Mn2+ or Al3+, due to the oxidation of the organic matter the metal cations will be released in the solution, hydrolyze to the insoluble precipitates and induce coagulation. [START_REF] Jekel | Effects and mechanisms involved in pre--oxidation and particle separation processes[END_REF] Interaction between ozone and algae: The oxidation of algae cells and their dissolved organic products can cause a better agglomeration potential. The formed organic biopolymers can act like flocculants and decrease the particle concentration in treated water. However, at higher specific ozone dosage (> 1 mg O3/mg DOC), negative effects regarding coagulation were observed and e.g. interpreted by a formation of organo-metal--compounds and the complexation of coagulants. [START_REF] Plummer | Effect of ozone on desinfection by--product formation of algae[END_REF].

Impact on particle separation by coagulation and filtration processes

Thanks to specific low ozone dosage, searcher observed a decrease in the coagulant demand and a better colloids removal compared to samples without pre--ozonation (e.g. [START_REF] Schick | Einfluss der Ozonung auf die Änderung der Grenzflächeneigenschaften von Partikeln bei der Aufbereitung von feststoffarmen Oberflächenwässern[END_REF][START_REF] Yan | Effect of pre--ozonation on optimized coagulation of a typical North--China source water[END_REF]. However, they observed that at higher dosage, oxidation can perturb the coagulation by forming better soluble metal--organic complex. It leads to poor DOC--removal, high coagulant residuals and higher turbidity [START_REF] Jekel | Flocculation effects of ozone[END_REF].

Destabilizing effects of ozone are influenced by a lot of parameters. Due to the wide variations of raw waters, the effectiveness of pre--ozonation is a case--to--case problem and will distinctly depend on the particle separation process. In most of the case, pre-ozonation can induce reductions in turbidity and particle loads by 20% to even more than 50%.

Coagulation

Goals of coagulation

Coagulation has been long studied for its abilities to destabilize and then aggregate dispersed water ingredients and precipitate dissolved organic and inorganic compounds (Jekel, 2004). The main goal of coagulation is to decrease the repulsive surface forces (Cf. Chapter 2.1.2.) to ranges where colloids are able to overcome the energetic barrier and aggregate. Coagulation in water and wastewater treatment is applied for the following reasons:

• Removal of colloidal and contaminant suspension • Partly reduction of dissolved organic compounds (Biopolymers, Humic substances) • Precipitation of inorganic trace metals and phosphates In practice, coagulation is followed by a separation step, like sedimentation, flotation and filtration. Combined with low--pressure membrane processes, coagulation is increasingly applied as pretreatment to avoid membrane fouling.

Coagulation chemicals

The most commonly applied coagulation agents are trivalent metal salts of alum and ferric, available as chloride, sulfate and hydroxyl chloride. Dissolved in water, they will produce charged cations Al 3+ and Fe 3+ , which, at low pH, are forming hexaqua complexes (Me(H2O)6 3+ ). At pH--ranges of 6.5--9.0 for ferric, 6.0--7.0 for alum, the insoluble neutral species (Me(OH)3) are dominating and precipitate. Mechanisms Destabilization by counterions: Negative surface charge is shielded by an addition of cations, which leads to a compression of electric double layer. The colloids are able to approach in distances where van der Waals forces are dominating and will agglomerate.

Complexation --charge neutralization: Adsorption of cations with high charge density (e.g. hydroxo complexes of ferric and alum salts) at negative colloid surfaces results in a destabilization. The adsorption occurs only at slightly acidic pH ranges (pH < 6). An over--dosage and restabilization is possible.

Adsorption -bridge formation: Destabilization occurs by linkage between particles due

to long--chain organic polymers/flocculation agents.

Sweep coagulation: Ferric and alum salts (Fe3+, Al3+) are forming at neutral pH--values insoluble hydroxide species, which will be precipitating and involving dispersed compounds into formed flocs. A reaction with organic compounds is also possible and a DOC proportional additional coagulant consumption will occur.

Kinetics of coagulation

The main goal of initial mixing (0,1 -10s) is to destabilize colloids, which will then aggregate themselves by collision. The higher energy is introduced in the system, the higher is the floc aggregation velocity; but although the lower is the flocs size. The danger is due to increasing the mixing, shear forces are increased too, which can lead to the floc's breakage.

Combination of pre--ozonation and coagulation

Different searchers observed that pre--ozonation has also a profound influence on other treatment processes, particularly o sub--sequent coagulation. [START_REF] Jekel | Full--Scale Applications[END_REF] find an optimum ozone dosage between 0.1--1mgO3/mg DOC with subsequent coagulation by PACl. Turbidity and particle concentration was reduced about 20--90% in this study. Schultz (2011) observed an optimum of 0.7 mgO3/mg DOC, with subsequent coagulation by FeCl3. However, optimum ozone dosage is specific and must be determined experimentally. Lui et al. (2009) performed experiments with model solutions containing NOM fractions of different molecular weights, e.g. humic acids, as very large organic colloids, as well as salicylic acid as low molecular weight compounds. The experimental results show that the dosage of ozone, characteristics and composition of NOM are the most important factors on the behavior of subsequent coagulation. Residual turbidity was reduced with low ozone dosages (0.3-0.5 mg O3/mg DOC), whereas higher dosages lead to an impairment of subsequent coagulation. However, coagulation performance judged from removal of DOC is improved distinctly by pre--ozonation in all tests.

Pre--ozonation and sub--sequent coagulation show some synergetic effects, with an enhanced of particle removal and improvement of water quality, compared to processes with coagulation only. The coagulant can be decreased with application of pre-ozonation, which traduces by gain in operational costs.

However, this optimum must be case--to--case experimentally checked, because depending on too many parameters. As pretreatment for fouling reduction in low-pressure membrane filtration, a combination ozonation/coagulation shows promising results.

Low--pressure membrane processes

Membrane filtration is a separation technology for aqueous mixture. In the past decade, its application in water treatment has increased with the improvement in membrane technology and the decrease in membrane costs. Particularly low--pressure membrane system increased (13.25 million m 3 /day in 2006 [START_REF] Huang | Pretreatment for low--pressure membranes in water treatment: A review[END_REF]). As the sustainability of water is worldwide challenged, low--pressure membrane filtration is becoming one of the most promising technologies due to its efficiency in producing high quality waters, its small footprint and the decreasing specific invest costs per m 2 membrane area.

Introduction in membrane processes

Membrane filtration is a process in which the membrane serves as selective barrier for water constituents. The influent to the membrane module is the Feed stream. The liquid that passes through the semipermeable membrane is the Permeate. The liquid containing the retained compounds is the retentate (Figure 3). The driving force is the pressure difference between feed and permeate, also called trans--membrane pressure (TMP). Regarding to the range in pressure, membrane filtration can be subdivided in two sorts. Low--pressure membrane involves TMP between 0.2 and 2 bars, like microfiltration (MF) and ultrafiltration (UF). On the other and, we have high--pressure membranes (5 < TMP < 85 bar), like nanofiltration (NF) and reverse osmosis (RO) [START_REF] Crittenden | Water Treatment: Principles and Design[END_REF]. An overview of different kind of pores and rejected compounds is available in Figure 2. Due to the processes applied in OXERAM project, we will focus on low--pressure membrane filtration.

