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Introduction

Introduction

Contexte de I'étude

En France, l'assainissement autonome (OWTS) repiesene voie d’'assainissement
lorsque les habitations ne sont pas en mesureed@&@nnectées au réseau collectif de
traitement des eaux usées. Ce type d’assainisseraprésente environ 15 millions de
personnes et 100 000 a 150 000 installations somtaites chaque année avec un nombre
total qui ne cesse d'augmenter. Au-dela de lal&gia francaise sur la qualité de I'eau et des
milieux aquatiques N ° 2006-1772 en vigueur depi80 décembre 2006, les objectifs de
traitement des eaux usées au niveau européen @rftxées par la direction du Conseil
Européen (directive N ° 91/271 / CEE). Cette Igefdes exigences strictes sur la qualité des
rejets d'eaux usées dans l'environnement ; lestepetcollectivités de plus de 2000
équivalents-habitants (PE) sont obligées d'orgaihaseollecte des eaux usées et de mettre en
place un systeme de traitement. Dans les distuctaix de moins de 2000PE, les collectivités
sont également tenues d'organiser et de contrédesyistemes autonomes de traitement des
eaux usées avec la mise en place de SPANC (SeRublique d'Assainissement Non
Collectif).

La configuration commune a tous les systemes di@ssament autonomes est la
suivante : i) un systeme de collecte des eaux ugaes fosse toutes eaux pour le traitement
primaire des eaux useées iii) un traitement secoadaar infiltration dans le sol ou par
injection discontinue dans des systemes de filtresable. Depuis mars 2007, les
implémentations de ces dispositifs et d'autresilagitons de traitement sont décrites par XP
DTU 64.1. Le choix et la conception des disposititgonomes sont souvent basés sur un
savoir-faire et des regles empiriques. La conna@sascientifique et le développement
technologique sont nécessaires pour améliorerakilifé et la durabilité de ces systemes.
L'absence de mise a jour des connaissances limitieVeloppement des technologies de
I'assainissement autonome et laisse de nombreusssions rencontrées dans la pratique des
SPANC sans réponse.

L’exploitation des sables alluviaux est aujourd’hmnitée dans un contexte réglementaire
européen a travers des notions de continuité magitue des rivieres. Son utilisation dans

certains domaines tend a étre limitée, et des rmatéde substitution comme les granulats
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Introduction

concasses sont envisagés pour le garnissagerds.filtependant I'impact de I'application de
ces nouveaux matériaux a la filtration d’efflueseptiques est trés peu documenté.

Eléments scientifiques de I'étude
Les systémes d’assainissement autonomes

Les travaux de recherche sur les systémes d’assaméent autonome ont débuté au
milieu du 20e siécle et ont concerné essentiellénes) mécanismes de rétention et de
dégradation dans les sols ou dans les lits fikramgnstitués de matériaux granulaires et
surtout de sables. lls ont également permis derrdéter les conditions opératoires et
d’exploitation des filtres afin de prolonger lemarde de vie et notamment dans le cas du
traitement secondaire par infiltration-percolatens des parcelles de sol ou sur les lits de
filtration. Les fosses toutes eaux sont en mesereéduire trés largement les matieres en
suspension par décantation, réduire la quantitézotea par digestion anaérobie et
ammonification. Cependant, les effluents septicpogg toujours considérés comme l'une des
raisons la plus fréquente de l'eutrophisation ddeum aquatiques et de la contamination
eaux souterraines (Witheet al, 2011; Stanforcet al., 2010). L’existence d’'un traitement
secondaire par infiltration dans le sol ou sur tfres garnis de sable permet, avec des
conditions d’écoulement insaturés, I'amélioratiom lpuration de l'effluent en engageant
différents mécanismes dans le milieu poreux: fibramécanique des matiéres en suspension,
dégradation biologique de la matiére organiquelgdniomasse hétérotrophe développée au
sein du matériau filtrant, conversion de I'azotgaoique ou I'ammoniac en ions nitrates par la
biomasse autotrophe également présente dans teuéde filtration (Van Cuylet al.,2001;.
Rodgerset al.,2005; Gillet al.,2009). Les lits de filtration en écoulement insatpermettent
eégalement la réduction des microorganismes pamtiéie mécanique, adsorption aux
interfaces solide/eau ou gaz/eau ou par préda@wndes protozoaires (Waet al., 1994;
Stevik et al., 2004; Chabauet al, 2006). Les tertres d'infiltration, notamment ldgds a
sable sont les plus recommandés et courammentllésstan raison de leurs bonnes

performances, leur facilité d’'installation, et pdes aspects économique et esthétique.

Méme si les mécanismes de dégradation de la matant@onée de I'élimination de
I'azote et du phosphore ont fait I'objet d’étudkss informations concernant la nature de la
biomasse et du biofilm développé sur les suppdilisés en assainissement autonome sont

incompletes. Les principales approches sur le Ibioint été motivées par un élément de
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Introduction

dysfonctionnement des filtres fréquemment rappdet&olmatage. Les travaux menés dans
les années 2000 ont concerné le développementldenasse totale et parfois des éléments
qualitatifs du biofilm : protéines, polysaccharideSes travaux ont montré des modifications
du biofiim en fonction de la température, du tenges fonctionnement et suivant la
profondeur du réacteur filtrant (Le Bihan & Lessa2600; Ragusat al., 2004; Zhacet al.,
2009). La matrice des EPS contient diverses madeamies biologiques (protéines,
polysaccharides, les lipoprotéines, glycoprotéinesynthétisées par la biomasse cellulaire ou
issue de la lyse des cellules) ainsi que les coégporyaniques adsorbés de I'environnement
(substances humiques-like, substrats, minérauxylffd et al.1995; Higgins & Novak,
1997). Des auteurs ont affirmé que la présence $I'ERduit le colmatage du filtre ou une
conductivité¢ hydraulique réduite (Vandevivere & Bgg, 1992). Cependant, la
compréhension du rble et de limplication négatime positive des matériaux dans le

processus de développement du biofilm et dansoldugation des EPS reste trés limitée.
Facteurs modifiant le biofilm

Le role des matériaux filtrants sur le développentimn biofilm ou sur la structuration
de celui-ci dont les constituants de la matriceaedllulaire, a également été documenté
(Rodgerset al, 2004a; Kimet al.,2010). Ces travaux montrent une influence deile tdes
matériaux sur la quantité totale de biofilm présesttune modification par la vitesse du fluide

de la structure du biofilm.

Le temps de rétention des solides (SRT) ou l'age leues, a également un effet
considérable sur la production d'EPS, mais leslteésurapportés dans la littérature sont
guelque peu contradictoires. Des chercheurs ordtatthque la quantité d’EPS dans divers
agrégats microbiens augmente avec une augmentdtioBRT, ce qui implique que les
bactéries produisent plus d’EPS dans des conditemogenes. Sesagt al. (2006) ont
constaté que l'augmentation du SRT était positiveroerrélée avec la quantité totale dEPS
dans des boues activées ainsi qu'avec la quamtipFatéines et de glucides contenue dans les
EPS. Le rapport entre les protéines et les suargsmente également de 1,5 a 2,5 avec une
augmentation de la SRT de 4 a 20 jours. Cependartgins chercheurs ont suggéré que la
production d’EPS est indépendante du SRT. lea@l (2001) ont constaté que la teneur
totale en EPS n'a pas changée significativemernt awe augmentation du SRT alors que le
ratio protéine/glucide augmente lorsque le SRTpesté de 4 a 12 jours et reste inchangé
alors que le SRT a été augmentée de 12 a 16 jouss.Yang (2007) ont rapporté que les
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TB-EPS (tight bound EPS) de boues activées n'oatimuapport avec le SRT, mais que la
guantité de LB-EPS (loosely bound EPS) diminue avecaugmentation de SRT.

L’hydrodynamique du réacteur a également été censedvia le régime d’écoulement
(cisaillement). La force des cisaillements dansréacteur peut également influencer la
composition en EPS. L'augmentation du taux de liesaent (dF/dS) ou I'augmentation de
I'intensité de I'aération dans un réacteur SBRdi@ar batch séquentiel) semble augmenter la
quantité d’'EPS par unité de masse de boues (&taV., 2007). Des travaux réalisés sur ce
méme type de réacteur, montrent que la quantitéalgsaccharides extraite des boues
activées augmente avec le taux d’aération alordejaelui de protéines reste constant (Shin
et al., 2001). Ces résultats montrent donc un comportedi#érent des bactéries soumis au
cisaillement. Ramasamy & Zhang (2005) ont montré@rgeiaugmentation brutale des forces
de cisaillement entraine une augmentation de latd@ade sucres contenue dans les EPS,
mais apres un certain temps la composition desrEfP@ive son état initial. La libération des
EPS des boues dans le milieu peut étre accentudecdeaines conditions hydrodynamiques

par un effet mécanique de cisaillement (Aquino &cRey, 2004; Shenet al, 2006a).

Les conditions d’aérobie ou d’anaérobie peuventedgant modifier la production d’EPS
avec l'observation d’'une diminution du taux d’EP&nd des boues activées dans des
conditions d’anaérobie (Nielsest al, 1996). La désintégration de boues activées dass d
conditions de carence ou de limitation en oxygeréaobservée (Wilén & Balmér, 1998,
1999 ; Gaval & Pernelle, 2003). Ce phénomene pibdtre attribué a I'arrét de la production
d’EPS ou a I'hydrolyse de celles-ci. Shahal (2001) a comparé la production des EPS par
des boues activées dans trois bioréacteurs et bs¢énent qu'un taux d’oxygénation
augmente la production de polysaccharides aveeni@g alors que le taux de protéines reste
inchangé. Pour de faibles taux d’oxygénation, escentrations de polysaccharides comme

de protéines sont inchangées.

Problématique et objectifs de I'étude

Comme nous venons de le voir, 'hydrodynamiquesyiggnation ou I'age des boues sont
des parametres de la quantité et de la qualitéiafilnb dont les EPS. Ces éléments sont
susceptibles de modifier deux criteres essentiets I@valuation d'un systéme
d’assainissement autonome, i.e. les rendementatées et le colmatage du filtre. La nature

du garnissage est susceptible d'impacter I'hydradyique d’'un réacteur qui, par son
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fonctionnement insaturé, modifiera les conditionsxggénation du milieu et par un
cisaillement plus ou moins important du biofilm,obablement I'age des boues. La
substitution du sable de riviere par des granubest donc entrainer des modifications
majeures dans le fonctionnement et donc dansdafiié des massifs filtrants. Peu d'études
ont été réalisées avec des matériaux concassés desoarrieres et aucune n’a fait I'objet
d’'une approche du fonctionnement biologique d’Uimeficomparativement au sable. Liénard
et al (2001) a comparé les caractéristigues de mateédatsubstitution et de sable comme la
taille des grains, la porosité et la présence décpkes fines. Une étude de I'échelle du
laboratoire a court terme a été axée sur |'effiéasil traitement et de la biomasse sur agrégat
écraseé (Wanket al, 2005).

Ainsi, méme si le rble de la structure des maté&rsgur le comportement de la biomasse fixée
est méconnu, la modification des matériaux va niedifes éléments de I'hnydrodynamique et
donc les conditions de développement du biofildest EPS liées a ce biofilm.

Afin de mettre en évidence un comportement diffeédas filtres en fonction de la nature du
garnissage, nous avons donc choisi de concentseexpériences et nos observations sur des
parametres globaux de fonctionnement (rendementsagires) et sur des éléments apriori
plus sensibles comme le biofilm et son organisatioes derniers éléments seront interprétés

en tenant compte des caractéristiques des matéartalex’nydrodynamique des réacteurs.

Méthodologie et organisation de la these

La méthodologie retenue pour ce travail est unecahe comparative d’installations
pilotes sur une longue période afin d’observer diéf&rences de comportement dans un
régime pouvant étre interprété comme stationndette expérimentation longue permet
d’observer déventuelles différences de comporténu réacteurs soumis aux mémes
conditions extérieures (T°, nature de l'alimentafi@t donc a leur méme variabilité. Cette
expérimentation longue, sera validée par des datpcde colonnes garnies par les mémes
matériaux mais de hauteurs différentes, la hauteutevant pas interférer sur la colonisation
du réacteur (pour une profondeur identique dang)leDes effets de charges volumiques
(expérimentation a deux charges volumiques) doimpére d’'accentuer I'expression de
certaines différences dans le comportement desriaatéaccumulation/rétention/croissance
de biofilm).
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Quatre matériaux ont été choisis : deux sableg@x granulats concassés avec 1 sable et 1
concasseé dont les diamétres moyens sont proches.

L’approche méthodologique retenue est donc :

» Etude comparative des caractéristiques des matéeate les sables des rivieres et
des granulats concasseés et impact sur I'hydrodyaaeni

« Comparaison des capacités et de I'efficacité épireaties 4 matériaux choisis.

 Comparaison de la production et de la qualité dfilli et des EPS et facteurs

d’influence apportés par les différents matériaux.

Afin de répondre aux objectifs, ce travail de théseprésenté en quatre parties :

- La premiére partie présente un état de I'art ssirdacteurs filtrants dans le cadre de
'assainissement non collectif. Les données corgdrnce procédé et les
caractéristiques des matériaux de garnissage ssotitées dans cette partie. Les
mécanismes et les principaux facteurs contrélapuration de l'effluent septique
dans un systeme de filtration sont évoqués enldgétaas mécanismes du colmatage
biologique, le développement du biofilm, la matrecdracellulaires et ses composants
structurel majeurs sont ensuite présentés. La dircette partie est consacrée aux
moyens de caractérisation du biofilm (populations@mposants structurels) afin de

nous orienter sur des choix méthodologiques.

- La seconde partie est consacrée a la caracténisa¢i® matériaux filtrants et a leur
mise en ceuvre en réacteurs. Le comportement digsedifs réacteurs matériaux a
€galement été intégré a cette partie. Quatre raatérideux sables roulés et deux
agrégats concasses, sont caractérisés et compaféscéon de parametres de forme
et de compositions minérales. Les réacteurs somtliést notamment sur leur
comportement hydrodynamique qui est représenté Ipatemps de séjour en

écoulement discontinu.

- La partie suivante est consacrée a I'étude conipardes efficacités épuratoires des
différents matériaux et pour différentes conditioogératoires. Cette partie est

présentée sous forme d’un article :
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* Evolution of purification efficiencies of differeriiiter materials and impact of
filtration packing height and hydraulic loading (@uais le 6 Novembre 2015 a Journal
of the Taiwan Institute of Chemical Engineer¥TICE-D-15-0153)

- La derniére partie est consacrée a l'observatiod ¢ discussion des effets des
matériaux sur le développement du biofilm avec apgroche sur la biomasse totale
et sur les composants majeurs de la matrice eltriktee en fonction du temps de
fonctionnement. La composition du biofilm dans leofpndeur des réacteurs est

eégalement abordée. Cette partie est présentéecistiaarticles :

« Evolution of biochemical compositions of biomassgetiged in different aggregates
for the use of filter materials of onsite wastewdteatment systems, (Soumis le 25
Avril 2015 a Biochemical Engineering Journal: BEJ15-00418)

e Production of the evolution of extracellular polymsesubstances (EPS) from the
biofilm in onsite wastewater filtration reactors ef@ soumis a Bioresource

Technology)

Une conclusion générale développée et rédigéeamigdis reprend les principaux résultats et
propose une discussion autour des observatioresdiypothéses importantes liées aux études
expérimentales. Les perspectives des futures étsuglese réacteur filtrant sont également

évoquées.
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Part I: Literature review

Preamble:

In this chapter, a literature review offers an @@w of relevant and important studies
in the research area of on-site wastewater tredtsystems. It revisits the current knowledge
on the treatment plants of domestic sewage in dedzed areas, including backgrounds,
technique choices and treatment efficiencies st atviews the challenges encountered in the
practice of vertical drained sand filters suchtes ¢logging problem. It allows summarizing
the various mechanisms involved in the process rundsaturated conditions of sand filter,
and finally brings out the objectives and focustlos study. This chapter also includes
currents studies on biological aspects of biofilmd &s compositions and properties resulted

from wastewater purification process.
I.1. On-site wastewater treatment systems (OWTS)

OWTS concerns 12 to 15 million people in Francecdgkding to French Standard of 07
September 2009, OWTS are defined as the technslaggering the collection, the transport,
the treatment and the evacuation of domestic waseevirom the buildings that cannot be
connected to municipal wastewater network. Thiseordlso gives the prescriptions of
applicable techniques for on-site treatment plaatgiving a raw organic pollutant charge
inferior or equal to 1.2 kg/j of BOfXArreté 07/09/2009, mortified by Arreté 07/03/2012)
The technique choices and solutions are summaitedrench standard NF DTU 64.1
(AFNOR, 2011). The OWTS are generally categorizedsail (or reconstructed media)
infiltration systems and other installations witther treatment dispositive (micro-station,
rotating biological disk...). The qualities of tted effluent request to be in accordance to

receipting environment requirements: BE35mgO/L and TSS <30mg/L.
[.1.1. Domestic wastewater (Raw water)

The domestic wastewater is produced by inhabitafitve flow rate of effluent collected
from the outlet of an individual house in Franceiesmfrom 80 to 180 L/habitation/day. The
domestic wastewater is the combination of 2 majaste sources: about 25% of the effluent

is toilet waste (blackwater) from WC flushes coricated in human excreta such as faeces,

8



Partl: Literature review

urine and companied by toilet paper disposal; #st (about 75%) combines wastewater
(greywater) from other sources: bath, shower, viesin, kitchen sink and washing machine
(Almeidaet al., 1999). Blackwater and greywater have differenarabteristics, but both
contain pollutants and disease-causing agents ré@ire treatments. The black water
contributes the majority of organic pollutants gadhogenic agents. The greywater brings in
about 70% of the total volume that contains deteiggavashing powder, and greases (Chocat,
1997). Erikssoret al, (2002) indicated that there were about 900 differenobiotic organic

compounds in greywater.