Membrane properties

Low--pressure membranes are porous. The rejection of water constituents is only caused by size exclusion. Membranes pores avoid passage of compounds bigger than their diameter and thus define selectivity. The flow rate J of liquid passing through the membrane is calculated according to Darcy's law:

J= flow rate/permeate flux [L m --2 h --1 ] 𝐽 = ∆! !.!" Δp = TMP η = dynamic viscosity [m 2 s --1 ] Rf = total hydraulic resistance [m --1 ]
Permeate flux depends on TMP, viscosity and filtration resistance. Normally the manufacturer gives the flux of pure water at 20°C. The viscosity depends on temperature. [START_REF] Crittenden | Water Treatment: Principles and Design[END_REF], normalize the relationship for filtration by:

JM = flux at measured temp. [L m --2 h --1 ] 𝐽 !"℃ = 𝐽 ! • 1.03 ! ! !! ! JS = flux at standard temp. (20°C) [L m --2 h --1 ] TS = standard temp. (20°C) [°C] TM = measured temp. [°C]
The resistance of a new membrane depends only on porosity and thickness of the membrane. During filtration, another additional resistance grows due to rejected compounds on and in membrane pores. This phenomenon is called fouling (Cf. Chapter 2.4). The cut--off of MF membranes is specified by the size off the smallest compounds, which is rejected. Typical values for MF are between 100--1000nm. The separation efficacy of UF membranes (dpore = 10--100nm) for a solute is represented by the rejection rate (removal rate) [START_REF] Haberkamp | Organisches Membranfouling bei der Ultrafiltration kommunaler Kläranlagenabläufe: Ursachen, Mechanismen und Maßnahmen zur Verringerung[END_REF]:

R = retention of a solute [%] 𝑅 = ! ! !! ! ! ! • 100 Cf = solute concentration in feed [mg L --1 ] Cp = solute concentration in permeate [mg L --1 ]
Low--pressure membranes have no sharp cut off but a pore size distribution. The parameter describing those membranes is the molecular weight cut off (MWCO), i.e. the molecular weight of a certain solute that is 90% by the membrane (Mulder, 2006). The pore size distribution is obtained by testing filtration with engineered particles (often dextrans). Knowing the MWCO with dextran molecule, we can estimate the pore diameter by using the empiric formula [START_REF] Crittenden | Water Treatment: Principles and Design[END_REF]:

dpore = hydraulic pore diameter 𝑑 !"#$ = 0.11 • 𝑀 !.!" M = molecular weight [g mol --1 ]

Materials and design

Membranes can be built with different organic and inorganic materials, which confer them various properties in terms of flux rates, sensitivity for clogging and fouling, physical durability, chemical resistance, hydrophobicity and price. Wastewater treatment processes use generally organic components: polypropylene (PP), polyvinylidene (PVDF), polysulfon (PS), polyesthersulfon (PES) or cellulose acetate CA) [START_REF] Crittenden | Water Treatment: Principles and Design[END_REF].

In our study, we use inorganic material, ceramic, for its advantages in chemical resistance and oxidant tolerance (e.g. ozonation). But they are much expensive compared to polymeric material. Most commercial membranes are produced as flat sheets, fine hollow fibers, or in tubular form. For practical operation, they are arranged in membrane modules. The term 'membrane module' is used to describe a complete unit comprised of membranes, a pressure support structure, a feed inlet, a concentrate and permeate outlet and an overall support structure [START_REF] Roorda | Filtration characteristics in dead--end ultrafiltration of WWTP-effluent[END_REF].

Operation

Three operation modes have been developed, dead--end filtration, cross--flow filtration and filtration by submerged membranes while flushing with air (Figure 4). In the dead--end mode, the feed water flow is transverse to the membrane surface.

Rejected compounds are accumulating on or in the membrane; a surface cake layer is growing. Periodical backwashes (BW) are needed to remove this layer and improve permeability. Dead--end filtration is mostly used for feed waters containing low amount of suspended solids (SS). It requires less energy than the other operation modes (0.1--0.5 kWh/m 3 permeate) (Melin & Rautenbauch, 2007). In our study, feed water is already a secondary effluent; that is why dead--end operation mode was chosen. Moreover, there is two other types of operation: constant flux and constant pressure mode. In constant pressure mode, flux is decreasing while filtration time increases, whereas in constant flux mode, TMP is increasing if fouling occurs (Figure 5).

Applications in wastewater treatment

Low--pressure membrane can be added to a biological treatment step, in order to separate treated water from the active biomass (activated sludge processes). Such processes are known as membrane bioreactor (MBR). It substitutes to a secondary clarification step, have a smaller footprint and generate higher quality effluent. The membrane separation step can be immersed in the MBR or externally applied.

Low--pressure membrane can be applied at the end of a process, as a additional step after secondary/tertiary filtration for advanced turbidity and suspended solids removal, disinfection, and, in combination with metallic salts, phosphorus removal (Melin & Rautenbauch, 2007).

In reuse applications low--pressure membranes are also used to enhance the effectiveness of subsequent treatment steps like chlorine-- or UV--disinfection as well as pre--treatment for high--pressure membrane processes [START_REF] Tchobanoglous | Wastewater Engineering: Treatment and Reuse[END_REF].

Membrane fouling

We called membrane fouling the reduction of pore area while retention of colloids and dissolved compounds on and in the membrane. This process increases the filtration resistance. In constant pressure mode, flux decreases; in constant flux mode, TMP increases. Fouling is the main drawback in low--pressured filtration because it increases the frequency of chemical cleaning, and so operational costs, while decreasing the membrane lifetime.

The extent of fouling mainly depends on the composition of the water to be treated, but also on the membrane material, the applied hydrodynamic flow regime and the level of trans--membrane pressure in the process play an important role for development of fouling.

Fouling can be characterized by reversibility, by the material causing it, and by the mechanism.

Reversibility

Full--scale membrane pilot plans are normally operating in dead--end mode, due to the lower energy consumption. It requires periodical BW (every 30 to 90 min) with permeate to remove the accumulating layer [START_REF] Crittenden | Water Treatment: Principles and Design[END_REF]. The recovery permeability by BW is called hydraulic reversible fouling. The amount of permeability that is not recovered is called irreversible fouling. This irreversible fouling is due to the slow adsorption and clogging of compounds within the membrane. These can be partly dissolved and remove by chemical cleaning. This amount is called chemical reversible fouling. Chemical cleaning is realized by adding chemical to the BW stream, called chemical enhanced backwash (CEB) or by cleaning in place (CIP), where the entire membrane is soaked with different chemicals for several hours. Chemical cleaning can be achieved by using acids, bases, oxidants, tensides or a combination of them. Right cleaning strategy depends on the type of fouling and membrane material and has to be case--to--case tested.

Irreversible fouling leads to a permanent loss of permeability, a successive aging of the membrane and so it limits its lifetime. After 5 to 10 years, depending on the membrane material and the application, membranes modules have to be replaced by new ones [START_REF] Melin | Membranverfahren Grundlagen der Modul und Anlagenauslegung[END_REF]. Figure 5 gives an overview of different kinds of fouling and their impact on flux development during filtration at constant pressure. 

Fouling mechanism and characterization

Rejection of water constituents works with size exclusion. Compounds deposed on and in the membrane, generating fouling. Three main mechanisms have been identified [START_REF] Roorda | Filtration characteristics in dead--end ultrafiltration of WWTP-effluent[END_REF]) (Figure 6). • dfoulant < dpore Particles with a steric diameter smaller than the pores can pass through the membrane active layer and may adsorb on the membrane matrix. It causes a constriction of a pore diameter.

• dfoulant ≈ dpore When compounds have the same steric diameter as the pore, it leads to pore blocking. Am beginning of a filtration cycle, both mechanisms, pore constriction and pore blocking, are dominating. This leads to a big loss of permeability because a large part of the filtration area (big pores blocked) is not available anymore.

• dfoulant > dpore Cake layer formation is due to compounds and macromolecules, which are bigger than the pore diameter. They slowly lead to the development of a secondary layer, decreasing the permeability. The cake then controls the fouling behavior and the retention of feed water. The loss of permeability behaves no longer linearly with the load in foulants. Small compounds include in the cake, the deposits rearrange in a lower energetic form, which leads to a compaction of the cake and further an increase of the impermeability (Melin & Rautenbauch, 2007). In addition to the physical--chemical mechanisms, biological fouling can occur. Especially in wastewater filtration the feed contains high amounts of microorganisms, which are retained by the membrane and may form a biofilm of extracellular polymeric substances on the membrane surface in long--term operation. In short term lab scale tests, biofouling plays only a minor role and also for full--scale systems it has rarely been reported possibly because of the frequent use of chlorine backwash/cleaning.

To get a better understanding of fouling phenomenon, it is necessary to characterize the foulants and understand their interactions, between them and between them and the membrane [START_REF] Zheng | Major organic foulants in ultrafiltration of treated domestic wastewater and their removal by bio--filtration as pre--treatment[END_REF].

Foulants

Various types of water constituents were determined as actor in fouling. They can be classified by various categories, like size (dissolved vs. colloids vs. particulate), polarity (hydrophilic vs. hydrophobic), chemistry (organic vs. inorganic) or origin (anthropogenic vs. biological vs. terrestrial vs. aquagenic). In reference to chemical composition inorganic as well as organic water ingredients are supposed to be responsible for low--pressure membrane fouling. A lot of studies identified the organic fouling as main reason for loss of membrane performance (e.g. [START_REF] Haberkamp | Organisches Membranfouling bei der Ultrafiltration kommunaler Kläranlagenabläufe: Ursachen, Mechanismen und Maßnahmen zur Verringerung[END_REF][START_REF] Zheng | Major organic foulants in ultrafiltration of treated domestic wastewater and their removal by bio--filtration as pre--treatment[END_REF]. Especially large molecular weight fractions of NOM, like polysaccharides and proteins (biopolymers), but also humic substances were observed as major foulants in tertiary membrane filtration. Compounds are related to originate from three different sources: 1) natural organic matter present in drinking water, 2) synthetic organic compounds discharged by consumers, and 3) extracellular organic matter generated during biological wastewater treatment. [START_REF] Haberkamp | Organisches Membranfouling bei der Ultrafiltration kommunaler Kläranlagenabläufe: Ursachen, Mechanismen und Maßnahmen zur Verringerung[END_REF] observed via size--exclusion chromatography (LC--OCD) 80 % retention of macromolecular biopolymers out of a 0.45μm pre--filtered secondary effluent by ultrafiltration membrane (PES, 150 kDa) whereas only small amounts of humic substances (20 -40 %) were removed at the beginning of filtration by adsorption on the fresh membrane. At filtration of biopolymer--free water he detected a significant improvement of filterability and therefore identified this macromolecular fraction, especially the protein content, as major cause for organic fouling.

Zheng (2010) confirmed these results by ultrafiltration experiments with slow sand filter effluent. A direct correlation between biopolymer concentrations and filtration resistance was determined. In lab--scale multi cycle filtration test, furthermore, a significant negative correlation between feed--water biopolymer concentration and hydraulic reversibility of the fouling was observed in this study. For a better understanding model substances, as dextran or alginate (polysaccharides) as well as protein--like compounds (e.g. pepsin, alginate) are frequently used to isolate the effect of biopolymers on fouling, and confirm that these macromolecules are main reason for organic fouling.

However, in a pilot--scale UF plant Te Poele (2005) tested four different secondary effluents and could not find a link between filtration behavior and the concentration of proteins, polysaccharides or humic substances.

Attention should be paid to the fact that most fouling studies focus either on organic/particle fouling alone. Experiments were often realized with model solutions of synthetic compounds/particles or with pre--filtered samples to remove colloidal/ particulate matter (0.45μm). This is useful to understand to understand very specific fouling phenomena, but we lose transferability to full--scale plan because of the lack of interaction between foulants.

It can be summarize that processes of membrane fouling, especially in waters with complex composition, e.g. wastewater, is not fully understand. It is influenced by a multitude of factors, like size, charge, polarity and nature of different foulants and their interaction, but also by characteristics of the membrane and the water (e.g. pH, ionic strength). Fouling studies are still challenging because of the lack of adequate analysis techniques for measuring specific foulants or overall fouling potential of a water. The possibility of conducting reliable real--time measurements of foulants would significantly improve the operation of membrane systems as they will enable better process control, and minimize costs and operational risks due to fouling.

Fouling reduction by pretreatments

Direct filtration is identified as an unreasonable operational strategy because treated domestic wastewater always shows high fouling potential in low--pressure membrane processes [START_REF] Zheng | Major organic foulants in ultrafiltration of treated domestic wastewater and their removal by bio--filtration as pre--treatment[END_REF]. Pre--treatments are able to minimize membrane fouling, extend membrane life span and decrease the operational costs. The main purpose of pre-treatments is to lower or to completely remove foulants for a better filtration performance. But also an enhancement of effluent water quality by additional removal of contaminants can be achieved. The major pre--treatments employed at full--scale low-pressure membrane facilities include coagulation, adsorption, oxidation, and media filtration. [START_REF] Huang | Pretreatment for low--pressure membranes in water treatment: A review[END_REF] In this study, the effect of pre--treatments by ozonation and coagulation as well as a combination of them prior to tertiary membrane treatment was investigated with a closer look to the effect on colloidal water constituents and fouling characteristics.

2.4.4.1

Pre--ozonation The goal of pre--ozonation is to partially oxidize the organic matter. It can affect the size distribution of EfOM [START_REF] Van Geluwe | Ozone oxidation for the alleviation of membrane fouling by natural organic matter: A review[END_REF]. It was shown that prior to coagulation and filtration, it decreases the chemical consumption and improves the foulants flocculation. Two way of fouling reduction were found. At high ozone dosage (>0,5mgO3/mgDOC), remnant ozone subsists dissolved in the water and direct oxidize the forming foulants layer on the membrane. However, all membranes are not ozone resistant (PES, PA, CE), so ozone is used at lower dosages (<0,5mgO3/mgDOC). Even at low concentration, ozone improves filterability in membrane filtration. Due to its electrophilic character, unsaturated bonds are transformed into smaller compounds and more hydrophilic compounds. Smaller compounds can pass through the membrane and directly decreases fouling. From these more hydrophilic compounds results a lower trend to adsorb on the membrane, a more porous and so back--washable cake.