The domestic wastewater has similar compositionaudaicipal wastewater. The wastewater
components that most wastewater facilities aregdesi to remove, are suspended solids,

organic matters, nutrients and pathogenic organisms

+ Suspended solids (SS) consist of inorganic and ncganaterials. The
suspended solids must be significantly reduced rbgtient or they can
increase the chemical oxygen demand (COD) wherhdiged to receiving
water and provide sorption sites for microorganisma other pollutants. They
can also clog the soil adsorption fields in onsitstems.

+ Organic matters (OM) in wastewater are traditignalaracterized by COD,
total organic carbon (TOC) and biological oxygemmdeds (BOD) and are
often composed of particulate and dissolved frasti¢size). However, the
chemical compositions of OM are highly heterogeiseand are ranged from
simple compounds like acetic acids to more comglelymers. The major
chemical fractions in organics of wastewater ar@gins, lipids and sugars,
and their fractions can be changeable accordingvddous conditions
(Raunkjeer etl., 1994). Huang eal, (2010) indicated that the largest organic
group in domestic wastewater was fibers (major camepts characterized as
cellulose, hemicelluloses and lignin) which représd 20.64% of TOC,
followed by proteins (12.38% of TOC) and sugars.§®%® of TOC), and the
sum of volatile fatty acids, soluble proteins araduble sugars represented
about 30% of total COD.
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s Typical nutrients in domestic wastewater comprisenorganic and organic
compounds of nitrogen and phosphorus, and alss shitertain metals (Na,
Ca, K, Mg, Co, Mo, Cu, Mn). Nitrogen is reported th®& sum of organic
nitrogen, nitrate salts and ammonium. In a housklwler 85% of the nitrogen
load originates from the blackwater, ranging fro8® 1o 180mg/L (Palmquist
& Hanaeus, 2005). Concentrations of Total Kjeld&htrogen (TKN) in
greywater range from 1 to 50mg/L (Erikssehal., 2002). The phosphorus
presents in forms as orthophosphates, polyphosphadeorganic phosphorus
(Crites & Tchobanoglous, 1998). The human body egstspecially the urine
are the major source of nitrogen and phosphorusd Fe@sidue, laundry
detergents, personal care products and cleanirdupt® also contribute to the

concentration of nitrogen and phosphorus and tesgpice of certain metals.

« The main source of microorganisms in domestic weadier is human feces.
Various types of microorganisms present in the dstimevastewater: bacteria,
virus, and protozoa (John & Rose, 2005), including:

= Bacteria:Escherichia coli (E. coli), Salmonella spp Shigella spp.Vibrio
cholerg Yersinig Pseudomona@Vatthess & Pekdeger, 1985);

= Virus: Poliovirus Rotavirus Hepatitis Echovirus..(John & Rose, 2005);

*» Protozoa: Giardia lamblia, Entameobahistolytica Cryptosporidium
parvum(Macler & Merkle, 2000).

The main contaminants contents vary with the coem@nd their own living habits. The data
of the concentrations of the critical characterstiof domestic wastewater must be

summarized from three studies in France (Table 1.1)
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Table 1.1 : Data (average values) of critical conteants in domestic wastewater

Historic data (Gougoussis, 1982 (Maillard, 1998) Lakel, 2009)
Physical characteristics
pH [] - 6.6 -
TSS [mg/L] 367 343 337
Organic characteristics
BODs [mgO/L] 621 327 289
COD [mgO/L] 1300 930 670
Nitrogen and phosphorus characteristics
N-NO; [mgN/L] 0.74 0.33 -
N-NH,4 [mgN/L] 72 74 -
Total N [mgN/L] - 91 68

P-PQ [mgP/L]

Range: 13-26 mg-P/L according to Loeteal.,(2007)

Microbiological characteristics [CFU/100mL]

Total coliform - - 1.9 x10
Thermotolerant
_ 3x10-1x10° 1.1x1d -
coliform
E. coli - - 8.7x16
Enterococci 4x10-5x1C0° 5.5x10 4.3x10

[.1.2. Primary treatment and Septic effluent

« The fate of main pollutants in septic tank

The raw wastewater is generally collected, trarntspoand pre-treated by septic tank. A
septic tank is a buried watertight container tleaved as the combination of settling tank and

unheated unmixed anaerobic digester. The pre-tteffeuent is called septic effluent. The

septic tank insures the separation of floated riaseand most of settable solids from liquid,

and certain solids and non-settable organics uondéhg decomposition by anaerobic

digestion. The anaerobic digestion can be separatedwo steps: fermentation (results in

organic acids) and methanization (results in bipgaaring the fermentation, the hydrolysis

of complex organic matters firstly takes place batls to an incomplete degradation of these

organics into simple monomers; secondly these men®@are degraded directly into acetones

or biogas (C@ Hy); or undergo the acidogenesis and results in argands (propionic acids,
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butyric acids, acetic acids); During the methamargtthe organic acids or monomers undergo
an acetogenesis and a methanogenesis, then fidaliyaded into biogas (GOCH,).

However, in septic tanks, methanogenesis bactamdhsurvive, and fermentation process
predominates. This fact results in an importanuauadation of partly degraded organics and

volatile grass acids (Philip, 1983).

Before entered in septic tank, 73% of nitrogen @mé=d in domestic water is organic nitrogen
and 24% exists as ammonium. The nitrogen in rawtemager is partially treated in
conventional septic tanks due to the anaerobic itond. During this process, much of
organic nitrogen is converted to ammonium knownaasmonification; as a result, the
nitrogen in septic effluent is 70-90% of ammoniund &0-30% of organic nitrogen (Lowe,
2007). Some removal (20-30%) of phosphorus in ramstewater is attributed by the
accumulation in residual sludge that settled attbigom. As a result, the septic effluent still
contains 80-100% of phosphorus concentration foumdhe raw wastewater (Lowe &
Siegrist, 2008). The removal of microorganismsls® aelatively low. Table 1.2 summarizes
the literature data of the main physico-chemicarahteristics and indicator bacteria levels in

septic effluent:

Table 1.2 : Main characteristics of septic effluent

PhD thesis: _ o
Van Cuyket al. Lakel. Kauppinen| Siegristet
Authors Chabaud.
2001 2009 etal., 2014 al.2014
2007
Average values: Suspended solids [mg/L] and orgetmicacteristics [mgO/L]
TSS 69 99 74 37 26
BODs 227 231 - - 158
COD 386 290 343 320 226
Nitrogen and phosphorus characteristics [mgN/L]
N-NH,4 47 71 48 - 52
Total N 57 66 - 72 51
Total P 4.6 3 - 9.2 23
Microbiological characteristics [CFU/100mL]
Total coliform - 6.4x10 - - -

Thermotolerant
_ 5.4x10 - - - 3.9x10
coliform
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% Environmental impact of septic effluent

The widespread use of septic tank in suburban aradl areas contributes the disposal of
septic effluent in receiving environments, and Imees one of concerns of groundwater,
surface water and soil contaminations that areeqisdie provoking waterborne diseases. In
United States, septic tanks are one of the moguénetly reported sources of groundwater
contaminations (Yates, 1985). The septic tank effts which contain phosphorus and
ammonia are also potential source of eutrophicatisk in rural aquatic environments, and
the ammonium and the phosphorus absorbed by theneed may become a source of
nutrients for submerged macrophytes (Withetsal, 2011). The organic matters partially
removed by anaerobic digestion remain in septik tand septic effluent. The steroid
estrogens and nonylphenols remained in septicezfflhave the possibility of penetrating in
soil adsorption systems and being transportedgrdandwater (Stanfordtal., 2010). Septic
effluent or pre-treated domestic wastewater, beghly risky to natural environment
contaminations, should not be discharged direatly further treatments are necessary. The
secondary treatment of domestic wastewater shaggond to the conceptions of on-site
sanitation: the treatment should be built in sitw dechnically simple to be carried out,
controlled and monitored. The treatment shouldal®d consume much energy. The design

should not affect the landscape, etc.
[.1.3. Secondary treatment of OWTS — Soil infiltration sysems

The secondary treatments of OWTS or the treatmenhteptic effluent are generally
based on soil adsorption fields by using the irdilon and purification capacities of the
natural soil. The field is sometimes reconstrudtgdther packing materials having similar

structure but with characteristics more suitablalfie treatment.

The natural soil adsorption are generally refetedoil infiltration trenches (underground),
spreading bed of small depth (underground) andtriatiion mounds (aboveground). The
principle of these different configurations is demiand it is based on the infiltration —
percolation theory: the effluent percolates throsghieral meters in the unsaturated zone and
at the same time combining the purification phenwameThe purified effluent will be

recharged in the water table, or will be drainetbiole.
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The structure and the composition of soil decide $oil permeability. Natural soil is a
mixture of various kinds of grains: clay, silt, sargravel, etc. The soil texture impacts
physically and chemically the functioning of infdtion system: a clayish soil indicates a
better chemical capacity of pollutants, but wordg/gical behaviors (poor porosity, low
permeability, terrible air exchange ability...); axdg soil presents a higher permeability and
a better air exchange, but a weak adsorption cp@dillel, 1988). The permeability of soil

K is determined by the following equation:

Quantityofwaterinjected (m?)
= — . (mm/h)
Infiltrationsurface (m?) X Testperiode (h)

The permeabilityK varies with the texture of the soil, thus the peability. The following

table (Tablel1.3) summarizes the valueK @ind the permeability for some textures of soils:

Table 1.3 : Values of permeability coefficient Kaifferent textures of soil (NF DTU 64.1)

_ Permeability coefficienK .
Texture of soil Permeability
(mm/h)
Clayish soil <6 Impermeable
Clay-silty soll 6-15 Weakly permeable
Silty soail 15-30 Poorly permeable
Sandy-silty soil 30-50 Correctly permeable
Sandy soil >50 Strongly permeable

According to NF DTU 64.1, for a clayish soil wikx10, the infiltration-percolation systems
by natural soil are not recommended. In such daftration systems can be designed with
other packing materials, such as constructed waglahorizontal or vertical drained sand
filters with or without plants. Among these systemisigle pass vertical drained sand filter
with discontinuous dosing is preferred, due togit®d performances against minor energy

consumption.

[.1.4. Current problems of vertical unsaturated sand filter

X/

<> Filter sizing is empiric. The lack of scientific $m of filter conception often leads to
oversized filtration beds in order to meet the pb&k needs of long-term functioning. Efforts
and criteria have been made with the purpose dirfqithe correlation between filter sizing
and long term functioning (clogging) since 1970sthors tented to propose the operation

conditions and sizing criteria that provide a batametween necessary nutrients loads and
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clogging provoked by organic and particulate mat@ecumulation (Healy & Laak, 1974);
Later, design criteria have been improved sinceenidlt scale soil infiltration beds and sand

filters have been investigated (Jenssen & Siedr&Q0).

X Packing materials: not all the granular materiala be used in sand filter. Proper,
durable, inert and granulometric well defined materare required. In general, the alluvial
sands are recommended. However, due to the exeesgioration, the alluvial sands are less
available that drives more attention to other &létapotential materials, for example, the
crushed aggregates resulted from massive rockscireglus nowadays considered as
appropriate substantial choice, however their dattarestics still need analysis and
comparisons to the common materials. The charatitxriof materials are discussed in the

next chapter.

X Clogging: filtration system failures reported areainty caused by clogging.
Investigations of clogging lead to three major nstbms: pore blocking caused by
suspended solids (DeVries, 1972); over developethass and accumulation of extracellular
polymers substances, such as proteins and polymadded (Pell & Nyberg, 1989b); and
precipitation of certain metals such as FeS and@#Cookeet al., 1999). Fewer studies
have based on the clogging process and packingialateharacteristics. How the materials
of different nature impact the development of claggor the purification efficiency remains
unclear. The mechanisms of clogging will be disedsms details in following chapters. A
global view of OWTS systems based on infiltratiglds is shown in Figure 1.1:
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Figure 1.1: Global view of OWTS system based ord ddimation fields
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I.2. Characteristics of packing materials: river sands ad crushed aggregates

Granular materials can be classified into severalgs according to their origins,

production processes and physical properties.

According to their origins, these granular materiehn be separated into three categories:
alluvial granular (river, marine sand and gravgtgnular of massive rock (granites, diorites,
basalts, and limestone); artificial and recycledngitar (recycled concrete, construction or

industrial by products).

Different origins of sands and production techngjuesult in different physical, chemical
properties and hydraulic behavior of sand. The wtpaf different sands on the filtration

mechanisms and clogging development are not welvkn

[.2.1. Origins and production of fine granulates

1) Origins

The most common deposit of alluvial sands is riveds or old river beds. The river
sands and gravels are deposited by water flow,dbasesiliceous or siliceous-calcareous
chemical composition; marine alluvial sands arentyarepresented by deposits of ancient
fluvial coastal beds. These gravels are immergedtabousands years since the last sea level
rise; besides the hydraulic force provided by sver seas, glacial alluviums are accumulated

during glacial periods of Quaternary.

Crushed gravels are manufactured from a seriexmbiéations and treatments of massive
rocks and the origins of these rocks can be diveasidy layers, limestone, sandstone
exploited from sedimentary basins or maintains;dharetamorphic rocks (ex: quartzite,
gneiss) from the ancient maintains; eruptive ro@ks. granite, diorites) developed from

crystal plutonic or volcanic.

2) Production of granulates

Five major steps intervene in the process of samdiystion: (1) cleaning the non-
exploitable layers; (2) extraction of materials;) (Bansport to the treatment site; (4)

treatments of granulates until getting the finedoas; (5) restoration of exploited site. The
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main difference of production process between @lusands and crushed sands remains on

the extractions and treatments.

First of all, the extraction of alluvial sands dam effectuated directly, however, for compact
deposits like massive rock, the explosive haveeeimployed. One explosion can result in
cutting down of a large quantity of rocks (morertH# 000 tons). Then exploded rocks are
transported to the treatment site for following @b®ns: crushing, cleaning, and screening in

order to get the desired granulometry.