2.4.4.2

Pre--coagulation Pre--coagulation is the most applied technique in low--pressure membrane because of its ability to remove phosphates, trace metals and dissolved organic compounds. It leads to a more porous and back--washable cake. Due to coagulation, dissolved organic substances and colloids are surrounded by precipitates, by forming larger aggregations (Cf. Fig 6, cake layer formation). Another effect of coagulation is the ability of the cake to trap colloids and avoid them to adsorb to the membrane matrix. It results a better filterability 3 Material and analysis 3.1 Pilot site at WWTP Ruhleben Within the project OXERAM, different kinds of membrane tertiary filtration were studied. A polymeric ultrafiltration pilot unit (Appendix 2) and a ceramic microfiltration pilot unit with pre--treatments by coagulation and temporarily pre-ozonation/coagulation are operated at WWTP Ruhleben, Berlin.

As feed water for the pilot units, the secondary effluent of WWTP Ruhleben (Berlin, Germany) was used. To protect the membrane against rough particles the water was pre--sieved at 300μm.

CM pilot plant

The feed water for the microfiltration plant was delivered by a separate centrifugal pump, which provided the required pressure for the filtration. On the pressurized side of the pipe the coagulant was dosed in--line next to a static mixer by a diaphragm pump. Coagulant tested during this study was ferric chloride (FeCl3) at dosages of 4, 8 and 12 mgFeCl3/L. The required reaction time for coagulation was provided by two vessels of different sizes, which could be variably connected to the stream. This allowed a variation of retention time of the water before reaching the membrane.

Membrane filtration was performed using a Monolith® CM 0,1 25 module (Metawater, Japan), which means the mean pore diameter is 0,1μm and the active surface is 25m 2 . The module was operated dead--end at constant fluxes from 60 and 90 L.m --2 .h --1 . The module contained two feed--side connection pipes, one on the top and one at the bottom. For filtration, the valve at the bottom was used as feed water inlet. The coagulated feed stream entered the inner side and permeates through the active membrane layer to the outside of the fibers (inside--out). Backwash of the membrane was time--triggered and conducted in intervals of 30, 45 or 60 min, depending on the operational conditions. However, if a maximum TMP value of 0.8 bars was reached, a backwash is initiated independent of the filtration time. The backwash was performed with permeate by a separate pump, which provided a higher pressure (≈ 3 bar) compared to the feed--water pump. The backwash--flux was adjusted to 250 L m--2 h--1. A schematic illustration of the CM unit is shown in Figure 7. The system follows the same scheme, except for the ozone tower. The influent is the Ruhleben secondary effluent, in order to permit comparison of the both performances.. In the OXERAM project, two different polymeric modules were tested. Main difference was the diameter of hollow--fibers, and so the filtration surface, 60m 2 for UF1, 40m 2 for UF2 (Cf. Appendix 3). PESM is not ozone--resistant. During October--December 2011, UF1 was run with low--ozonated water. However, the reaction time after ozonation was not enough long, and ozone decay did not completely happen. UF1 module was out of order due to hollow fiber breakage from December 2011 to April 2012. This study focuses on UF2 only, which was run without ozone. From Mai to December 2011, the Nanosight 500 was online implemented on the UF2 for M. Schultz master thesis. The installation contained also an auto sampler (4 samples/h), and a system to perform the CEB manually.

Liquid Chromatography -Organic Carbon Detector (LC--OCD)

Size--exclusion chromatography is a technique to separate the dissolved organic matter in different fractions. Coupled with an organic carbon detector, these fractions can be measured and each peak corresponds to a specific fraction.

Materiel and methods

LC--OCD focus on the characterization of dissolved organic. Therefore, a pre--filtration was realized with 0,45µm cellulose acetate filter (Sartorius ® , Germany), in order to
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eliminate the particulate organic matter (Cf. Figure 1). Then samples were sent to the Technical University Berlin (TUB) to be measured. Sample is dilute in a mobile phase and pass through a column made of a hydrophilic resin. Each fraction have a different elution time and possess so its own fingerprint, which will be measured by three detectors, an UV254nm detector (UVD), an organic nitrogen detector (OND) and an organic carbon detector. Results are presented with a chromatogram (Figure 9). Normally, the biggest compounds are, the smallest the elution time is. 

Composition of the dissolved organic matter in wastewater

Fraction E: Low molecular weight neutrals (LMWn)

Those compounds are characterized by a low molecular weight and a low ions density. It is a heterogeneous group, whom elution time can vary from 66min to 250min (aromatic cyclic compounds, e.g. benzenetetracarbonic acids) [START_REF] Ruhl | Elution behaviour of low molecular weight compounds in size exclusion chromatography[END_REF]. As some of them are so slow to elute, it is necessary to clean the column between each measurement in order not to pollute the next one. According to the MWCO, the equivalent pore diameter (in nm) can be approximated by using empiric equation [START_REF] Philloux | Urban wastewater reuse: Fouling of low pressure membrane by effluent organic matter[END_REF], after Crittenden et al., 2006). 

𝑑 = 0.11 • 𝑀 !.!"

LDL: Lower Detection Limit

Where d is the hydrodynamic diameter of the standard dextran molecule (nm) and M, the molecular weight according to MWCO (g /mol).

Nanoparticle Tracking Analysis (NTA)

Design of the Nanosight NS500

NTA measurements were performed with a NanoSight NS500 (NanoSight, UK) particle counter for the submicron range. It is equipped with a viewing unit, which includes a flow through chamber, a laser light source (635 nm) and a microscope objective with 20--fold magnification mounted on a charged--coupled device (CCD) camera, operating at 30 frames per second. Furthermore, the device contains two peristaltic pumps: a sample pump to introduce the sample into the viewing chamber and a further pump to flush the system or dilute the sample, e.g. with distilled water (Cf. APPENDIX 4). The instrument is controlled by the NTA--Software.

Measuring principle

The sample is introduced into the viewing unit via the sample pump. The laser beam is passed through a prism--edged optical flat. The beam, therefore, refracts at the interface between the flat and a liquid layer placed above it. Due to the refraction, the beam compresses to a low profile, intense illumination region in which colloids present in the liquid film can be visualized via the 20--fold magnification microscope objective [START_REF] Carr | Applications of nanoparticle tracking analysis in nanoparticle research a mini--review[END_REF]. Colloids in the sample, which pass through the beam path, appear individually as point--scatters, moving under Brownian motion. The camera, which is suited above the sample chamber, generates a video of the population of colloids in a field of view of approximately 100μm x 80μm (Figure 12). No calibration of the device or measurement of the refractive index is required. The NTA--software is then able to analyze the video and to identify and track the center of each colloid on a frame--by--frame basis throughout the length of the video. The average distance each colloid moves in x and y in the image is automatically calculated. From this value, the diffusion coefficient Dt can be obtained and, by knowing the sample temperature T, and solvent viscosity η, the hydrodynamic diameter d is identified. The smaller the colloid is, the larger is the distance it moves in a certain time. The fact that three--dimensional Brownian movement is tracked in only two dimensions (x and y) is accommodated by use of variation of the Stokes--Einstein equation (Carr et al., 2000):
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The range of colloid sizes that can be analyzed by NTA depends on the colloid and sample type. The lower size limit is defined by the colloid refractive index, the concentration and the polydispersity of the sample. For colloids with very high refractive indices, such as colloidal gold, accurate determination of size can be achieved down to 10 nm diameters. For lower refractive index colloids, such as those of biological origin, the smallest detectable size might only be between 25 and 35 nm. In high-concentrated samples with polydispersed mixtures of colloids, tracks of small colloids could be covered by the noise of bigger ones and the device is also not able to detect them. Upper size limits are approached when the Brownian motion of a colloid becomes too limited to be tracked accurately, typically 1 to 2μm diameter (NanoSight notice, 2010a+b).

To enable a sufficient number of particles to be analyzed within an acceptable time period from which a statistically meaningful and reproducible particle size distribution profile can be obtained, samples should contain between 10 7 and 10 9 particles/mL [START_REF] Filipe | Critical evaluation of Nanoparticle Tracking Analysis (NTA) by NanoSight for measurement of nanoparticles and protein aggregates[END_REF].

Video analysis software

The software NTA 2.3 (NanoSight, UK) was used for controlling the NS500 and for analyzing the videos. Before each measurement, a Flush of the viewing unit and all tubes was conducted with distilled water via the pump control window at NTA 2.3. Afterwards, the flow through chamber was pre--flushed and filled with the sample by the Load--function of the software.

Before starting the measurement, different settings have to be adjusted, depending on the concentration, polydispersity and sizes of colloids in the sample (Cf. Appendix

After an adjustment of these settings, a video of the sample is recorded by the capture-command and will be saved as an *.avi file. Upon loading this video in the process-window, the first frame of the 8 bit video sequence is visible At this stage, different analysis settings can be user--adjusted at the analysis parameter panel (Cf. Appendix 5).

When settings are adjusted, the software is able to locate every colloid. Its movements are followed on a frame--by--frame basis, which allowed the software to calculate its hydrodynamic diameter with Stokes--Einstein equation. At the end of each measurement, the total particle concentration, particle size distribution and the scattering intensity of every tracked colloid is outputted to a spreadsheet. Finally it has to be noted, that the video pre--settings as well as the analysis settings described above have a significant impact on the measurement, the resulting colloid concentrations and size distributions. Settings to decrease the noise, e.g. higher min track length or blur, often leads to a decrease of sensitivity, particularly for small colloids, which have lower scattering intensities and higher diffusion velocities. The optimum measurement settings are largely dependent on the sample type, the contained colloids, their polydispersity and the aim fraction to be measured. In most cases, a compromise has to be found between statistical accuracy and sensitivity, especially for small fractions. To get statistical meaningful and reproducible results, optimal settings have to be (after Schultz Master Thesis, 2011):

𝐷𝑡 = diffusion coefficient [𝑚 ! 𝑠 !! ] kB = Boltzmann constant (1.380. 10 --23 J K --1 𝑑 = hydrodynamic diameter [m]
--Detection Threshold: 20. It represents the greyscale of the video, i.e. the variation of intensity, which will determine a particle diameter. --Blur: Auto. Blur represents the distance between two frames where the software will search the old particle. It is the area in which a particle can move between two frames. --Min Track Length: 20 --Min Expected Size: 50nm

Pre--filtration for NTA

A pre--filtration of the sample for NTA is necessary to remove larger particles. Large particles (> 1μm) will scatter significant amounts of light and may mask the presence of smaller ones if they are present at a high concentration. Similarly, very large particle aggregates (> 10μm) may affect image quality or might block the sample inlet/outlet ports and should be removed before sample is analyzed. However, the pre--filtration has to be optimized to minimize its impact on concentration and size distribution of colloids < 1μm.

A standard protocol for the pre--filtration was defined and kept constant for all analysis, to get comparable results. Manual pre--filtration was conducted using 5μm cellulose nitrate filters (ø = 47 mm) (Whatman®, Germany), fixed in a syringe filter adapter, and a polypropylene syringe (V = 60 mL). The filter was flushed with 60 mL of distilled water followed by 60 mL of air to re--move flush water residuals. Afterwards, 30 mL of the sample were filtered, whereas the first 30 mL were discarded.

Water quality secondary treated effluent of WWTP Ruhleben

Between May and December 2011, in the feed water reservoir of the pilot units 24h-mixed samples were taken 2 to 3 times a week by an auto sampler. 150 mL of the 300μm pre--sieved secondary treated effluent Ruhleben were taken every 15 min and collected in a sample vessel. Be--sides submicron particle analysis with the NS 500, samples were analyzed at BWB--laboratories for DOC, UVA254, COD, SS, total phosphorus and total iron/alum. In addition, LC--OCD measurements were conducted at TUB--laboratories. Median concentration, standard deviation, Min and Max values of the monitoring are summarized in Appendix 6

Results

Samples were taken from Mai 2011 to Mai 2012. They were sent for analysis to the laboratory of WWTP Ruhleben, to the Department of Water of the TUB (LC--OCD) and we measure some other parameters for comparison. Unfortunately, an accident happened to the column of the LC--OCD device. It took three months to be replaced therefore our results stop to end February 2012.

Comparison UF/CM membrane pilots

Samples were taken in the influent and in the effluent after both membrane filtrations and sent to TUB laboratory, BWB laboratory and measured with NS500.

Evolution of parameters vs. Time

One of the first objectives was to find some trends in the evolution of parameters. With some such trends, it will be helpful to adapt the coagulants doses to the period of the year, and so realize some gain in chemical consumption. In a), DOC values vary from 8 to 18mg/L for the influent, from 3 to 16mg/L for the effluent. The mean removal rate for the DOC in UF2 is 21,5%. We observe no clear seasonal trend, except maybe for a light decrease in winter. In b), DOC values vary from 8 to 18mg/L for the influent, from 6 to 12mg/L for the effluent. The mean removal rate for the DOC in CM is 24,2%. No clear seasonal trend.

For the DOC values measured by the BWB laboratory, it is observed that the CM has a better removal rate than the UF2. However, performances of the both membranes are under 25%. In c), UV254 values vary from 20 to 35m --1 for the influent, from 10 to 29m --1 for the effluent. The mean removal rate for the UV254 absorption in UF2 is 27,7%. Slight decreases of the values in winter. In d), UV254 values vary from 20 to 36m --1 for the influent, from 5 to 27m --1 for the effluent. The mean removal rate for the UV254 absorption in CM is 38,5%. Slight decreases of the values in winter. It is observed that for the UV254 absorbtion, presence of ozone is an avantage. It destroy the electrophilic structures, like double bounds. The efficiency of the CM is also higher than UF2's one. Specific UV absorption (SUVA) represents the specific absorption of organic matter.

𝑆𝑈𝑉𝐴 = 𝑈𝑉 !"# 𝐷𝑂𝐶 [𝐿. g !! . m !! ]
We observe difference between UF--and CM--SUVA results. CM's results are lower, due to the ozonation, which destroy the double bonds. In a), BP values vary from 0,5 to 1mg/L for the influent, from 0 to 0,2mg/L for the effluent. The mean removal rate for the BP in UF2 is 82%. BP concentration in influent is higher in winter, maybe due to environmental conditions (e.g. leafsfall and decomposition, smaller bacterial efficiency). In b), BP values vary from 0,4 to 1mg/L for the influent, from 0,05 to 0,6mg/L for the effluent. The mean removal rate for the BP in CM is 72%. C/N ratio is an indication for presence of protein matter in water. N is present in colloids (e.g. proteins, amino--sugars, glycoproteins). This ratio is obtained with the results of OCD and OND, and it is specific to the BP peak.

a) b) c) d) e) f)
In c), influent and effluent are superposed. Polymeric membrane UF2 has no effect specifically on the N--contening compounds. In d), CM presents higher C/N values, 5 to 20mg/L for the influent vs. 5 to 9mg/L for the effluent. Here the increase of those values is due to the decrease of the N--value in denominator. Ozonation is although able to affect Nitrogen organic matter, and to reduce it to smaller compounds, which doesn't elute with BP. That is why the difference between influent and effluent is so clear. In e) and f), humic substances present no seasonal trends. Cf. Part 4.3.1 for more improvements in the comparison of both membrane.