The crushing is performed by crushers in ordeetluce successively the various sizes of raw
materials. There are several types of crusherscjashers, gyratory crushers, cone crushers,
impact crushers (horizontal shaft impactor andie@rtshaft impactor). The principles of
these crushers are similar: the force is given meichlly by rock breakers (jawstock,
eccentrically gyrating spindle, or hammers), inesrtb break the rocks into smaller pieces
before going into the screening machines. Screefmngieving) allows selecting the grains.
The sieve permits only to let pass the elemengsimf of certain size. Granulates of desirable
size can be chosen and obtained by several tinceushing and screening. The washing has
to be carried out in order to remove dusts duringdpction process and keep the final
products clean which is necessary to industridizations. The operations of screening and
washing are often combined together under watepsatiiring the sieving. Once granulates

are reduced, treated, and classified, the produetsransported to storage areas.
[.2.2. Physical characteristics of materials
% Granulometry and effective diameter

Granulometric analysis (EN 933-1, AFNOR, 1997) p&srthe determination of material
grain sizes and the distribution of grains in angtar material. This analysis consists of
fractioning the material by screens with differemening which are defined by European
standard EN 933-2. With granulometric analysis, s@arameters can be determined, such as
effective diameter, average diameter, uniformitgfGoient, and fines particles contents. The
effective diameter is defined as the screen opeleitigg pass 10% of sand sample which is
referred to Qo, similarly Dsp and Oy are also defined. For the infiltration, most sasdhave
agreed that the d10 should be at least 0.2mm (&iodd, 1992; Guilloteau, 1994). The ideal
d10 is recommended in the range of 0.2-2mm by DZ.6
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% Uniformity and porosity

Both the river sand and crushed aggregates pretfenta@riety of grain size, with less or
more fine particles filling in the space betweemgda grains. The Uniformity coefficient (UC)
is defined as the ratio betweegg@he screen diameter passing 60% of sand samudeDa,
estimated from the grain size distribution. Thedsan less uniform with larger UC. The
recommended UC value is between 3 and 6 in Fr&amds with higher UC value are more
heterogeneous and more unpredictable. They mayicotdrtuous path for water to move
through, thus different hydraulic and hydrodynatmtaviors may be observed. A good filter
media should have large porosity to amplify airfexgge (Ball, 1994). Studies have showed
that the degree of heterogeneity has less impadatfibination rate than i and fines content
(Liénard et al., 2001). The UC also has less impact on the tredtperiormance than the
grain sizes (Darbgtal., 1996).

+ Fine particles content

The recommended fine particles content does nat.eRut the fine particles content in
sand could interfere the infiltration process: Re&i Cathles(1999) indicated that the
permeability of a clayish sand decreases with iiseeasing of fine clay particle percentage.
Then authors revealed by studying different typesamds, that the infiltration rate decrease
in the sands with higher fine particles contenstthe permeability also decreases (Liératrd
al., 2001). This study recommended also the utilizatbeand with fines content inferior of
2.5%.

s Particle shape

The shapes of material grains are determined byhamécal and chemical forces.
Chemical action and abrasion increase with ageoldet sands tend to be rounder regardless
of particle size. The larger the particle (typigalh grain size>0.4mm) is, the higher
imperfections and brittle fracturing. Converselmadler particles are stronger because of the

lack of imperfections (Margolis & Krinsley, 1974).

1.2.3. Impact of physical characteristics

According to French standard DTU 64.1, the graie sdistribution is the key to sand
filter design and functioning. The grain size massmghe percolation behaviors and
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purification behaviors: the larger the grains regsabid percolation, however, hydraulic
residence time and pollutant treatment efficiereguce (Boller & Kavanaugh, 1995). In the
other hand, a filter of finer material is more fitago the clogging: a contrast study showed
that compared to coarse sand£D.8mm), the oxygen content decreased over tinfanan
sand (Q¢=0.35mm) which led to the unequilibrium between gety diffusion and
consumption. On contrary, for the coarse sand, exygpntent is always stable even during
continuous loading (Rollanet al., 2009). Authors proposed a narrower range @f D
(0.2<Dy0<0.4) in order to insure an effective treatmenéfiardetal., 2001).

[.2.4. Comparison between river sands and crushed aggreges

The river sands has been applied for a long timefiftvation process of municipal
wastewater treatments and infiltration dischargkamfsehold wastewater treatments due to its
good structural stability, chemical inert and imétion behavior. But alluvial sands have
limited source. The possibility of crushed aggregaipplication has been studied in several
parameters which control the infiltration and pigafion behaviors as sand filter media.
Comparing to the alluvial sand, the crushed agdeegs filter medium is rarely carried out.
Crushed aggregate has been analogized with allsaral in terms of geometry characteristics
and of biological treatment performance (Liénatdl.,2001; Wankeet al., 2005; Rollancet
al., 2009).

The crushed aggregate is well graded and lessromifpigher UC) (Goldet al, 1992). The

mineralogical composition shows that the crushedregpte contains higher limestone
content (Wankoedl., 2004). Trails in France, 21 alluvial sands anduslced aggregates have
been compared in terms of their granulometric patars and hydraulic behavior. Later,
similar tests have been carried (Liénatdl., 2001; Wankeet al.,2004). The particles shapes
of the alluvial sands and crushed aggregates ae different. the grains of crushed

aggregates exhibit higher angularity and higheghmess (Tsomokos & Georgiannou, 2010).

The differences in the physic and composition @f tlvo types of materials can induce the
differences in biological treatment efficienciesy Bomparing the treatment efficiencies of
synthetic wastewater with the alluvial sand andslked aggregates of similar effective
diameter, Wankeet al, (2005) showed that no significant differenceonganic removals

using the crushed aggregates as filter media ifgia@ulometry carefully chosen. On the

contrary, another study showed that crushed aggeghibited low efficiencies than river
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sand due to the differences in particle shapesafSchkt al, 1998). Thus the influences of
sand type on the filter performance are still nateyclear.

[.2.5. Mineralogical characteristics of river sands and cushed aggregates

The filter materials are composed by various milserdhe compositions of most
minerals are dominated by silica ()Olime (CaO) and alumina (ADs), and other major
oxides of sodium (N#), potassium (KO), iron (FeOs3), magnesium (MgO) and titanium
(TiO,). The silica content varies widely from less tH#% to more than 99%. Even pure
quartz sand may be bound with chemical cement, sisckalcite. Comparing to alluvial
sands, the crushed aggregates contain more ca(Citdiss et al, 1985). The composition is
as function of the weather, the grain size andsthece of the sand. For example, the silica
content decreases with the grain sizes (Pettigilat, 1973).

[.3. Mechanisms involved in vertical filtration systemsan unsaturated conditions

The complex environment in the unsaturated filratsystems involves physical,
chemical and biological phenomena, not only theation process but also a biological
contact process. During the passage of feedingrwdissolved matters transported by liquid
phase are uptaken by fixed biomass or free bacwriearried along with dynamic phase, or
sorbed and settled in immobile phase; particulastters are brought into contact with the
surface of sand grains. Inert matters are retaomethe surface or blocked in the pore throat,
undergo the biological degradation and then coedemto simpler forms for subsequent

removal.

[.3.1. Solute transport mechanisms in porous media

The septic effluent discontinuously dosed on therfsurface, percolates slowly through
the filter medium and the unsaturated conditiorevigle the presence of three phases: air,
liquid and solid phase. The unsaturated conditi@ssilt in complex interaction, increase
retention time, and facilitate aerobic bacteria wgto (Kristiansen, 198l1a; Boller &
Kavanaugh, 1995).

.3.1.1. Water saturation

The water flow can be described by Darcy’s lawuagction of the gradient of the matric

pressure and the hydraulic conductivity:
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Equation 1: Ej = —K(G)VH = _%(‘;_‘i‘ + pg)

The hydraulic conductivity is filter media attitutie transmit the water, depends on the pore
space, which is severely impacted by the grainssigbapes and connected channels of the
filter media. For an unsaturated media, the condtictdepends strongly on water conteht

as water content decreases, fewer pores are fidletbnduct water and the paths of water
flowing through the medium become discontinuous #mtuous, so the medium is less
conductive. Thus, under the unsaturated conditithreshydraulic conductivitK is a function

of water conten®. According to van Genuchten (1980), the effectivater saturatiors

varies from 0 to 1 and can also be expressed byapidarity:

(-6, 1
T (85-6p)  (1+(ay)m)m

Equation 2: S,

With: 6, and 65 represent respectively the residual and satunatgdr contenty represents

the capillary pressure;, n andm are shape parameters.

[.3.1.2. Theoretical approach of solute transport in porousnedia

The classical theories of solute transport in sééar or unsaturated porous media are
based on the hypothesis: the solute transport tpkese only in the liquid phase. The
transport of non-reactive solute into a porous mmadiis quantified by two terms: 1)
Convection (average velocity of flow) and 2) Dispen. When a solution passes through a
porous media at high velocities, molecular diffssgan be overlooked. In the cases of slow
filtration, both the two mechanisms can be sigatffitcto solute transport behavior.

1) Convection: the inert solutes (concentration: C [fj)Lare transported generally by

water flow which is described by Darcy velocitygjraentioned as Darcy's law;

2) Dispersion: the dispersion includes molecular gifin and mechanical dispersion.
The migration of solutes by molecular diffusiorcaused by Brownian motion due to
their thermal energy. The mechanical dispersiomemulted from the microscopic

fluctuation of advection velocity.
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The one dimensional equation of non-absorbing, degradable solute transport in a
homogeneous unsaturated porous media generallyptadces Convection-Dispersion

Equation:

Equation3: © Z—S + 6v.VC — V.(6D.VC) = 0 andv = %
With 6 is water content; g is Darcy velocity [T and D is the dispersion coefficient of

Fick’s Law [L>T}] which takes account both mechanical dispersiahraalecular diffusion.

In the unsaturated flow environment, it is accepteat an immobile liquid phase exists, and
this immobile phase does involve in the processsalfite transport (van Genuchten &
Wierenga, 1977). The ratio between the mobile amchobile liquid phase depends on the
flow velocity. The two domains convection-dispersgguation is expressed by the following
two equations with solute exchange process betteetwo regions:

. ) 0Cm 0Cim _ 0%Cp, 0Cm
Equation 4: BmRm T + GimRim T = BmDm W - eme ?
0Cim

Equation 5:  0;nRim T = O((Cm - Cim)

The retardation coefficient caused by sorption gsscR is added to mobile and immobile
phase. The water contefitis the sum of mobile and immobile watér= 6+ 6i,. Later,

authors have claimed that the liquid domain in turséed porous media consists of the
mobile zone, the stationary zone comprising thediicible water content and an immobile

liquid which moves very slowly (Kartha & Srivastaz008).

[.3.2. Particulate matters transport in porous media

Besides the desolved minerals and organic magarsiculate and colloidal matters are
also transported with the feeding water flow. Agarels to the retention by filter media are
colloids and suspended small solids. The partiatesbrought into contact with sand grains
(collectors) could be intercepted by 1) straining gcreening); 2) sedimentation; 3) physico-

chemical factors and 4) diffusion (Huisman & Wo@8y74).
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1) Straining: the particulate matters larger thangbee throats are either intercepted
at the surface of the filter or blocked in the ptrmat (McDowell-Boyeret al,
1986);

2) Sedimentation: this process is important only fartiples larger than 10um. The
settling action within the pores is comparable aoventional settling tank where
the process of sedimentation is generally descriye8tocks regime (Elimelech,
1995);

3) Multi-particle bridging: the bridging takes placéh@n multiple particles interact
and form a particulate arch against a pore thiwatis larger than single particle.
The likelihood of bridging depends on particle shand the number of available
particles in the pore throat (Santos & Barros, 2010

4) Mass attraction, electrostatic interactions anfudibn: these mechanisms act on
very small particles. The electrostatic forces pdayimportant role to colloidal
particles and their attachment process due to edasgrface for both colloids and
grains. The diffusion process resulted from Brownmovement brings particles
into contact with containing surface and acts imhejently of filtration rate

throughout the whole depth of filter medium, eveamew water is not flowing.

1.3.2.1. Macroscopic equations

The deposition of particulate matters causes the lead loss and permeability damage.
The macroscopic convection dispersion equationskaretic equation have been proposed in
order to integrate different mechanisms impactihg transport process of particles or
colloids. These studies have been performed mastlgaturated porous media, but the
unsaturated porous media has become a highlighe dime gas-water interface has been

noticed.

This macroscopic transport model accounts Brownifflasivity into convection dispersion
equation (Tien, 1989):

Equation 6:  5° + VVC = V(DVC + mCV@)
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The term¢o describes the colloid interaction energy and mcadless the particle mobility
which is related to Brownian movement by the folilogvexpression:

. D cskgT
Equation7: m = —=, Dgy = ——
kgT

- 3mtpdp

The radial movement of non-Brownian particles andaladiffusion are overlooked
comparing to the axial movement (flow directiomye tConvection dispersion equation can be

expressed:

. ) 0Cp 0 do
Equation 8: u—-=— (ECp) + m

The termoa/ot is usually called filtration rate anglis the concentration of retained particles.
The filtration rate depends on the amount of plartiavailable for deposition Cf:
concentration of particles in the fluid) and thepat concentrations{ particles that have
already deposited} varies during the course of operation and withtiapaoordinate. Thus

the filtration rate is a time dependent local fumat

[.3.2.2. Presence of air-liquid interfaces in unsaturated evironment

The unsaturated porous media contains three phasgswater and solid, and the
interactions mostly occur at the solid-water irdeds (SWI) and the air (or gas) - water
interfaces (AWI or GWI) (Schijven & Hassanizadel)0Q). The particles are initially
transported by liquid flow. When they move closethie AWI, they slow down due to the
restricted flow around the air bubble. Once thdotd$ are near the AWI, they are attracted
by the attractive interactions or through directlison and finally attached to the AWI
(Sirivithayapakorn & Keller, 2003). Torkzabatal. (2008) showed, in their study of quartz
sands, that the colloids retention increases wothet water flow velocity, lower water
contents and higher ionic strength. These authssiadicated that neither the SWI nor the

AWI dominates the colloids retention, but the stirag remains the primary mechanism.
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[.3.3. Hydrodynamic in unsaturated porous media: residencéime distribution
¢ Definition

A flow of matters enters in a reactor, is compobgdlifferent fractions. The residence
time of one fraction equals to the necessary timeunh through the distance between the
entrance and the exit. The matters can be simpleawlar or aggregates of matters of a size
more or less important, and all the particles oadraction have identical residence time in
the reactor. However, when a flow of matters cresgee entrance of reactor, different
fractions are not crossing at the same instantalse of this, the time passed of different
fractions inside the reactor is variable. This gimeanon is represented by residence time
distribution (RTD) (Danckwerts, 1953; Villermaux\an Swaaij, 1969).

Considering a system with a constant voluviehe permanent regime is established with a
flow rate q. The average concentration of concerned mattessctbe outlet section is
expressed aSy(t), and the mass has stayed inside during the titeevad dt(from t to t+dt)

can be expressed &, (t)dt. The pollutant hydraulic residence time distribatican be

described by the following function:

Equation9:  E(t) = —= yc( z )andf E(t)dt=1
y

The RTD can be considered as the responds of instgattion of an ideal tracer. This
function is often transformed in Laplace field:

Equation 10:  G(s) = %Cy(s)ancﬁ(s) = ["E(Destdt

Considering the moments of a residence time digioh are a number series of oraeithe
any moment of ordek is represented by the product of convolution of fiection E(t) and
the functiont*:

Equation 11: . = [ tXE(Ddt
The mean residence time is defined as the momehedirst order:

Equation 12: T = [ " tE(D)dt
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The dispersion of time distribution around the messidence time is defined as the variance:

Equation 13: 02 = fooo(t — 1)2E(t)dt

% Hydrodynamic models

The hydraulic residence time (HRT) in the filter dnen affects numerous treatment
efficiencies of sand filtration system. A differeHRT means a different interaction time
between pollutants and biomass. Residence timahdisbn varies with the hydraulic load,
feeding-drainage frequencies, amount of the biorpassent and the intrinsic characteristics

of the packing materials.

The measurements of hydrodynamics are directediatféatures of ideal flow conditions:
plug flow and continuously stirred tank reactorsST®). Under plug flow conditions, the
concentration-time distribution is simply a spikéhna very small standard deviation about
the nominal mean residence time; and for continyowssirred flow conditions, the
distribution takes the form of an exponential fumetwhere the effect of flow dilution in
steady flow conditions progressively reduce theceotration at the outlet. The circulations
take place in the real reactors can be more compiigxthe presence of exchanges, retard or
dead zones. Many attempts used a series of CSTiRdead zone, but the model did not
always fit the observed RTD (Wen & Fan, 1975; Riefad¢larremoés, 1978).

In certain media, especially under unsaturated ftmnditions, an immobile and a mobile
zone exist at the same time and exchanges take pleiwveen the two phases, and this
exchange is the main cause of the single drag@ingntroducing volume parameteis, and

Om representing the two zones (Van Swasigl, 1969) , the tracer mass assessments on the

two phases are established:

. 0Cm . Oim 9Cim 9%2C, _0Cy
E ton14: —+4+——= —u
quatio ot 0, Ot Z 9z2 0z
. _ Cim _
Equation 15: By —= = kv (Cpy — Cim)
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The ky [T'l] is transfer coefficient. Considering the system @set at two extremities, the

RTD function is given in Laplace transform (Sardtral, 1991):

4(oexp[%(1—oo)]

Equation 16:  G(s) = = o

Equation 17: w = \/1 + 4t S[1+P1\:(S)]
Equation 18: M(s) = Ki—mardPe _ ut
1+StM D

Peis defined as the Péclet number with H: the lerdtimedia, u: the flow velocity of mobile

phase and D: the dispersive coefficient of mobilage.

In wastewater reactors with fixed biomass, the RTDsuch systems usually present an
asymmetric behavior called “tailing” due to thecea exchange within the biofilm by
diffusion (Riemeret al, 1980; Stevenset al, 1986). Under this circumstance, the biodiffusion
models were developed by Riengtral, (1980) considering that the transport phenomena
exist in the phase of liquid flow are: convectiamjal dispersion and molecular diffusion into
the biomass and only the diffusion exists in thanmass section, summarized in the following
table (Tablel.4):
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Table 1.4 : Differential equations and parametétsadiffusion model

Transport phenomena Liquid phase Biofilm phase
. . d%c
Dispersion: K1K4a_2 -
Convection: K ou
. 4ay
ou ou 0%u
Molecular diffusion: K,K;K (—) =0 —=K,K,—
2R38y 97 K] 39 2 4632

Coefficients

Ratio between the actual tracer concentration apat itracer

c: ;
concentration
u: Ratio between the tracer concentration in biofilm &nput
' tracer concentration
3 Distance in the biofilm from biofilm surface
D 1
Ki: Ki=—=— Inverse of the Peclet number
vH Pe
Ratio between the actual
retention time and the
HDg L
Ko: Ky =— characteristic time for
vL molecular diffusion into
biofilm
Ko Ko = Lo Geometric constant withis
* 3T ¢ the actual porosity
e T, Ratio between the water
Ki: Ky, =—= T—V volume without biofilm and
& h actual water volume

Based on the similar theory, Lakelatt (1998) gave the resolution in Laplace domain as a
functionG(s)for a pulse input:
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Equation 19:  G(s,f, Pe,n) =

2R * ePe

2
ePe/2 [E —Z (e R—eR) +eR (E + R) -2y Re‘R]
4 Pe 2 2

R is expressed by following equation:

Pe

£ af

Equation 20: R = (Pef)1/2 <s +314

And:

__ keaeH _ Sm
n= T Sim+S
m m

Equation 21:

TUAm

.\ 12
n
— Tfa-p >

s+n(1-f)

With ke: the exchange coefficient, afg, Sm: the section of mobile and immobile zone.

I.4. Treatment efficiencies and functioning of verticaldrained packed filter

The filtration reactor functions as an aerobicefixiomass reactor. The mechanisms

of pollutants removal involve physical, chemicatlariological aspects. The eliminations of

pollutants and pathogenic germs depends on thedeaistics of materials and the states of

filter functioning. Infiltration and purification apacities evolve with the development of

clogging which has two actions on the filter: faafole to biological treatment by biofilm and

unfavorable due to overly accumulated matters (88 ffeed water + biofilm developed in

the filter). This is a complex process with varianieractions among the feed water input, the
secretion of biofilm and the surface of sand graing=igure 1.2, some current facts of sand

filter functioning is presented in an overview stilze
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I.4.1. Mechanisms of retention and/or degradation and pufication
+ Suspended solids

The elimination of suspended solids depends ompé#ntcle sizes and the pore space of
the sand bed. The mechanical retention takes plaea suspended particles are larger than
the pore throats; smaller particles could be rerddwe the interception and the adsorption.
(Gougoussis, 1982; McDowell-Boyet al.,1986).

+« Organic matters

The organic pollutants represented by organic cadam be particulate or soluble, inert
or readily biodegradable. The particulate organatters retained on the surface of the sand
massive undergo the hydrolysis and become less legngp soluble which can be readily
assimilated. The soluble organic matters are rethiat various depths. The complete
mineralization is achieved by the aerobic biodegtiath under the actions of heterotrophic
bacteria which are fixed in biofilm. Under the ardec conditions, organic matters are only
incompletely, slowly degraded into organic substasneasily degradable such as proteins and
also some polymers difficult to degrade such akllosies. The degradation sometimes leads

to the formation of methane, hydrogen, sulfide...éveé, 1988; Rodgeet al, 2005).
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Causes of clogging
« Physical (TSS, feed water)
% Chemical (mineralogy of sand
% Biological (development of

biofilm)

%

Sand characteristics
Granulometry (grain size)

K/
0‘0

DS

» Heterogeneity

K/
0‘0

Surface properties (cations,
angularity)

74

States of filter clogging
(colonization of biofil

Clean filter ‘

Efficiency of sand filter

‘IIIIIIIIIII.II.II

Clogging

+ Favorable actions from
clogging to filtration process

Reduction of porosity
Homogenization of filter
surface

¢ Built-up of biofilm
(amelioration of pollutant
removal efficiencies)

) )
0’0 L X4

- Unfavorable actions from
clogging to filtration process

Blockage of pore space
Surface clogging leads to
effluent stagnation
Limitation of air exchange
Reduction of infiltration and
purification efficiencies...

) )
LR X4

) )
L XA X4

» Badly clogged filter

Figure 1.2 : Overview of current knowledge on sélter functioning
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% Nitrogen

The nitrogen pollutants in septic effluent are rhacomposed by ammonia in cationic
form (N-NH;") and organic nitrogen which can be retained in mhieeral massive by
adsorption and ammonification. The removal of amimos dominated by the nitrification
under the aerobic reactionsbyautotrophic bacterimf Nitrobacteriaceaefamily:

Nitrosomonagl) andNitrobacter(2):

(1) Nitritation: NH} +3/,0, = NO7 + H,0 + 2H*

(2) Nitration: NO; + 1/2 0, = NO3

The nitrification can be quite performing for thases of filtration systems because the
oxygen is not limited. The authors indicated ttatd hydraulic loading around 5 cm/day, a
delay of latency about 19 days was necessary tabkshing the fauna of Nitrobacteriaceae
and after this latency, the explosion of Nitrobdeiseae has been found between the surface
and the depth of 12cm (Ardakaet al, 1974). For a strong loading, the oxidation from
nitrites to nitrates becomes incomplete since thygen is not enough. The aeration of the

filtration milieu is the necessary condition foethitrification.

The process of denitrification exists in two wayee NG and NQ  can be reduced
chemically or biologically into the mix of NO,J, N,. The denitrification may take place
under following conditions: the establishment dfification, the existence of anoxic zones in
the sand massive, the basic pH and enough orgaistrate to maintain the bacterial
activities. Under these strict conditions, by conmga to the nitrification, the infiltration
systems are less promising of denitrification. Méayilies of bacteria are able doing nitrate

respiration via the nitrate reductase A enzyme:

Denitrification: 2NO3 + 12H* 4+ 10e™ = N, + 6H,0
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s Phosphorus

Low removal efficiencies of phosphorus pollutar@§% orthophosphates and other on
organic forms) are dominated by adsorption, prémijen and short-term biological
immobilization. The adsorption of RO is mainly linked to the nature of the filtration
massive which is optimized by higher clay, calcaschydroxides of iron and aluminum
contents of the materials and basic pH environmidet;precipitation is related to the ionic
composition of applied effluent: the presence of Fal**, C&* favorites the precipitation of
PQO,>; the phosphorus can shortly stabilized by biolagimmobilization (Gougoussis, 1982;
Zaniniet al, 1998; Robertson, 2003).

% Microorganisms

The microorganisms behave like other particleshim filtration massive where several
mechanisms can involve: sedimentation, filtratiadsorption, predation... The major
processes of bacterial elimination in the san@rfifire the filtration, adsorption and microbial
degradations which include the predation, the twgricompetition, and the parasitism
(Lefevre, 1988; Gammac#t al.,1992; Chabauet al.,2006). The viruses are so small that
the elimination by filtration cannot be effectivaceigh, but the adsorption and inactivation
can be involved. The attenuation of bacteria amdswaries from case to case, and depends
on various factors such as the pH, the temperathesgas-water interface which is quite

noted in unsaturated porous media (Véaal, 1994).

1.4.2. Influencing factors of treatment efficiencies

Both environmental conditions and operating paranseimpact the pollutant removals
by sand filtration. Numerous studies were condubigthe alternation of the filter design in
order to optimize the filter performance, such asychydraulic loads, dosing frequencies, the
presence of plants and types of materials. Thepeence is an interactive, dynamic process

between the hydraulic and purification behavio@mg studies are summarized in Table 1.5:

34



Partl: Literature review

Table 1.5 : Studies in purification efficienciessaind filters and influencing factors

Analyzed parameter

Influencing factors

Reference

/

K/
‘0

Grain size: larger grain size results deeper

TSS retention of solids Ellis & Aydin, (1995)
¢ Presence of biofilm growth induces higher
organic removals at initial state of sand
: Rodgerset al, (2005
Organics columns; _ _ g ( )
% Depth of filter media: great depth of filter Llorénset al, (2011)
has higher removals;
% T°C: nitrification is inhibited at low T°C; o
< Presence of clogginganoxic zone may Kristiansen, (1981I)
induge the denitrificgti_o_n; s_Iight clogging | van Cuyketal., (2001)
. also improves the nitrification;
Nitrogen < Organic loads: higher organic loads reduces Rodgerset al.,(2005)
the activities of nitrifying bacteria; Gill etal., (2009)
¢ Presence of plantsin combination with ’
nitriﬁcation; Llorénset al, (2011)
% Mineralogy of filter media and the clay
contents: both impact the P removal,
Phosphorus % Reactivity of filter media: alkaline Gill etal., (2009)

materials under low organic loads results
better P removal;

Microorganisms

Hydraulic and organic loads:under
unsaturated conditions, no effect of hydrat
loads on the removal; higher organic loads
leads to higher bacteria removal
Presence of slight cloggingthe utilization
of the media increased resulting in the
improvements of removals;

Distribution mode: uniform pressure dosin
results better removals;

T°C (seasonal operation)virus removals
diminished during colder weather

ilic
Van Cuyketal., (2001)
Auslandet al.,(2002)
Kauppineret al.,(2014)

0

By reviewing previous studies, the purificationi@éncies of a packed filter often undergo
the influences of several factors at once, buthdraulic retention time seems to be the
governing factor. The traditional single pass fdtgpacked with grained materials (soill,
gravel, sand...) show less effective capacities taltaitrogen and phosphorus removals
(about 30% of Total N and unstable removal of P)ctlare predictable under the aerobic

filtration conditions. The filtration system willlso clog, and their performances are

considered being affected.
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1.4.3. Causes of clogging (total suspended solids + biofij and impacts of
clogging on the filter performance

The filter media clogging has been recognized asncon and significant problem that
affects the hydraulic and treatment efficienciestioé system, especially the long-term
performance(Kristiansen, 1981a; Siegrist & Boyl®87). The clogging consists of the
obstruction of the pore space, and it tends to apjpethe upper layer of the sand filter where
the substrates and microorganisms are most abufdadgerset al., 2004). The causes of
clogging can be related to various factors, tharenmental and operational conditions both
influence the process. By the nature of these nmesihms, the clogging is generally

categorized as physical, chemical and biologicatess (biofilm) (Baveyet al.,1998).

1.4.3.1. Causes of clogging

The occurrence of clogging is related to physichemical and biological process. The
clogging development is complex because these gsesetake place simultaneously,
continuously and interact with the substratum dad among the aggregates themselves.

+« Physical clogging (origin of feed water)

The deposition of inorganic and organic solidsheg surface develops into a physical
clogging. Feeding waters with high concentratiorse$pended solids have been frequently
observed to lead to a severe clogging through tioeegs of filtration (Rice, 1974). The
organic particulate matters difficultly or non-bemgtadable can also accumulate inside the
pore throat causing pore blockage (Siegrist & Boyl887; Nguyen, 2000). Under high
loading conditions, this accumulation of partly hylgzed organic particle matters reduces

more rapidly the pore space than the developmelipéifm (Zhaoetal., 2009).

+ Chemical clogging (origin of feed water + filter dia)

The chemical clogging is mainly caused by minerakcpitation in filter media due to
the chemical properties of media grains, minerahponents of wastewater, biochemical
activities of biomass, and environmental factoke ltemperature and pH that are able to
modify the solubility of these minerals (Bavegeal, 1998). The most commonly observed
precipitates are CaGQFe, Al or Mn hydrous oxides; phosphate precipgatand sulfate,
sulfide precipitates. The carbonate and phosphratggitates highly depend on the calcareous
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content and pH value of filter. In alkaline andoaakous environment, the free calcium in the
material is responsible for the high correlatiotmEen calcium and phosphorus in phosphate
minerals, and the high pH value results in an iaseein C&@ concentration, allowing or
accelerating CaCfPprecipitation (Cookeet al., 1999). Organic matters in septic effluent
cause irons in non-calcareous sites to become Isolad subsequently results in Al-P
precipitation coating on the surface of sand gréie®w in the filtration beds (Robertson,
2003). The formation of sulfide is generally micalratalyzed. The sulfate reducing bacteria
"breathing" sulfate rather than oxygen are knowoxiolize incompletely a number of organic
acids and alcohols into acetate where sulfatea@@lectron accepters with sulfides as by-
products. The ferrous iron (E§ existing already or resulting from bacteria atits readily
associates sulfides and forms into FeS which ageipitates as black colloids and has a very
low solubility. The FeS colloids bond strongly witihganic matters, humus and do not seem
to accumulate on mineral soil particles, but theynf a black layer in clogged filter media
(Kristiansen, 1981a; Gottschalk, 1986). The chemaagging is less pronounced than
physical clogging.

«» Biofilm

The biological clogging mainly consists of biofikvhich leads to the decreasing of pores
space results in clogging. Net-work surrounding tmérocolonies with extracellular
polymers substances (EPS) (Kehal.,2010) by bacteria adhered to material grains is the
main cause of the biological clogging (Rodgetrsl, 2004a). The biofilm plays an important
role on the colonization ability of bacteria to idokurface to protect themselves from
environment in order to survive (Costertenal, 1981; Ronner & Lee Wong, 1998; Van
Cuyketal., 2001; Mauclaireet al.,2002).

1.4.3.2. Influencing factors on clogging process

The clogging process is impacted by various factetich can be operational,
environmental and of bacteria themselves: such atemals characteristics, feeding water
characteristics, and surface properties of badtst@ins. The interactions are especially
noticed between the material surface and the pédate or colloids matters and the

microorganisms. Some factors are summarized iif dide 1.6:
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Table 1.6 : Factors influencing clogging process

Influencing factor

Mechanisms of impact

Reference

Organic content (feed water)

Higher organic content in feed
water leads to higher microbig

activities and EPS production

Reneatet al.,1989;

Liu etal., 2003

Grain size (filter media)

Grain size impacts directly the
physical clogging and also thé
biofilm development at higher

organic content

D

Kristiansen, 1981a

Surface roughness or angular

of sand grains (filter media)

t

Rough surfaces might be

¥avorable of bacterial depositign

thus biofilm

Jacobet al.,2007
Wankoet al.,2005

Hydrophobicity of cell surface

(bacteria species)

Bacteria with hydrophobic
surface are easier to adhere

sand surface

(0]

Jacobetal., 2007

From the above table, the filter media has gregiairhon the development of clogging, not
only on the physical process (size of particulatespore space), but also on the bacteria
adhesion and further biofilm formation (cell sudaes sand grain surface). The process of

clogging is rather complex, and the impacts of materoperties are not quite clear.

1.4.3.3.