As there are no specific seasonal trends, we assume we can't optimize pre--treatments by seasonal dosages for better filtration. However, ozonation shows some good aptitudes to destroy part of the aromatic structures and nitrogen organic matter.

Comparison DOC between BWB and LC--OCD results

Both methods focus on the dissolved organic carbon present in effluent. However, it is important to assess that both methods represents the same result.

The DOC is measured at BWB laboratory according to the DIN EN 1484 -H03. LC--OCD analyses different fractions, but the total DOC is measured in the By--pass (Cf. and100nm). Due to their hydrophilic characters, they do not adsorb on the membrane matrix but pass through. Fig 17 b) represents evolution of humic substances vs. time. UF2 effluent is a little slower than CM's, but mostly the two curves have the same range. The removal rate for UF2 is 23% while 16% for the CM. These two membranes let the HS pass through the pores. However, a lot of variations are observed. They are due to different parameters, e.g. influent concentration, coagulant doses, ozone doses. Chapter 4.2 focuses on these variation, and try to explain them by the effects of these pretreatment. Fig 17 a) focuses on the biopolymers concentration. Big differences are observed: UF2 and CM can filter the BP (resp. 82% and 71%). The main explanation is the size of these foulants, which are bigger than HS and of the same range than the membrane pore (>10nm). UF2 results are a little better, mainly due to its mean pore size (20nm vs. 100nm for the CM). CM curve shows a lot of variability, due to the presence/absence of ozone. Both membranes are able to remove the BP from the influent. UF2 shows some better results due to its pore size. Humic substances are partly removed, but the efficiency of filtration is not enough. Due to their smaller size (2,5--10nm) they pass through both membranes. The membranes do not retain smaller compounds; the 6% are maybe due to the effect of the cake layer. It was observed that CM membrane shows more variation than UF2. It is due to the effect of pretreatment, which is studied in next Chapter 4.2. • Without O3 Without ozone, it was observed that the coagulant doses do not have particular benefice for the filtration. It was observed a lot of variation, which made thing that without ozone, the process is controlled by other parameter e.g. the influent concentration or the TMP.

Influence of pretreatment on CM pilot

• Ozone dose: 7,5 mg/L The first observation is that the range of variation is lower (0,10mg/L vs. 0,3mg/L without O3). However, even with higher dosage in Fe, no better results were obtained with 7,5mgO3/L. It was assumed that the dose was not concentrate enough to break the BP.

• Ozone dose: 15 mg/L Already without coagulant it was observed that the BP concentration were lower. At maximum dose O3, more there is some coagulant, lower are the concentration in effluent. The synergetic effect (Cf. Chapter 2.2.3) is although verified. Using ozone at high dose, coagulant dose could be reduced. Stable and efficient results were obtained with 15mgO3/L and 4mgFe/L. Of course, more we had some coagulant, better are the results. But then it depends of the clients will. Ozone is a good method to lower the chemical consumption.

Figure 21: Effects of pretreatments on humic substances

It is seen on this Fig 19 that coagulant doses has a small impact on this HS fraction. It was observed that they were too small to be retained by the membrane pore. However, it gives us some understandings of the effect of ozonation. The more there is ozone, the higher is the HS concentration. In fact, this increase is result of the BP's oxidation. It was shown previously that ~20% of HS were removed by the membrane, leading to irreversible fouling. So more O3 has some advantages, but the increase of HS has to be contained. It was observed that 12mgFe/L permit to obtain lower values in HS, in the same range as without O3, but with a better BP removal. However, a compromise has to be found between the increase of flock size, which protect the membrane, and the increase of the load coming onto the membrane, due to the addition of ferric salts, which decreases the membrane efficiency. These results are not an innovation, the pretreatment pre--ozonation with subsequent pre--coagulation is known for a log time. However, the LC--OCD analysis gives us a better understanding of the filtration behavior of these submicron compounds.

Characterization of membrane fouling by NS500

Correlation particle size vs. NOM fractions

This part is a tentative to identify the nature of the organic matter by their size, especially the main foulants, the biopolymers. The focus was to try to find a link between the LC--OCD measurement and the Nanosight 500. The main objective is to find a detection tool, sure but rapid, to determine the fouling potential of an effluent and to modify coagulant dose online. We used the coefficient of linear correlation of Pearson: This table allows seeing some trends. The correlation is the stronger between the BP concentration and the colloids of size range 100< <200nm. It does not mean that all BP have a size <200nm, but mostly, there is a good correlation between those two parameter.

𝑅 = 𝑥 ! -𝑥 • (𝑦 ! -𝑦) ! !!! 𝑥 ! -𝑥 ! ! !!! . 𝑦 ! -𝑦 ! ! !!! • --1 < R < 1 • R=0 à No correlation • R<0 à
It is observed that the better correlation for TN is obtained with 100--200nm particles.

Knowing that this TN is measured on the BP fraction, this result was attended. There is also a strong link between biopolymers and 100--200nm colloids. This correlation is based only on 8 samples, and need to be actualized when new results will be available.

The limit of detection of the device is 50nm, therefore it is normal to find a correlation just with BP, which are the only one to be detected by NS500 and the largest molecules detected by LC--OCD. However LC--OCD and Nanosight are two different devices which are almost Impossible to compare. These results just show that the biopolymers play a role in membrane fouling. Finaly, it is proved by two new methods that BP are mainly between 100 and 200nm.

According to the literature, NS500 is trusting device to determine the fouling potential of a water, mainly the 50--200nm compounds (after Schultz Master thesis, 2012).

Comparison particle size vs. reversible fouling

Online implementation of the NS 500 on the CM pilot was impossible due to the too many vibrations of the installation. However, day--scale experimentations were conducted in order to correlate M. Schultz results, e.g. the main foulants are between 100--200nm. These experimentations were conducted after a protocol, in which a sample was taken every hour exactly between two backwashes, to minimize effect of cake layer formation.

In order to observe online the effects of pre--treatments, samples were taken in three sample points: Influent, influent after ozonation, and influent after coagulation (Cf. Fig. 7). There are not enough particles to measure in effluent to permit good reliability. a) Particle concentration between 100--200nm detected with NS500 decreases after ozonation in comparison to the influent water. It is problably due to the agglomeration of some compounds which become larger (microflocculation effect) but also due to some compounds which are destroyed by th O3 and become smaller and are therefore no more detectable by NS500. After coagulation, this concentration increases again due to the flocs formed by the metal salts. This increases is even higher for particles between 300 and 400nm, where the concentration are higher than in influent water. It is also interesting to observe a correlation between the 100--200nm particle concentration after flocculation and the variation dTMP/dt. This correlation does not exist for larger compounds (300--400nm). It validates the lab results (M. [START_REF] Schultz | Submicron particle analysis to characterize fouling in tertiary membrane filtration[END_REF]. The reversible fouling can also be detected by the Nanosight device when measuring the particles concentration between 100 and 200nm in the secondary effluent. The impact of the load in ferric salts can also be seen on b). The addition of coagulant affects more the larger compounds (300--400nm) than smaller. It will be interesting to compare the effect of the different increase of the load coming onto the membrane and the resulting energy consumption. This figure is the synthesis of three day--scale experimentations. First conclusion, 100--200nm particles are effectively responsible of the reversible fouling of the CM (φ: 100nm). This fouling is not dependent of the parameters because ozone doses were varying. But it will be interesting to reproduce these experimentations for the whole range of parameter, e.g. ozone and Fe. Secondly, it is observed that the working of the CM, at high TMP or low TMP, makes no differences for the reversible. Experimentations of 31.03 and 19.04 confirm the fact that no matter the start TMP, 100--200nm particle are main responsible for reversible fouling. Finally, two experiences were implemented in order to know if the fouling is the same directly after a cleaning (CIP) and at the end of a filtration cycle. However, due to the effect of the CIP, no correlations were found, with all the size of colloids. The conclusion is the mechanism, a fortiori the fouling direct after a CIP need more investigations.

Conclusion and overview

In this thesis the fouling behavior of treated domestic wastewater was investigated. Liquid Chromatography -Organic Carbon Detection (LC--OCD) and Nanoparticles Tracking Analysis are both reliable technics to characterize the dissolved organic matter. The goal was to characterize the effects of pretreatments on the submicron compounds, and to find a link between the colloids loads and the fouling in tertiary membrane filtration. LC--OCD gives interesting results to compare the removal rate of two different membranes. It was observed that the main parameter in membrane filtration was the mean pore size. The comparison between ultrafiltration (ø=20nm) and microfiltration (ø=100nm) showed that diameter is prior to pretreatments. UF2 had better removal rate than CM for the biopolymers (BP) and humic substances (HS) fractions. Smaller compounds (<1nm), e.g. buildings blocks, low molecular weight acids and neutrals, are so small that they pass through both membranes. But further tests needs to be carried out to check the impact of the membrane material, particularly the adsorption of the smaller compounds. However, despite of those lower results, CM shows some good advantages, e.g. lifetime and mainly resistance to oxidation. Ozonation is very powerfull, at high dose, it destroys all bacteria and so make an disinfection step. Contents of dissolved organic matter as well as of suspended matter have a significant impact on the removal efficiency during ozonation. Colloid destabilization competes with the oxidation of dissolved and particular organic compounds. The higher the concentration of these substances in the water, the higher the amount of ozone consumed in the first reaction phase and is thus not available for colloid destabilizing.

LC--OCD analysis demonstrated that ozonation, coupled with subsequent coagulation, have a synergetic effect on BP and HS. At high doses (15 mgO3/L), ozonation decreases the coagulant dose per 3 for the same removal rate. Then, the more we had some coagulant, the better the removal is for BP; it is a characterization of this synergetic effect read in the literature. It gave us some better understanding why those parameters were good working, here especially on which fractions of DOC it had some effects. Nanoparticle tracking analysis is a recent technique, which shows some promising applications. The understanding of the relationship between the size of colloids and their properties, e.g. BP or HS fractions, will give some powerful tool to characterize fouling. On this study, it was pointed that a strong correlation exists between 100--200nm colloids and the BP fractions. Strong correlations were found with 100--200nm particles and the TN and the UV254 absorption. It verifyes what was found in the literature, e.g BP are some large compounds (>20nm), present some Nitrogen and some aromaticity (polysaccharides and proteins). Those properties of polymers explain why there are sensible to oxidation. Due to a lack of results, the correlation could be statistically unavailable. However, it will be interesting to measure a particle size distribution in a sample (≈ 3*5min for reliability) and determine the BP fraction, and so the fouling potential of an effluent (2 hours/sample).

(as well as the solvent viscosity and temperature). The value selected here also establishes an exclusion zone around an object of the same distance. When another colloid enters this exclusion zone then the software excludes the information from both for the analysis. 
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	Abbreviations and Quantities
	Abbreviations	
	BDOC	[mg L --1 ]	biological degradable organic carbon
	BOD	[mg L --1 ]	biological oxygen demand
	BP	[mg L --1 ]	biopolymers
	BW	--	backwash
	CEB	--	cleaning enhanced backwash
	CIP	--	cleaning in place
	COD	[mg L --1 ]	chemical oxygen demand
	DOC	[mg L --1 ]	dissolved organic carbon
	DOM	--	dissolved organic matter
	EOM	--	extracellular organic matter
	LC--OCD	--	liquid chromatography with organic carbon detection
	LOD	--	limit of detection
	LMWa/n	--	low molecular weigt acids/neutrals
	MBR	--	membrane bioreactor
	MF	--	microfiltration
	MW	[g.mol --1 ]	molecular weight
	MWCO	[g.mol --1 ]	molecular weight cut off
	NF	--	nanofiltration
	NOM	[mg L --1 ]	natural organic matter
	NTA	--	nanoparticle--tracking analysis
	NTU	--	nephelometric turbidity unit
	PAC	--	powdered activated carbon
	PACl	--	polyaluminiumchloride
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	Fractions	Elution time in	Size	Properties
		LC--OCD (min)		
	Biopolymers	30< t < 45	> 10 kDa	High molecular weight compounds (>10
				kDa), typically polysaccharides and proteins
	Humic substances 45 < t < 59	1 -20 kDa	(1--10 kDa), mainly fulvic acids (90%) and
				humic acids
	Building blocks	55 < t < 59	350--500 Da	Degradation result of humic acids
	LMW acids	59 < t < 66	< 350 Da	Carboxylic acids, alcohols aldehydes,
				ketones, amino acids (ionic form)
	LMW neutrals	66 < t < 250	< 350 Da	id (neutral--form) and aromatic compounds
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A typical LC--OCD chromatogram of secondary effluent is composed of five principal fractions which elute from the SEC column with decreasing molecular weight in the following sequence (Fig. 10): (A) biopolymers (including extracellular polymeric substances, i.e., mainly proteins and polysaccharides), (B) humic substances, (C) building blocks, (D) low--molecular--weight acids, and (E) low--molecular--weight neutrals [START_REF] Haberkamp | Impact of coagulation and adsorption on DOC fractions of secondary effluent and resulting fouling behavior in ultrafiltration[END_REF] Fraction A: Biopolymers Biopolymers (BP) correspond to the first peak on the links. It elutes in 30 to 45 min, quickly, which means that they are some big compounds (>10kDa). We see on Figure 9 that the peak of BP in OCD has no match in the UVD. BP are not unsaturated structures. It has a response in the OND, BP although contain some nitrogen. It is due to the contribution of polysaccharides, such as proteins and amino--sugars. Polysaccharides are considered to be the dominating material of Extracellular Polymeric Substances (EPS).

Fraction B: Humic substances

Humic substances (HS) are the second peak (45< telution <59min). They are some big compounds 1 to 10kDa. They present some aromaticity (response in UVD). Humic substances are a generic name to describe part of the organic matter. It contains two types of compounds, different by their origin, pedogenic (humic acids) and aquagenic (fulvic acids). Effluent organic matter (EfOM) is characterized by the presence of the both. Effluent is constituted of pedogenic acids, due to the contribution of the town water in the flux. In the same time, we have the presence of aquagenic acids, due to the bacterian activity in the sewage plant.