Impacts of clogging on the filtration and treatmentperformance

As mentioned in the overview schema of sand fiiteictioning (Figure 1.1), the actions

brought by clogging to the filtration and purifigat process can be favorable and

unfavorable. The transition between the two actiena dynamic process involving mainly

the overly accumulation of particulate matters hiadilm.
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% Favorable impacts

The presence of slight clogging generated by tleraalation of biomass and particulate
matters favorites the filter performance at thdyestage of operation (Okubo & Matsumoto,
1979). The pore size in the upper layer is paytisdtuced by the particulate matters straining
and the surface coating on the grains, and the ankt@mong these retained matters and
newly generated biomass benefit to achieve mortoumiinfiltration (Kristiansen, 1981c).
As mentioned, the hydraulic retention time playsraportant role in purification process. A
slight clogging reduces the initial hydraulic cootivity thus hydraulic residence time (HRT)
creases comparing to the “clean” bed which incredbe chance of pollutant adsorption,
exchange, biodegradation of organic carbon by betgyhic bacteria and bacterial adhesion
(Healy et al, 2007). Furthermore, the microbial communitiesriiying and denitrifying
bacteria) developed in sand filter are also resptafor the biotransformation of the nutrient
pollutants (Pellet al, 1990). The local denitrification conditions soimeds can be satisfied
beneath the surface biomat zone where the envinsnimeenriched in organic carbon with
less content in dissolved oxygen (Gaft al, 2009). When an excessive surface crust has
formed, the terminal head loss can occur. In thdysof (Campogt al, 2002), the sand filter
with higher developed biomass did not show the owpment in TOC removals in the

effluent.

% Unfavorable impacts

The clogging is often recognized as problematictioming deficiencies and observed in
laboratory sand columns or onsite sand (or soiteré (Siegrist & Boyle, 1987). The
functioning deficiencies include purification dttilties that usually companied by hydraulic
difficulties over time, such as: the influent pamgli the decreased infiltration rate (field
study), the hydraulic head loss and the decreasaftatilic conductivity (Rice,1974;
Kristiansen, 1981a; Mays & Hunt, 2004; Beaathal., 2005). The loss of initial infiltration
rate is inevitable. According to Okubo & Matsum@i®83), under saturated conditions, the
evolution of infiltration rate over time consist$ three successive stages: (i) the aerobic
period with a rapid decrease of infiltration ratmmpanied with the reduction of dissolved
oxygen, (ii) the transitional period (constant tiglst increase of infiltration rate with low
dissolved oxygen (DO) concentration) and (iii) axa@obic period in which infiltration rate
decreased rapidly until the clogging developed uad@erobic conditions. The clogging may
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be delayed under unsaturated flow conditions. Teisreased capacity is the result of the
abatement of the pore size and of their intercotmes or even of a complete filling of pores.

The influent ponding represents the serious threahe use of the sand filter. When the
ponding occurs, even not at the entire filter stefasome regions (especially near the inlet)
can be under saturated conditions with reduce@athange and limited dissolved oxygen
contents. During the decomposition process of acggollutants under the action of
heterotrophic bacteria, the dissolved oxygen inlitpgid phase is consumed, when the air
phase in the medium fails to renew itself, the maheation in aerobic way may be
interrupted and even stopped. With the presensewdre clogging, the microflora becomes
specific and less diverse in an environment poosxygen and rich in organic matter. The
degradation mechanism alters to anoxic anaerobigheed in the carbon dioxide (GQand
the methane (Ckl. The lack of dissolved oxygen also blocks theriflaation. The
accumulation in the pores of partially degradedanrgs and particulate matters enhances the
clogging even more and the filter reaches the temimise lifetime. The following scheme
describes the development of clogging and theantem with the hydraulic and purification

behavior (Figurel.3):

The current knowledges of packed filtration bedggast that the development of clogging is
inevitable. More and more studies showed that th@ugon of biofilm tends to be an

important process since the suspended particulatedrought by the feed water and the
precipitation has little impacts, but the biofilnewklops around the material grains, and
occupies more and more the pore throats until esattre equilibrum. However, informations
are lacking, espeicially on the evolution in timedadepthes of biofilm compositions, their
characteritics and quantities, which also the faduhis study. In the two following sections,

an bibliographic overview revisits some key infotima of biofilm.

40



Partl: Literature review

Filtration of Accumulation of Precipitation of

suspended solids organic matter at dissolved salts in
the surface feeding water

Reduction of
pore space

Aicurr?u'fnmq[? (r)f Reductlon of the
organic matters infiltration rate

PreC|p|tat|on of
FeS Production of \

| let bi metabolites by
ncomplete anaerobic the bacteria

degradation of organic Feeding water
matters ponding

\ /

Evolution of anoxic
then anaerobic

conditions

Bacteriologic _

NGy
chemical -
degradation oxygen conten

N

Figure 1.3 : Simplified schema of clogging devel@mn(Maillard, 1998)

Limitation of air
exchange

[.5. Biofilm development

The survival of the biomass in filtration systerssto colonize the solid surface (ex:
sand) and to form into biofilm. As mentioned in tlast section, the biomass enhances the
treatment efficiencies and also induces the claggiiis section focuses on development of

biofilm and the main structures and characteristics
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I.5.1. Definition, characteristics and functions of biofim

[.5.1.1. Biofilm definition and fixed bed systems

Biofilm is microbial derived sessile community chetrerized by cells that are irreversible
attached to a substratum or an interface or to edbbr are embedded in a matrix of
extracellular polymeric substances (EPS) that thaye produced and exhibit an altered
phenotype with respect to growth rate and genese¢rgtion. These microorganisms may
undergo physiological and genetic modificationsmaytheir transition from planktonic mode
of growth (Donlan & Costerton, 2002).

Compared to suspended microbial growth systemsiewaser treatment with fixed biomass
(fixed bed or moving bed systems) has several ddgan: increase of biomass residence time
which results in lower space requirement and redido@raulic residence time, high active
biomass concentration, as well as lower sludge yotiah (Vermaet al., 2006). Fixed bed
systems often use porous mediums that contain foregoids) and provide large specific
surface for the development of biofilm: it can lzural materials (soils, sand, river sediments,
aquifer zone...) or artificial mediums (crushed agates, glass or plastic solid materials...).
In porous media, microbial cells in suspension naaiere firmly to solid surface that
comprises the effective pore space. Under favoradelitions, adhered cells reproduce at the
surface and increase the amount of attached biorbesFigure 1.4 shows a biofilm coating

on guartz sand grains:
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Biofilm

PO« BN XD 9

Figure 1.4 : 7 months growth of biofilm on quarénd grains (Jeagt al, 2004)

[.5.1.2. Introduction of extracellular matrix of biofilm

Biofilm offers their member cells the benefits bétprotection from environmental stress.
The spatial distribution of biofilms presents vascstructures and sizes: monolayer biofilm of
thickness of 5-25um resulted from laboratory purikuce with single species (Anderssen
al., 2008); and biofilm of 40um thickness in anaerobastewater treatment plant (De Beer
al.,, 1994). In fixed biomass systems, biofilm is hetgnmeous and organized by
microcolonies structures including void space aradewchannels. These water channels or
pore spaces within biofilms associate with bulkuitgand allow the transport of substrates
including oxygen, and free cells, and the conveynetabolic wastes (Lawreneg al, 1994,
Massol-Deyét al, 1995).

This “gel like” structure of biofilm is mainly congsed by the extracellular matrix of biofilm:
EPS represented 50 to 90% of total organic mattekbsofilm (Wingenderet al., 1999). The
matrix of EPS is highly hydrated (90% water). Thajonity of EPS is composed by mostly
macromolecular complex polysaccharides, proteinsalls quantities of lipids, humic
substance-like and nucleic acids (Flemming & Wirtggn 2001a). The fraction of these
macromolecules varies according to the type of moiganisms, cell physiological state and
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environmental conditions: the quantity of polysaarathes and proteins represents 75-89% of
the composition of EPS (Tsuneetaal.,2003a). Minerals are also found trapped in the imatr
and associated with the EPS (Laretaal., 1997) and minerals can represented 10-48% of
biofilm dry weight depending on the extraction noeth (Bourveret al.,2011; D’Abzacetal.,
2012).

[.5.2. Biofilm development steps

Before the biofilm formation, the bacterial cellgagh themselves on the substratum
surface, which start with the very first possibteps the formation of conditioning film.
Having been observed in some medical biofilm casies,conditioning film is realized by
adsorbing macromolecules originated from bacter@tabolism and neutralizing the
excessive free energy at the proximity betweerctllis and the solid surface (Marsh, 1995).
The conditioning film has not been reported in sasé biofilm in filter media. The
development of biofilm begins under favorable ctiods, followed by several steps: cell
proliferation, production of EPS, maturation andagament. As shown in Figure 1.5, the
development of biofilm is generally described aBofeing stages (1-conditioning of the
surface and reversible adhesion, 2-irreversibleesioh, 3, 4-proliferation and accumulation,

5-maturation and detachment):

<+ Proliferation and accumulation

Resulted from the step of irreversible adhesios, itiitial coating of cells and EPS are
established which favorites the growth of cellsdeghe initial film. The cells obtained from
cells divisions form clusters or communities of teai@. There is also the recruiting of free
cells in liquid milieu. The heterogeneity of thefilim increases during the accumulation and
there is not necessarily only uniform layer but dodonization and architecture of different

bacterial communities (Stoodley al.,2002).

« Maturation and detachment

Equilibrium state achieves between the productiod accumulation of new cells and
EPS and the detachment of the aged biofilm, andjulaatity the biofilm reaches a limit value
and maintains constant (Latal., 2003). Besides the cells mortality, the cells viEsiinside
the biofilm and certain biofilm constituents inciagd the cells can be transferred and released

back to the bulk liquid. The process of detachmemgoverned by biotic and abiotic factors:
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metabolism, shear forces, and environmental str&&e shear forces of the biofilm
detachment are erosion (losing small parts of lbofaused by liquid flow), abrasion (caused
by collision between the biofilm and small solidtpaes) and sloughing (losing large part of
biofilm caused by brutal changes of environment).

Figure 1.5 : A simplified description of the devathoent of the biofilm onto a mineral surface
Resource: [Center for Biofilm Engineering Montariat& University, 2003]

1.5.3. Bacterial adhesion

As to initial the solid surface colonization, bacécells have to approach and adhere to
the surface. The process of bacterial attachmemtbeadivided into two steps: reversible

adhesion and irreversible adhesion. The procegsvisrned by various interactions.
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[.5.3.1. Initial stage: physical transport and retention
1) Hydraulic transport: convection-diffusion

The microorganism migration occurs in the bulk ighand at the liquid-solid interfaces,
as well as the air-liquid interfaces under the turséed conditions. Similar to the colloids,
the bacteria are transported with liquid flow todsarthe solid phase. This step includes
convection and diffusion transport. Higher flow a@ty induced higher bacterial cell
penetration or earlier breakthrough (Huysman & weete, 1993; Sarkaet al, 1994).
Hydraulic loading rate and effective grain size aupdirectly the convection transport of
bacteria by governing flow velocity and capillargrde (Steviket al., 1999). Diffusion
transport intervenes when Brownian movement catieoneglected, especially when the
porous media is under rest conditions (no load{@grapcioglu & Haridas, 1985).

2) Physical retention (Straining)

The straining is physical mechanism of movementlbigg through of the bacteria larger
than pores. The straining mechanism highly dependdter media characteristics, degree of

water saturation, bacterial cells and the develayroeclogging zone (Auslanet al, 2002).

[.5.3.2. Reversible adhesion: physico-chemical stage

The reversible adhesion takes place when bacterialase enough to the solid surface.
This process involves the interactions betweemttares of the two surfaces (solid surface
vs. cell surface), under the chemical environménhe liquid phase. The reversible adhesion
is based on the extended DLVO (XDLVO) (extendedj&aprin-Landau-Verwey-Overbeek)
theory which includes three groups of interactiayemerally attractive Lifshitz-Van der Waal
interactions (LW), electrostatic interactions (Eapad Lewis Acid-base interactions (AB)
(electron donating and receiving) (Van Oss, 198%e attraction or repulsion of bacteria
cells to the solid surface is described by totddliSienergy which is the sum of these three

interactions:

AG = AG”B + AGMW + AGEL
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WhenAG is negative, the attraction takes place AGdis positive, the repulsion occurs. The
hydrophobicity of cell surface is another interagtiplaying important role in bacteria

adhesion to solid surfaces.
1) Nature of material surface

Compared to the cell surface, the sand surfacesare stable and uniform. The study of
Jacobset al, (2007) suggested that natural quartz sand pestitave slightly hydrophilic
negatively charged surface and the surface roughmey reduce the repulsion. A study of
surface chemistry showed that natural quartz sarfdce contains mainly the oxide of silica

and iron, also presents weak contents of Ca ar{@M#dniet al, 2008).
% Presence of multi- or divalent cations

Divalent ions have shown to enhance the bacterdiiesion to surface by the
compression of electrical double layer (EDL) (Dedf®ve & Elimelech, 2008). Gaions in
particular have shown to play an important role ibyolving in non-specific such as a
neutralization of surface charge and reduce thelsef@ energy barrier (Kuznar & Elimelech,
2004). C&" ions can also act as bridging ions by formingdionic bridges between the cell
surface and solid surface (Rasteal, 1993). The divalent ions can be brought by feater
and may be released by the sand medium.

2) Nature of bacterial cell surface (DLVO interactionsteric interactions)

The bacterial cell surface is a highly dynamic acef responding to environmental
changes. Charged group may associate or dissagate pH, ionic strength of suspending
fluid, and also upon the approach of a chargedasarfUnder most physiological conditions,
bacterial cell surface carries a net negativelyghavith a few exceptions.

<+ DLVO interactions

The LW interactions are always attractive and dbuate the adhesion. In contrary, the
electrostatic interactions are dominated and regulsn a low ionic solution of pH 7
(I<0.001M) (Redmaret al., 2004). Today it is well known that increasing iostrength
reduces the EDL thickness and the cell may be Intocigse enough to the solid surface so
that attractive LW interaction dominates (Rijnaattal., 1999).
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+«+ Steric interactions (non -DLVO interactions)

Macromolecular-substratum interactions are generedilled steric interactions which
mediate both reversible and irreversible adhesldwe steric interaction can be repulsive or
attractive, which depends on the hydrophobicityelf surface and substratum (Rijnaagts
al., 1995). Steric repulsion occurs when cell surfaeeromolecules are hydrophilic and have
no affinity for the substratum (ex: glass is highlydrophilic surface); on the other hand, if
the macromolecules or parts of them have an affifor the substratum (ex: Teflon is
hydrophobic surface) and exceeding certain critvedlie, attractive bridging may take place.
While at higher ionic strength, the shift from DL\ntrolled adhesion to steric controlled
adhesion is observed and the adhesion efficienpgrdis on the type of cell surface coating
(Rijnaartset al.,1999). The nature of cell surface coating deteesiithe complexity of steric
interactions between bacteria and surface which medyce the rate of deposition, but at the
same time, may cause the irreversible adhesiomébaet al., 2003). The Figure 1.6 shows

the main interactions involved in the reversiblaesglon.