Fraction C: Building blocks

The right slope of the HS--fraction defines the left boundary of this fraction; the right boundary is defined by the low molecular weight acids fraction. This fraction reflects breakdown products of HS and therefore, the term Building Blocks was used to reflect HS--like material of lower molecular weight [START_REF] Huber | Characterization of aquatic humic and non-humic matter with size--exclusion chromatography e organic carbon detection e organic nitrogen detection (LC--OCD--OND)[END_REF].

Fraction D: Low molecular weight acids (LMWa)

The right slope of the building blocks fraction defines the left boundary of this fraction, the right boundary is defined by a vertical line to the baseline at the maximum curvature of the right slope. Elution time is between 59 and 66 min. There are mostly some anions. Their elution time is not anymore depending on their molecular weight, but on their functional groups. [START_REF] Ruhl | Elution behaviour of low molecular weight compounds in size exclusion chromatography[END_REF], observed the following order for the elution time: Carboxylic acid < Hydroxyl < aldehyde < ketone Fig 16 compared results of both methods for the measurement of the same parameter: the DOC. For both, it is observed a lot of variation, meanly 20%. DOC results are still a little higher than LCOCD's. Despite the same sample, no correlations were found for the CM effluent while UF2's shows good correlation (R 2 = 0,71). Main difference between the both is the pore size. So it was assume that larger particles were present in the CM influent. The preparation of the samples for both methods is the same: 0,45µm pre--filtration. We took the samples at the same time. Then, they were sent to BWB Laboratory at WWTP Ruhleben where they were pre--filtered for the BWB--DOC measurement, while the pre-filtration for LC--OCD was conduct by KWB trainee. An explanation was searched in order to explain these variations. Filters that were used are the same (e.g. 0,45µm cellulose acetate filters). The only other parameter is the volume of filtration.

Here was no specific protocol, which could maybe explain a different cake layer formation and so a different subsequent filtration. This theory is reinforced by the fact that this phenomenon does not happen with UF2 effluent. There is indeed a lot less big compounds in UF2 due to the 20nm filtration, which does not lead to the formation of a cake layer. In order to corroborate this theory and to verify that LCOCD Bypass was the same parameter as the DOC, a new common protocol of filtration was elaborate. The sample was first totally filtered and then sent to the two laboratories. Unfortunately, at this time, the LC--OCD installation broke off, and those results are for the moment not available.

Comparison efficiency

In his Master thesis, M. Schultz observe that the particles which have the highest fouling potential have a size between 50 and 200nm. According to the literature (Cf. Fig 11), it corresponds to BP. In this part, we focus on the efficiency of both pilots for removal of organic compounds. Samples were taken in effluent for both membranes and in influent, which is the same for the both. Day sampling experimentations were conducted. Despite efforts to minimize other varying parameters, e.g. a standard protocol very precise for when and where to take the sample, everything was not totally under controlled, e.g. leakages, problem with coagulant pumps and strong variations of the TMP. As it was said colloids interactions are complex, in lab scale and harder to understand in pilot scale. Two experimentations show some good correlation between the 100--200nm colloids fraction and the reversible fouling. Parameters were different, ozone concentration as well as TMP. Nevertheless, the 100--200nm fractions were identified as main responsible for the variation of the TMP, i.e. the reversible fouling. On his thesis, M. Schultz implemented the Nanosight device in a UF pilot and found a correlation with these 100--200nm particles and the reversible fouling which validate this result. More investigations are needed to assess theses results. It will give some reproducibility and some statistical value to these experimentations. An online implementation of the NS 500 would be the ideal but in this case it is impossible due to vibrations. It was shown that the fouling mechanisms happening just after a CIP are different from the normal one. This fact was assess by the abnormally variations of the TMP right after these cleanings. Here is again where understanding is missing and where studies would be interesting. Critics could be made about the sampling protocol. A key step during submicron particle analysis is the pre--conditioning of the sample. It has a large impact on the colloid concentration and size distribution in the sample. In this study, filtration (0,45μm) was chosen to remove larger particles out of the sample. For the purpose of minimizing errors and reaching comparable results, pre--filtration has to be done under defined conditions with the smallest possible filtration volume (2*30mL). However, even at this minimum volume, cake layer formation was observed. The more the sample was loaded, the bigger was the cake. That leads to a dilution of the samples which is not measurable and so normally to a lack of comparability. For manual measurements other options for sample pre--conditioning (centrifugation, settling) should be checked in further investigation to exclude effects of the filter cake on the colloid measurement. About irreversible fouling, essentially due to the adsorption of the smallest compounds, which leads to pore constriction, no improvement was done in this field of understanding. It is probably due to the lower detection limit of the Nanosight, which is 50nm, but where we will need 5nm or smaller to detect them. Camera level determines the brightness of the image in a unitless value from 1 to 16 using a combination of shutter and gain of the CCD camera. Scattering intensity of small colloids is lower than intensity of bigger ones. The brightness should be set on a level where all colloids are visible at minimal noise of very large/bright colloids.

Appendix

Capture duration determines the length of the video that is captured in a value from 10 to 215 s. Longer videos allow more colloids to be analyzed and therefore increases the statistical accuracy of the determination of the size distribution profile. Adequate capture duration is largely dependent on the size of the colloids present in the sample and their concentration.

Focus determines the acuity of the picture. Focus should be adjusted so that colloids appear as smooth spheres (Figure 8.b). In practice it is difficult to get all visible particles to appear in focus -in this case it is better to set the focus like in Figure 3.3c rather than Figure 3.3a. Stage setting determines the orientation of the stage (including laser and flow through chamber) to the camera above. The optimal viewing region is where colloids are seen next to the point of refractive of the laser.

Temperature Control of the flow through chamber is available in case of temperature sensitive samples, which adjusts a constant temperature of the sample under analysis.

When the temperature control is set to the off--modus, temperature is recorded anyway and used for size determination of the tracked colloids by the software.

Appendix 6: Analysis settings in NTA 2.3 software Detection threshold determines the minimum grey scale value of any colloid image necessary for it to qualify as an object to be tracked for analysis. When a colloid has been correctly identified as a trackable object, a red cross will appear at the colloid center in the first frame.

Blur setting acts as a smoothing function to eliminate noise (such as diffraction rings surrounding larger particles) around or within a particle image. The blur can be set to 3x3, 5x5, 7x7, 9x9, auto and off. E.g. a 3x3 blur integrates intensities of pixels over a 3x3 matrix. Higher blur values (5x5, 7x7 or 9x9) increase smoothing but become computationally expensive and cause the rate of analysis to slow. Furthermore, excessive blur may cause smaller particles to be smoothed to the point they fall below the detection limit.

Min track length defines the minimum number of steps that a colloid must take before its size value can be accepted for inclusion in the particle size distribution plot. The longer the time the particle is tracked for (the higher the number of steps taken), the better will be the statistical accuracy of the average and therefore of the size estimation. However, the time any given particle remains in the small scattering volume is limited, particularly for small colloids whose Brownian motion is rapid. Entering too large a value will shift the results to larger, slower moving particles in a mixture of particle sizes.

Min expected particle size determines the maximum distance (pixels) from the colloids position in a given frame that the software will search for a colloid in the next frame. The distance a colloid moves between single frames (i.e. within 30ms) will depend on its size