Studies showed that the bacteria movements alsendepn their electrophoretic
mobilities. Following the definition given by Ohshma (1995), the bioparticles such as
bacteria possessing the hard core and an adsoepedable gel-type layer are considered as
soft particles, and exhibit the electrophoretic debrs. The electrophoretic mobility of the
soft particles is influenced by the interface pmipe and described by Ohshima formalism
where the interphase between the soft particle ttved outer medium is considered as
homogeneous. Under the high ionic strength conditibis model suggests a finite of non-
zero plateau that the electrophoretic mobility aelseon the space charge density of the soft
layer and the soft layer parameter and its dynawscosity. However the Ohshima’s
prediction deviates when the partial dissociatidnmicrobial interphase charge becomes
significant under low ionic strength condition (Caet al., 2005). Face with the limitations
of Ohshima’s model, the diffuse soft particle elekinetic formalism was developed by
Duval and Ohshima (2006): under decreasing iomength condition, the inhomogeneous of
the polymer segments affects significantly the tetgxhoretic mobility and the interphasial
diffuseness may evolve with the physical-chemicahposition of the medium. The literature
review of Duval and Gaboriaud (2010) combined bmiimerical and experimental data and

allowed going beyond the classic approaches of imeable particles and revaluating the
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impacts of the chemical heterogeneities and phlyditfaseness of soft particle interphase on
the electrophoretic motions.
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Figure 1.6 : Main interactions involved in the resible adhesion

[.5.3.3. Irreversible adhesion: biochemical stage

Comparing to reversible adhesion, this stage isnprent between bacterial cells and
solid surface involving biochemical phenomenon. Téteric attraction promotes the
irreversible adhesion. The cells presented on thiace attach themselves by intermediary of
their metabolism activities, EPS and multivalentiases in EPS. The irreversible adhesion
occurs through the implication of cellular appeedic such as adhesine (protein and
polysaccharides) and/or the production of EPS tmminect bacteria and adsorbent. This

process less or more rapid depends on differemtstgp microorganisms, environment and the
contact time (Characklis & Marshall, 1990).
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K/

< Presence of EPS

The presence of EPS covering on a cell surfacesattee physiochemical aspects of
bacterial cell adhesion onto solid surface. Theaeelular protein and amino acids increase
the surface hydrophobicity thus favorite the attaeht (Pell & Nyberg, 1989). The uronic
acids enhance the anionic properties of some Gragative bacteria and allow the
association with the divalent cations to increadiing binding force (Molleet al, 2005).
Anionic polysaccharides and amphiphilic cell cogsinboth exhibit steric repulsion at
hydrophilic and hydrophobic solid surface (Rijnaat al, 1999). The Figure 1.7 and Table
1.7 summarize the interactions involved in the éaak adhesion to a solid surface.
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Figure 1.7 : Governing interactions of bacteridl adhesion (Hannig & Hannig, 2009)
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Table 1.7 : Summary of governing interactions intbaal adhesion to solid surface

Figure7 Legend Interaction (Un) favorable +/ -
(1) Electrostatic Repulsion
_ Dependence of cell surface
(2) Acid-base
molecules
o Attractive for hydrophobic cells
(3) Hydrophobicity
and surface
Always attractive, but acts when
4) Van der Waal forces
close enough
(5) Hydrogen bonds Cell surface molecules
(6) Calcium bridges Favorable to adhesion

1.5.4. Matrix of extracellular polymeric substances

The biofilm well developed also forms a “compaatitd'gelatinous” structure where the
bacteria are “stuck” in the “cement” of extracadluimatrix. The extracellular matrix plays
two major roles: i) in the cells adhesion to saralrgsurface; ii) in the cells cohesion among
themselves. The next section discusses this maictste of biofilm: extracellular matrix and
more detailed: the organic fractions of extracalluhatrix: extracellular polymeric substances
(EPS).

[.5.4.1. Spatial organizations of extracellular matrix

The EPS can bond tightly around the outer spacbkacterial cells, as capsules-like
closely associated. The bacteria also produce dikmeEPS loosely bond with cells and
soluble EPS which do not associate directly toctles (Wingendeet al., 1999). Besides the
organic fractions, the minerals are also boundhm extracellular matrix. The Figure 1.8
demonstrates the organizations bound EPS and edhiitf:
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Figure 1.8 : Spatial organizations of EPS (Wingemdel.,1999)

The way to separate two fractions is usually bytrdeigation, where the polymers in the

supernatant are soluble EPS and the polymers beithdhe pellet are bound polymers:
% Bound EPS

The bound EPS can also be grouped into two submagsg tight bound (TB) EPS and
loosely bound (LB) EPS. The TB-EPS are closely @ased with cellular envelops, and the

LB-EPS are gel-like substances surrounding the catid can be considered as slime.
% Soluble EPS

The soluble EPS regroups the substances that adya&ssociated and free molecule:
including some slimes and soluble or colloidal mawolecules which however are not
dissolved (Sardiret al, 1991). Wingendeet al, (1999) indicated that the separation of
soluble EPS from the matrix demands an extractfomeak energy (centrifugation...) while
the bound EPS needs treatments allowing the dispersf biomass (heat, reactive

chemicals...).
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1.5.4.2. Biochemical composition of EPS and mineral fractioa

As mentioned, the matrix of EPS contains protgudysaccharides, nucleic acids, lipids
as major biochemical components and also mineralse..biochemical fractions are
changeable depends the nature of biomass, theadtfypabstrates and other environmental
factors.

< Mineral fractions

The mineral composition (cations, anions) playsmaportant role in the metabolism of
bacterial cells. Mineral fractions present in thatmx in the different forms: ionized or
particulates. The particulate mineral solids aremfed by precipitation, such as Ca salts
(CaCQ, Ca&(PO43(OH)) and Fe salts (FeO(OH), FeP2H20) (Juanget al, 2010). The
multivalent cations (Mg, Ca, Fe...) create the iomi@ractions with the ionized functional
groups of EPS. The cations in the matrix are madileé interchangeable (Higgins & Novak,
1997).

< Proteins

Proteins have an amazing range of structural atabgkc properties as a result of their
various amino acid compositions. The proteins argna acids chains linked by peptide
bonds of various lengths. The side chains. @farbon atom of amino acids possess various
functional groups (electrically charged, polar,n@npolar) bring in various interactions like
ionic, hydrogenous, or hydrophobic with other males (Riemer & Harremoés, 1978). The
properties and functions of proteins are relateth&r spatial configurations which depends
on the amino acids compositions (water solubilitglloids solution, denaturation, and
spectrofluorimetric properties...). The mechanismprotein secretion are the synthesis takes
plan in the cytoplasm and the molecules are theneéed into the environment (Rodgets
al.,, 2004). Proteins can also associate with polysaabds (glycoprotein) and lipids
(lipoprotein) (Bourveret al.,2012). Okubo & Matsumoto, (1979) utilizing the damation of
size exclusion and infrared microscopy on EPS femtivated sludge, found that except high
molecular weight proteins (from 45 to 670kDa),xtsted also a group of small size proteins
(<1kDa) in smaller amount that were associated witysaccharides. Similarly, the presence
of lipoproteins as one subfamily of proteins wasoaproven by the same technique

(Kristiansen, 1981c). The proteins represent a mrofi molecules possessing various
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functions: i) metabolism with the enzymes (Fraletcl, 1995); ii) structural: The structural
function is first due to the diversity of functidrgroup of amino acid which can interact with
other molecules/mineral element and second witkciip structure (in gram negative

bacteria), the lectins-like proteins which link angroup (Higgins & Novak, 1997).
% Polysaccharides

The polysaccharides are the biopolymers the masglies since they represent the
majority of EPS matrix components in pure bactenfiures and it is also the reason that
some studies referred the exopolysaccharides asERfe (Costertoret al.,1995). Most
microorganisms secrete polysaccharides. The majofithese compounds are neutral sugars
(glucose, galactose, and mannose) (Digetal., 1998). Polysaccharides are ubiquitous
biopolymers build up by monosaccharide of variamlelecular weight. Most of them are
hydrophilic with the presence of hydrogen bond. $iethesis of the polysaccharides can be
intracellular or extracellular (Kumaet al. 2007). The polysaccharides in EPS matrix are
either in forms of capsule covalently associateith wellular membrane (lipopolysaccharides)
or in forms of slime weakly joined with the cellsumaret al.2007). Certain polysaccharides
also contain variable groups such as: hydroxyltyhcghosphate. Some of them are capable
to bond with C& ions, for example, bacterial alginates which repme a few
exopolysaccharides. The alginates have certaincigpt form a gel and this capacity
depends on the presence of mannuronic and guluamids. Many alginates possess the
sequence of poly-guluronic acid which can bind €avery effectively within the “egg-box”
structure where the distribution of €an the gel were most observed on the surface (8edd
& Sutherland, 1994; Lietal, 2010).

<+ Humic substances

The reference of humic substances as the EPS compos abusive. By definition, the
humic substances come from the soil, where theyeamsulted from long evolution process.
Thus researchers refer these compounds as huraisdiistances and this group of molecules
is very heterogeneous. They come from the biodegiad or chemical degradation of
environment organic residues (Franciestal, 2002). Their main components are phenol,
amino acids, and sugars of small sizes (Wuetrtal, 2001). They contain functional groups

such as: alcohol, phenol, carboxylic, lactones...
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«* Nucleic acids

DNA and RNA are two groups of polymers of nucleetahains. One nucleotide contains
a sugar of five carbon atoms (deoxyribose for DA a@bose for RNA), a phosphate group,
and an amino group. The nucleic acids represegtaosmall amount in EPS matrix extracted
from wastewater biomass (Frgluatial, 1996). At first, the extracellular nucleic acidsree
considered as a product and an indicator of cellykes. Later, researchers found that many
microorganisms secrete large amount of extracellnlecleic acids (Steinberger & Holden
2005). In multi-species biofilm, high content nuclacids were detected at the outer layer of
micro-colonies (Allesen-Holnet al., 2006) which is in accordance with their roles he t

communication among the cells.
1.5.4.3. Influencing factors of EPS secretion

The EPS play a role of tampon as protection andemi$ for the microorganisms in the
matrix, for example, the soluble EPS are substaeasg to metabolize to be the carbon and
energy source (Laspidou & Rittmann, 2002). Somerenmental factors affect the secretion
of EPS:

«» Stress

The presence of the stress factors simulates tBesgRthesis: low substrate content (Hoa
et al.,2003); salinity (Mishra & Jha009); presence of metal ions (Mikesal., 2005). An
increase in soluble EPS was observed at low suestondition (Aquino & Stuckey, 2004);
Avella et al, (2010a) have observed an increase of soluble EBShan the protein fraction
increased during the presence of antibiotic invat®id sludge biofilm; A higher amount of
polysaccharides has been observed in some reststatdrial strains pure culture with the

presence of metal elements (Kaatyal.,2002).
+« Physical conditions

The shear forces influent the composition of EPSrimnalThe EPS quantity of sludge
increased under higher shears and higher aeratimhitons (Adawet al.,2008a). The soluble
EPS increase by the release from the aggregatds ptece under enhanced flow

hydrodynamics and shears (Aquino & Stuckey, 200hAg increase in sugar fraction in EPS
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were shown under higher aeration condition (S#tiral, 2001), and the loss in EPS were
observed under anaerobic sludge (Nielsteal, 1996).

+ Characteristics of substrates

The ratio of nitrogen/carbon in substrates seefiestafthe productions of EPS, however
this effect of the nitrogen ration is not quitealeand accordant in studies. Some authors
claimed higher productions both in soluble and labERS while the increase of the N/C ratio
(caseins/starch from 2 to 8) (Arabi & Nakh#908), and some authors found that the increase

in N/C ratio only induced the increase in weaklyibd EPS production (Yet al,2011).
1.5.4.4. Functions of EPS

As mentioned in the “bacterial adhesion”, one @& thnctions of EPS is to facilitate the
irreversible adhesion and to initiate the colon@atBesides these fundamental functions, the
EPS also benefit the stabilization of biofilm bwalving in different interactions in the
biofilm, especially in the biofilms of wastewateeatment. These particular functions will be

developed after a summary of EPS functions.
% General functions of EPS as biofilm

Some other general functions have been attribat&PS which are summarized in Table
1.8:
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Table 1.8 : Summary of functions of EPS (Wingeretaal., 1999)

Function of EPS

Relevance

Reference

Aggregation of the cells and

formation of biofilms

Bridging between cells and
inorganic particles,
immobilization of bacterial

populations

Ellis & Aydin, (1995);
Villermaux & Van Swaaij,
(1969)

Protective barrier

Protection of bacteria agains
biotic and abiotic noxious
influences from the

environment

Riemeret al.,(1980)

Retention and sorption

Prevention of desiccation of
water, sorption , digestion,
accumulation of nutrients ang
inorganic ions from

environment

Stevenst al.,(1986)

Structural element of biofilms

Mediation of mechanical
stability of biofilms through
conjunction with covalent
cations or between neighbor|
EPS; determination of shape
EPS structure

Riemer & Harremoés, (1978)

+ Roles of EPS in biofilm structural stability

The stability of biofilm refers to the capacity tiie aggregates to resist to the

hydrodynamic constrains and to the shear forceen®bkt al., 2006b).The EPS play an

important role in the stabilization by interactibgtween cells or with multivalent cations and

also by the hydrophobicity...

- The proteins and sugars contribute to the statlitigiofilm which are confirmed

by the deflocculation after the hydrolysis of pioge and polysaccharides by
adding the enzymes (Cammarota & Sant’Anna., 1928ig¥ét al.,2004).

57



Partl: Literature review

- The production of EPS also neutralizes the negatharge of cell surface and
reduces the repulsive electrostatic force and ¢fleadhesion to the aggregates can
be benefited by the polymeric interactions (Tsuretda., 2003a).

- The hydrophobicity helps the cells attach to aggreg and allows them to stick
and keep the stability of the aggregates (Zita &rnhBnsson, 1997). The
hydrophobicity is associated with the presenceilwillar structures and specific
proteins, but not with the presence of polysacdesri{hydrophilic) (McNalet al,
1999; Singletoretal., 2001; Arabi & Nakhla, 2008b).

- The lectin-like proteins located in the appendigksells interact with the bacterial
polysaccharides by the hydrogen link (Mirelman, @&%Bushet al, 1999).

- The presence of divalent cations also reduce thelsiwe force between cells and
favorites the aggregation. The non-monovalent natialso intervene the

stabilization of EPS molecules by ionic interaoidHiggins & Novak, 1997).

% Role of EPS in the sand filtration process

The EPS are considered as the main components ofifnbiwhich constitute the
biological clogging. Studies showed that the preseof EPS at mature state reduces the
infiltration rate (Rodgert al., 2004a; Schijven & Hassanizadeh, 2000). But thatiaip
distribution of EPS around sand grains also ammaks the repartition of substrates and
increases the residence time which benefits thefigatron process of sand filtration.
However the EPS evolution during operating time asdfunction of filter depth is rarely
documented and few studies have been carried othteotheir more detailled characteristics

such as their compositions or molecular sizes.

[.6. Characterization- monitoring of biofilm (cells + EPS)

The complex nature of biofilm makes the investigadi difficult. The biofilm is
investigated by various techniques from differespexts. The most of these techniques are
destructive to the biofilm. General information che provided by simple measurements,
such as: totality of biofilm (amount as organic teed, or as Carbon or Nitrogen), thickness
and structures of biofilm; more detailed information the cells and EPS may need several
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steps of treatments and followed by specific anayttechniques. An overview of several

categories of biofilm investigation techniquesiiegented in Table 1.9:

Table 1. 9 : Biofilm investigation techniques oview

Biodiversity: microbial genomic level characterizaton
of the cells in biofilm (molecular techniques):
% PCR based molecular techniques: DGBEGE, RISA
and Pyrosequencifly...
+* Non-PCR based molecular techniques: FISH, GFP...

Totality, surface and interface of
biofilm characterizing techniques: EPS matrix: biochemical level characterization of he

extracellular fractions in biofilm (separation

< Total amount (VDW, C or N contents techniques+ analytical techniques):
of biofilm) % EPS extraction (physical, chemical or combined meh
+« Visualization of biofilm by < Molecular separation (GC, LC, SEC, FFF...)
microscopic techniques (SEM, < Quantitation of biochemical fractions (spectropimotdry)
CLSM, STXM...) % Analytical detection (MS, atomic spectrometry,

& Scattering (spectroscopy) techniques electrochemical, optical detectors)

(ATR-IR, NMR, X-ray...)

+ Nondestructive techniques:

Microbial activities: physiological level

characterization of the cells in biofilm (specific

Microsensors (electrochemical, fibef

optic microsensors) compounds detections):

< Enzymatic activities (ATP, hydrolysis, dehydrogemag

%+ Cells extraction — culture — count...

1.6.1. Biofilm observation (microscopic techniques)

Microscopic techniques have high potential in asiahof biofilms, but natural biofilm
can develop into thick package that may limit lighgnetration into the biofilm matrix
hindering the use of optical techniques, such aslight microscopy, which is advantaged
with its simplicity and rapidity; however also litad by its low resolution (Lazarova &
Manem, 1995). The development of Confocal Lasemficg Microscopy (CLSM) and

epifluorescence microscopy has extended the pbssiiof in-depth visual 3-dimensional
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(3-D) observation of biofilm structure and providadridge between light microscopy and
electron microscopy (Zhang & Fang, 2001). The caydoate ofPseudomonas aeruginosa
biofilm has been visualized and characterized bwgugluorescently labeled lectins in
combination with a epifluorescence microscope a@L.8M (Strathmanret al, 2002). The

Scanning Electron Microscopy (SEM) provides higlsotation images that allows the
visualization of the biofilm microstructure includj the visualization of EPS and cells
(Eighmyet al, 1983). The Scanning Transmission X-ray Microsc(pyXM) shares similar

principal with  SEM. A multi — microscopy combinatio(CLSM-STXM-SEM) has

demonstrated the distribution of macromoleculest@in, polysaccharides, lipid, and nucleic
acids) of the biofilm in river sediments (LawrengeNeu, 2003). STXM is also capable of

detecting the absorbed metals in biofilm.

[.6.2. Characterization of the population of biofilm — Cels

The cells are considered as the biomass which sporsible of the wastewater
purification process for both suspended and fixeninbss reactors. It has always been the
subjects in water treatment research the totalecdnthe biodiversity and the physiology of

the cells, otherwise the biomass in the biofilm.
.6.2.1. Total content assessment of biomass
% Volatile Dry Weight (VDW): Total organic matters

The VDW (weight loss between 105 and 550°C) isroftesed to estimate the total
amount of biomass and this method is also geneuskyl to assess the total organic matters
of soil samples. The biomass may be overestimaiechdating weight loss, since the
structural water of clay minerals also loss weidhting heating along with the organic
materials (Rice, 1974).

+« Biomass carbon and nitrogen determination

The biomass carbon and nitrogen assessments aesaligrapplied to fixed biofilm
samples, especially often carried out to quantiky living microbial biomass in soil or in
sediments. The techniques are referred to fumigatiextraction (incubation) methods or

substrate — induced respiration method (Wardle2)1.99
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++ Revivifiable cells count— Extraction and enumenatid cultivable microbes

Quantitative and representative recovery of miggaorsms from environmental samples
is essential in understanding the ecosystem fumctithe microbial enumeration is a
screening-level tool which can be used to evaltiaeresponse of soil microorganisms or
attached bacteria in artificial porous media, ahd geometric distribution of microbial
populations and communities. The enumeration ofrabies in soil or other filter media
requires the sample preparations which generalplves the dispersion of substratum
sample and the extraction of attached cells frofmssatum which involves a variety of
binding mechanisms (Trevors & van Elsas, 1995).aBee of the strong binding between
cells and substratum, the severe cell damage mayrbsult of breaking these binding. The
ultrasonic treatment and low speed centrifuge sgelsion and extraction can only recover a
fraction of dislodged cells (Lindahl & Bakken, 1999 he enumeration of cells is based on
the revivifiables aerobic flora which includes d@ooand facultative anaerobic bacteria. In
soil, population densities of TRHs within backgrdwsvils usually range between*&hd 10
CFU/g soil (Mailaet al., 2005). The study of Chabaud (2007) showed thaintimaber of
cultivable cells recovered from a sand filter weskatively stable during the operating period.

[.6.2.2. Biodiversity — Molecular techniques

Genetic information is often required in microbi&iodiversity and taxonomy
investigations to explore the molecular basis ofilon formation. A reconstruction of near
compete genomes or genome sequences of microamggisgossible using genomic datasets
in combination with molecular techniques. Thesehmégues include polymerase chain
reaction (PCR) for DNA amplification, followed byise field gel electrophoresis (PFGE),
denaturing-gradient gel electrophoresis (DGGE) amore detailed information can be
obtained by coupling with other analytical methdidle mass spectrometry and microscopic
techniques (Aoi, 2002; Meayt al., 2004). There are also molecular fingerprint téghes
that do not involve PCR amplification, such as feszence in situ hybridization (FISH), by
applying ribosomal RNA-targeted oligonucleotidelpgs could be visualized with the help of
fluorescence quenching, or technique such as nmbakmtragenic spacer analysis (RISA)
based on PCR amplification products. RISA has lmeployed to evaluate the evolution of
bacterial communities' complexity in sand filtratioolumns and demonstrated an increase of
bacterial communities throughout the operation t{t¢ 38 days) (Chabaud, 2007). FISH has

been successfully employed to explore bacterialoanities in activated sludge, marine,
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freshwater environments, marine sediments, soilgiVéeet al., 1993; Amanret al, 2001).
FISH conjunction with CLSM has allowed defining tt8dimentional distribution of
microbial populations in mixed species biofilm dfferent environments (Mollegtal., 1996;
Manzetal., 1999).

[.6.2.3. Physiology of cells — Enzymatic activities

The enzymatic activities can be associated witlvadaells, cell debris as well as being
complexed with minerals or colloids (Burns, 198¥arious techniques of quantifying
microbial activities by enzymatic measurements teixighe literature. While the activity of
many extracellular hydrolases is probably a restilenzymes associated with some or all
these compounds, dehydrogenase assays measuaeslintar catalysis and are more likely
to be correlated with the activity of extant c€sck, 1997). The fluorescein diacetate (FDA)
hydrolysis is used as a general indicator of sgdlrblytic activity. The determination of FDA
hydrolysis is simple, rapid and sensitive, excepbemwactivities are low, it requires long time
of incubation (Okubo & Matsumoto, 1983). The adeém@driphosphate ATP content can be
associated with the soil biomass, however the AdRtent represents only a small portion
which is active (Beacht al, 2005).

1.6.3. Characterization of the EPS (separation + quantifiation + analysis

(monitoring))

The matrix of EPS forms a shelter to protecting ¢bks from environmental stress and
providing suitable conditions for proliferation.uslying the EPS requires the separation from
the biofilm sample first, which is commonly knowrs ahe extraction, then further
investigation can be done by analytical technigéesthe extraction of EPS is destructive to

biofilm samples, the following-up of EPS evolutittmoughout time is quite unlikely.
[.6.3.1. EPS Extraction methods

Either soluble EPS or bound EPS need to be sepdrai@ the matrix or the biomass to
carry out further investigations, and certain EP&ponents are divided purified from the
extracts for more detailed analysis. The main daliffy in EPS extraction procedure is to

obtain high extraction efficiency without unwanteckll lyses and disruption of

62



Partl: Literature review

macromolecules. The main forces involved in bindiB§S are Van der Waal force,
electrostatics interactions mediated or not withltivelent cations, hydrogen bond, and
hydrophobic interactions. The main dominating foveeies from biofilm to another, thus the
extraction method should be chosen according th ease, and no universal extraction
method exists for a quantitative extraction of PSS compounds from microorganisms
growing in suspensions or in aggregates or attashédces (Sardiet al, 1991). The EPS
yields depend on extraction time, shear force deddependences are different for various
EPS compounds. The extraction methods are clagsifie 2 categories by their shears force

they provide:

» Physical methodsa shear applied to extract EPS by shaking, mixtegtrifugation,

and sonication or heat...

= Chemical methodgreatments include addition of various chemicadg ttan break the
linkage in the EPS matrix, such as: alkaline trestinwith the addition of NaOH,
complexing agent like ethylenediaminetetraacetid @€DTA), cation exchange resin
(CER) (this method was actually a mix between ptals(shaking with resin) and
chemical (exchange with Nand multivalent cations from the biofilm) extraxcts)...

The combination of physical-chemical extractiommiere and more applied. Furthermore, the
biofilms in wastewater treatment systems are higmdyerogeneous. The matrix of EPS
contains water, proteins, polysaccharides, nucleicids, lipids and also bound

minerals...Their biochemical fractions depends thtuneaof biomass, the extraction and
analysis techniques, and also the type of substritany studies have been carried out with
wastewater EPS by comparing different extractioncedures and the advantages and

shortcoming of some of these methods are summainizibe Table 1.10:
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Table 1.10 : Studies on EPS biochemical composdfomastewater biofilms

Extraction Experimental _
N Advantages Shortcomings References
method conditions
Extraction of LB Not effective
Centrifugation | low speed: 5000{ EPS and soluble enough for Liu & Fang,
(control) 10000g EPS; less cell | extraction of TB (2002)
lyses EPS
Fair extraction
Probe: 37W o _
efficiencies for Cause proteins, Jorandetal.,
output for 15- _ )
TB-EPS, no nucleic acids (1995)
Ultrasound 420s; Bath: _ _ ,
disruption for leakage and cell Liang etal.,
20kHz, 120W
_ _ further lyses (2010)
input, 3x2min _ o
investigation
_ , Cause cell lyses
High extractions _ _
o and disruption of
efficiencies Fralundetal.,
Heat 80°C, 1h macromolecules
compared to other _ (1996)
_ (ex: denaturation
physical methodsg _
of proteins)
Higher
2509 or 650g o _ Frglundet al.,
efficiencies for Less compatible
DOWEXI/I, 300 _ _ _ (1996)
CER proteins with porous medig _
or 600rpm, from _ Dignacetal.,
compared other extraction
1to 8h _ (1998)
physical methodsg
Cause higher cell
lyses than physical
Higher extraction Y Py
, methods Comteetal.,
EDTA 2% for 3h at 4°C yields than _ _
_ Disruption of (2007)
physical methodsg
macromolecules;
contamination
) Contamination of
Good extraction _
o chemical agents;
0.4V of NaOH | efficiencies; less _ _ _
Formaldehyde + o disruption of Liu & Fang,
(IM)/1V agitation| cell lyses than
NaOH macromolecules (2002)
for 3h at 4°C

other chemical

methods

by additions of
NaOH
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The choice of extraction method applied in eacle camains a compromise between the high
yields of biochemical components and the absen@®mamination by chemical reagents or
by intercellular materials for further investigat® The involving of chemical reagents and
thermal treatments often interfere the chromatograimsize exclusion chromatography due
to the denaturation and disruption of macromolesuleuch as protein-like compounds
(Bourvenet al, 2013). Physical methods such as ultrasound ag@peang modest recovery
efficiencies but no interferences to any other wsialfollowed. In this case, the ultrasound
was chosen over CER in cases of EPS extractiore dime ultrasound has fairly equal
extraction efficiencies for the major groups of ERSmteet al., 2007). The ultrasound
treatment: probe (Probe Bandelin GM 70, 60W du®@g, Labanowski, 2004) and bath
(Sonicator, bath capacity of 2L, 40W-100W, letal., 2009) are largely used for soil and
activated sludge EPS extraction. The study of Yualetshowed that ultrasound probe
treatment extracted more types of extracellulalyeres than ultrasound bath treatment, but
might also lead to cell lysis (Yetal., 2009).

1.6.3.2. Physic-chemical properties of EPS and Characterizain methods
of EPS

% Quantification of organic components with classicalorimetric methods

The contents of the main EPS components are oftsesaed via the colorimetric
methods. The chemicals interact with the certammctional groups which are specific for
target components, and the intensity of generateldr cis measured by UV/Visible
spectrophotometer. The result relies on a knowereece which establishes the calibration
curve with a series of known concentrations. Sévaethods exist for each component in
order to improve the reliability. Some common useethods are summarized in the Table
1.11.

The EPS resulted from the biomass of wastewatefigation is highly heterogeneous and
this great diversity reduces the efficiencies dbdmetric assays. For example, the different
colorimetric assays for proteins present their @asmantages and inconveniences: the protein
contents determined by Lowry method are interfengtth humic-like substance and thus
overestimated. Lowry method has been modified mepito take account the humic-like
compounds (Frglundt al, 1996). On contrary, this modification tends talerestimate the

protein contents by taking account humic-like compis even when they are absent (Bias
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al., 2008; Avellaet al, 2010). The Bradford method does not interferenwather organic
compounds but also underestimates the protein wtentdue to different colorimetric
reactions according to the type of proteins (Razamkit al., 1994). According to Rast al.,

(2008) and Raunkjeest al, (1994), the BCA method also has different readtiovith the

types of proteins and overestimates the proteirtakipg account some polysaccharides.

Table 1.11 : Colorimetric assays of certain EPSmaments

Method Target functional Calibration
Component Reagent Standard L
(References) group sensibility
Lowry . o Bovineseru
Folin-Ciocalteu,| Peptide links _ 0.04-0.2
(Lowry etal., malbumin
5% CuSQ (>2) and phenols o/L
1951) (BSA)
Bradford | Peptide links
_ CoomassieBrilli o 0.04-
Proteins (Bradford, (>8) rich in BSA
ant Blue o 0.2g/L
1976) arginine
BCA Bicinchoninic Protein-BCA-
(Smithet al, acid (BCA), | Cu"'complexion: BSA 0,2-1 g/L
1985) CusSQ biuret reaction
o Modified Lowry
Humic-like L _ 0.04-0.2
method (Frglund Folin-Ciocalteu Phenols Humic acid
substance g/L
etal., 1996)
Dubois
_ _ Monosaccharide 0.02-0.1
Polysaccharides (Duboiset al, 5% Phenol , Glucose
with>5 C(H,O) o/L
1956)
Calf
_ _ Burton 0.6% _ 0.005-0.05
Nucleic acids _ _ 2-desoxyribose| thymus
(Burton, 1956) | Diphenylamine DNA o/L

+ Molecular weight and HPSEC

EPS are composed of molecules of variable molecwaght (MW). The determination
of the apparent MW (aMW) distribution is achieved high-pressure size exclusion
chromatography (HPSEC). This method provides arad@ipa of crude EPS extracts based

partly on molecular hydrodynamic size and partlgdzh on non-size exclusion separation
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mechanisms. The signal is generally detected byabsbrbance or rafractiometric detection
(Frelundet al, 1996). The infrared spectroscopy is sometimepleduwith SEC to identify
the chemical nature. It has been successfully egpplo characterize wastewater sludge
exopolymers (Frglunet al, 1996; Gorneet al, 2003; Garnieet al, 2005; Comteet al,
2007; Simonet al, 2009), and the HPSEC fingerprints were generedigorded at the
wavelength of 210nm and 280nm, detected by UV dlasmre: these authors suggested that
proteins have relatively large apparent MW rangedmf 10 to 670kDa, and that
polysaccharides have low aMW smaller than 1kDalurdet al. (1996) found similar
profiles of HPSEC fingerprints from the EPS of diffnt origins. Comteet al, (2007)
demonstrated that HPSEC fingerprints differed willle chemical extraction whereas the
control and physical extractions exhibited simflagerprints. Higher aMW (up to 1200kDa)
compounds presented in strongly bond EPS or capEl& and the majority was proteins
and nucleic acids. Whereas in weakly bond EPSimresEPS, the aMW ranged from 0.3 to
20kDa (Anderssomt al, 2009; Yuetal., 2009). With the combination of SEC-fluorescence
detection, the protein-like fingerprints have bepecified by the chosen Ex/Em wavelength
and exhibited heterogeneous MW ranged broadly feoge sizes of >600kDa to small sizes
of <9kDa (Bourvenet al, 2012). Later, humic-like compounds fingerprinterev also
specified by fluorescence detector, the main aMWuwhic-like substances of both activated
sludge and anaerobic granular sludge ranged inrM&@Wregion: from 1.4 to 6kDa (Bhatiet

al., 2013).

s Surface properties: Hydrophobicity and surface gear

Both hydrophobicity and surface charge belongsht durface properties of EPS and
these two characteristics are often associatederstudies. The hydrophobicity is one of the
fundamental interactions in bacterial aggregatestha hydrophobic interactions have great
influence on the settleablity, dewaterability amafflocculation of sludge. The hydrophobicity
of EPS is characterized by XAD-8 and XAD-4 resiniahhdivide soluble EPS (at pH=2) into
three fractions filtering through XAD resins: l)aftion sorbed onto the XAD-8 resin:
hydrophobic substances; 2) fraction sorbed ontdX#b-4 resin: hydrophilic substances and
3) unsorbed fraction: non-sorbed hydrophilic substs (Martin-Mousseet al, 1997).
Several techniques can estimate the cell surfaaegehthe determination of zeta potential,
the acid-base titration and the colloids titrat{@arandet al, 1998). The soluble EPS at pH=2
showed a significant protein fraction and that rasbohydrates have been found in the
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hydrophobic fraction which indicated that the cdmpdrates do not involve in the
hydrophobic interactions (Joramd al, 1998; Arabi & Nakhla, 2008a). The surface chasge
related to the ionizable groups presented on tmgsl surface, and also strongly depends on
the composition of EPS matrix. Studies indicatedraerse correlation between the surface
charge and hydrophobicity, both are strongly inficed the proportion of EPS components,
especially increased with the increment of theorptioteins/carbohydrates (Liab al, 2001;
Mikkelsen & Keiding, 2002; Sponza, 2002; Waeg al, 2006). Extracellular proteins
contribute the hydrophobic properties of EPS du¢hw&r high proportions of hydrophobic
amino acids alanine, leucine and glycine (HigginBl&vak, 1997). The study of Wangadt,
(2006) showed that the negative surface chargebiatlia positive correlation with the
increase of total EPS content; however the EPSepted hydrophobic property due to the
increased ration PN/PS, which indicated with abahdBPS, the attractive force was

dominated by polymeric interactions in cell adhasio

+ Identification of EPS components

There are analytic tools permitting the identificatof certain molecules of classic EPS
components after an appropriate separation andiqation. Attempts have been made to
identify extracellular protein of activated sluddgeark et al., (2008) submitted 11 intense
bands of polypeptides resulted from Sodium DodeSulfate-Polyacrylamide Gel
Electrophoresis (SDS-PAGE) to liquid chromatograpbypled with mass spectroscopy (LC-
MS/MS) and the positive hits indicated that theedse origins of protein in EPS matrix,
besides the presence of the extracellular proteisigited from bacterial defense, cell surface
outer membrane and cell appendage, proteases ffftuent remained in the EPS matrix. 16
amino acids have been separated with the helpghf performance liquid chromatography
(HPLC) and detected by spectrofluorimetric deteeatwd the results also showed that several
possibilities of proteins source in EPS matrix untthg bacterial excretion and influent
residues (Dignaet al, 1998). Gas chromatography (GC) coupled with nspegtroscopy or
flame ionization detector has been often appliettlénmtify the monosaccharaides and lipids
presented in the extracts according to their differretention time (Dignaet al, 1998;
Gloagueret al, 2004; Anderssoat al, 2009).
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% General view of protein-like and HS-like with Eatidbn/Emission Matrix

The fluorescence spectroscopy has been employechdcacterize the fluorophores
contents in natural organic matters. The protéia-ind humic-like compounds are two great
categories of the fluorophores in EPS matrix. S@vestudies have applied the 3D
fluorescence excitation-emission matrix (3D-EEM)ctwaracterize the presence of proteins
and humic substances in EPS extract of activatediyst the spectra obtained are generally
composed of 3 main peaks: 2 peaks of emitted fhommece of protein-likes compounds and
lpeak of humic-like substances (Esparza-Soto & ®vestf, 2001; Sheng & Yu, 2006;
Dominguezet al., 2010; Bhatiaet al., 2013). This technique has been considered as d rapi

tool of qualitative analysis of EPS extracts indgje.

|.7. Conclusion of literature review

From the information given by the previous studibs, essential characteristics of the
technique, the conception and the functioning of TBAsystems, especially the sand filters
have been explained. The majority of these stualiesv identifying the operating parameter
(loading charge, dosing frequency, material natureswhich influence greatly the
purification performance and the duration of thetalations. The milieu of sand filter
receiving septic effluent is an environment verymptex and heterogeneous, and the
complexity and the nature of the interactions amuaimgsical, chemical and biological process
taking place in this unsaturated environment makesfficult to renew the knowledge. It
appears that the biofilm develops mainly at thefaser layer of the filter and participates
importantly the reduction of different pollutantt the same time, it provokes the phenomena
of clogging which may interfere the functioningtbé filter. Furthermore, the influence of the
filter material is still quite unclear and the lacknatural deposit of alluvial sands in certain
areas simulates the researches of similar matesath as crushed sands. In this study, the
interests were brought to the characteristics afstoed sands (materials, hydrology,
purification and biomass distribution evolution amitrobial activities) and the influence of
these characteristics on the possibility of usimgn as filter media for domestic wastewater
treatment (purification efficiencies; biologicabglging caused by biofilm).
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The strategy of experimental study:

With these interests, this study is based on timepepative characterization between selected
alluvial and crushed sands. The experimental stualy carried out around following points
(Table 1.12):

Table 1.12 : Strategy of experimental study

Comparative study of crushed sands and alluviadsan

1% phase ¥ phase % phase

_ Monitoring study of purification efficiencies of am
Experimental )
_ pollutants by two types of sands and at differeaytds
Conception and study of

construction of material Monitoring study of biofilm components distribution
sand filtration | characteristics | in the profile of filter depth and their evolutiops
columns system as foundation off throughout operating period: biomass quantification
comparison | evolution of the size of macromolecules; microbial

activities...

The monitoring of the abatements of main pollutants referred to the classic physico-
chemical analysis of inlet and outlet effluents.eTanalyzed parameters represented the

organic pollutants, nitrogen and phosphorous patist.

The system allowed the sampling in depths inside gand columns. The monitoring of
biomass (totality) and their components (cells @axdracellular matrix respectively) was
based on the combination of simple rapid methodk ranre pushed forward analysis: the
choice of methods was based on the purpose, quamd quality of samples. Due to the

nature of comparative study, identical analysis agdied to all the sands.
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Part II: Experimental study and result discussions

Le sable de riviere est couramment utilisé commeéérizaix de remplissage pour les
biofiltres utilisés en systéme d’assainissemenoraarme selon les recommandations de la
Norme Francaise (DTU 64.1). Les réacteurs de fiiinabiologique garnis de sable ont été
largement étudiés en termes de procédé et de ctempant hydrodynamique. Ce systéme
avec comme matériau un sable de riviere, est céréisidomme stable et son efficacité
épuratoire parfaitement décrite et maitrisée (Wamdtoal., 2005). Le changement de
matériaux de garnissage peut modifier les quaditdtouées au procédé en considérant que
peu d’études ont été réalisées, en particulierlesiragrégats concasses. L'objectif de ce

travail est de regarder I'impact de la nature duniggage des filtres biologiques sur:
- le fonctionnement épuratoire du procéede
- le développement de la biomasse et une partiefapécie celle-ci : les EPS

Dans ce sens, 3 chapitres chacun comportant lekatsset la méthodologie adoptée sont

présentes:

Le premier chapitre sera consacré a la caracténsates matériaux de remplissage du
réacteur et leurs conséquences directes sur le artenmpent du réacteur: hydrauliques et

hydrodynamique.

Le second chapitre sera consacré a l'observatian efiets éventuels des matériaux de
garnissage sur le fonctionnement épuratoire drefilt’étude s’est focalisée sur la mise en
place du procédé jusqu’a I'obtention d’'un étatistataire apparent soit sur une période de
360 jours.

Enfin dans le dernier chapitre nous nous intéresseau comportement de la biomasse
développée dans le réacteur ainsi qu'aux EPS ariféondes matériaux mis en ceuvre. Cette
approche est réalisée en suivant I'évolution denddiére organique du biofilm pendant le

procéde.

Pour cette étude, le pilote mis en place est dolsti’'un ensemble de réacteurs de 70cm de
profondeur qui respecte la recommandation prodiasaainissement individuelle autonome
(DTU 64.1).
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Chapter 1: Study of filter materials and filtration reactors

Introduction:

Quatre matériaux de remplissage seront etudiésx slent des sables de rivieres (RS1 et
RS2) et deux sont des agrégats concassés (CA12t BS1 est prévu pour étre « le sable
type » pour un fonctionnement optimal car répondambe répartition et a une taille moyenne

reconnue pour son efficacité (Cemagref, Liéretmal., 2001).

En effet, la répartition des tailles des matéridaxemplissage des biofiltres est un parametre

majeur et classiquement pris en compte dans lxcles matériaux (NF DTU 64.1).

Le choix des différents matériaux a donc été gp@eéce parametre dont les limites pour un
procédé de filtration en assainissement autonomiedsginies par la norme NF DTU 60.1. A

co6té de ce parametre de distribution des tailleautes parametres de caractérisation
physiques (masse volumique apparente et réell@sipér surface spécifique) et chimique

(composition minérale et comparaison des catiolasg@és) ont été mis en place.

En effet, les caractéristiques physiques influehtbgpdrodynamique des réacteurs alors que
les caractéristiques chimiques et morphologiquéisenceront directement la mise en place
du biofilm (adhésion et formation). L'exces de cai monovalents par exemple induit une
désagrégation du biofilm (Higgins & Novak, 1997Yhydrodynamique et I'hydraulique

influenceront d’une part les échanges de subsiitsle plutét la distribution des apports en
substrats (matiére organique, eaw) @u biofilm (Liu et al., 2004), mais également le

développement du biofilm par des effets mécaniquies ou moins prononcés dans le

réacteur (zones de cisaillement ou zones d’échange)

Les conséquences directes (les efficacités dwemnaint) sur le réacteur seront évaluées dans

ce chapitre a I'aide d’un suivi classique des pata@es physico-chimiques.
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1.1. Characterization of packing materials (experimentalprocedures of packing

material characterization

1.1.1. Packing materials

The samples have been collected from various egairi France. The alluvial sands
originate from the river Loire. The crushed aggtegaare originated from sandstones and
sandstones are mixture of mineral grains and roagnients. Among these samples, not all
the aggregates fitted the required granulometritez@ven though they were indicated by
quarries as for filter usage. 2 river sands andu8hed aggregates have been chosen to pack
the columns. During the filling, the materials wemmpressed by water in order to avoid the
compression during the operation, and this step wkshed the aggregates by eliminate the

dusts. The natures and quarries of chosen aggsegi@esummarized in Table 2.1.1:

Table 2.1.1: Quarries and natures of materials

Filter materials RS1 RS2 CAl CA2
Quarry name Vritz Les Alleuds Mouen Vaubadon
Crushed Crushed
Nature Alluvial (Loire) Alluvial (Loire) (Feldspathic (Precambrian
sandstone) sandstone)

1.1.2. Granulometric characteristics

The granulometric analysis provides important infation for grained materials as the
base for material selection in this study. Accogdia the Standard NF EN 933-1 (AFNOR,
1997), the principle of the analysis is passing@resentative quantity of sample through a
series of sieves with decreasing opening by mechbhshaking. The distribution of grains
size is represented by the mass retained betweercawsecutive sieves. The openings of
nominal sieves usually used are: 0.08, 0.16, 025,®.315, 0.4, 0.5, 0.63, 0.8, 1, 1.6, 2, 2.5,

4, 5mm.

About 1kg of each sample was dried at 105°C inilaatl oven over night, in order to
eliminate the humidity. The dried sample was plaicethe first sieve (largest opening) and
was sieved through the decreasing opening durirg0bin shaking. The distribution curve
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was established by the percentages of the refussd of each sieve to the total dried sample

guantity. This curve provides the access to sevehalracteristics: effective size {p

average size, uniformity, and fine particles petage, summarized in Table 2.1.2.

Table 2.1.2: Granulometric parameter definitions

e

(@)

L}

D

e of

Parameters (unit) Symbol Definition
. . The effective diameter is the opening indicated
Effective diameter (mm L by the distribution curve at 10% passing.
With m: the refused
¥(m;D;) mass retained on th
Average diameter (mm ") Dm = T Ym; sievei [M]; and D;: the
average opening of tw
consecutive sievds].
With Dgy is defined
: : - _ similarly as the openin
Uniformity coefficient(-) ucC UC=[Qy/D1o indicated by the curv
of 60% passing sample
The fine particle percentage is the percentag
Fine particle content (% Fine% | passed mass though 0.08mm sieve to total

sample mass.

1.1.3. Physical characteristics

Some physical characteristics were determined bgré&iory methods, such as volumic

mass density, relative density, porosity, and $jgearea is based on estimated value. These

parameters were determined according to Liéeaal., (2001).

+* Volumic mass density (real density) (

The real density is estimated by placing the saropllenown mass slowly into a graduated

test tube which has known volume of clear wateis Thethod is rapid and simple however

less precise, so the test should be carried detat 3 times to have an average value. About
300 g of dried material is weighed precisely, anent carefully and slowly poured into the

known volume water. The volume moved frovh to V,, and the difference of volume
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represents the real volume of dried grains withpares, and the real densjty(kg/m) is
calculated by the following equation:

Equation 1: p = —2
quation1: p = =
With Mg: mass of dried sample (kgyy=V2-V; is the volume difference of after and before

placing the sand in water, representing the drrathgzolume.
s Porosity @)

The porosity can be estimated at the same timetivehreal density. The total volum¥é)(is
measured by graduated test tube for the same slaieghle. The void volume is represented
the difference between the total dry volume of s@mnapd the volume of the grains:

Equation2:  V, =V, -V,

Equation3: ¢ = %
t

% Bulk density (apparent densifyszpp)
The bulk density is estimated by the mass andatia volume of sand sample:

: Mg
Equation 4:  pupp = v,
t

%+ Specific surface

The specific surface is the total surface of gra@svolume or mass unity. It depends on the
size and the shape of testing material. The spesififace can only be estimated since the
measurement of grain shapes is complicated. Theifgpsurface of spherical grains of
uniform size is estimated by the average size:

'rrdm2 6

Equation 5: A = =—

T
2dm®  dm

For the materials of rounded grains of the varsiass, such as the alluvial sands, the specific
surface is estimated by the sum of mass fractiondPeach size (average opening of two

consecutive sieves):
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Equation6: A =6Y =

The above equation can be only served to estinmgespecific surface of rounded grains.
However, even the river sands sometime can hardhsidered being rounded, and for
crushed sands, the shape is much more irregulkel (8995) has proposed a modification by

introducing a shape factorinto the equation:
. 6 « Xi
Equation7: A;=-)—
q s =520,

With ¢=1 for sphere an@=0.7-0.95 for sands. In this study, the factor.B5Cor river sands
and 0.7 for crushed aggregates, and the speciffacguis expressed on’fkg, by dividing
real densityAs (mf/kg) = As (M?)/p (kg/n).

% Grains shapes observation and image analysis

Attempt has been made to access the grain shapes different types of sands in this study.
Observations by camera and by microscope showembarppresentation of the entire sand
sample. The images of the bulk sample (dried, paxticle eliminated) were taken by camera,
and the some grains of certain sizes (0.25-0.4m60®@mm) have been sampled after the
sieving tests. The microscopic approach is basetthi@studies (Chetal., 2006). Pictures of
aggregates were processed by ImagJ software. Afte8 bit and a binary conversion the
picture scale was set and the analysis of partigbge run with a specific plug in. Filter were
used with a limitation of size (0.1 to 4 mm) andcalarity (>0.75) for a good isolation of

particles. The isolation process is presentedgaifé 2.1:
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Pass to 8 bit Filters:

image and binary
treatment

Figure 2.1: Image processing of form parameteryysisaor filter materials

1.1.4. Chemical characteristics

Sands and crushed aggregates are considered asca@hemrt and stable materials.
However, the surface can contain exchangeablensasach as: K Na', C&*, Mg?*, and
Al**that may alter the ionic strength. The mineraldgamalysis was effectuated by local
laboratory IDAC (Inovalys, Nantes). The nominal huat of released elements does not exist.
In this study, a procedure is proposed in ordesttaly the contents of certain released

elements, and four elements have been analyzeddrgié Emission Spectroscopy.
% Released cations

The materials are dried and sieved through 0.08Whmee different masses were sampled,
placed into 50mL plastic tubes, and washed with R2Qitrapure water for 3 times. The

experimental conditions are summarized in Table32.1

Table 2.1.3: Experimental conditions for releasatibas of selected sands

Sample treatments Dried sieved aggregates (>0.2mm)
Temperature Ambient, 25°C
Solid/liquid 50/20mL; 10g/20mL; 15g/20mL
Mixing condition Mixing table, 200tr/min, overnight
Liquid phase sampling Settled for 2 hours, 15micdie of 0.45um
Detected cations by ICP-ES (Shimadzu) ¥, K&, Mg™, and C&'
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R/

% Mineralogical analysis

The mineralogical analysis was conducted by loglabtatory IDAC (Inovalys, Nantes). The
materials were attacked by nitric acid under higlathor microwave and dissolved into the
mix solution of LIBGQ and LpB4O;. The major elements were quantified by Atomic
Absorption Spectroscopy.

+ Calcareous (Limestone) contents

The calcareous (limestone) content measurements algo carried out by IDAC (Inovalys,
Nantes).

1.2. Process design: filtration reactors

The process of filtration reactors is composedhoéd parts: mixing and feeding, main
pilot and evacuation. An overall view of the pilstsimplified in Figure 2.2:

Stockage tank
+ Agitator

Effluent sampling

Figure 2.2: Simplified overall view of the experintel pilot
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+ Feeding tank

Due to the distance of septic effluent sampling,dihe feeding tank was also served as a
mixed storage tank. This tank had a capacity of Wiich insures one week of feeding. The
septic effluent was renewed once a week and tHewas continuously mixed. The feeding

water was pumped by a peristaltic pump.
+«+ Filtration pilot and cylinder reactors

Four selected packing materials, including two sypériver sands (RS1 and RS2), and two
types of crushed aggregates (CA1 and CA2) have teséed, and their position arrangements
in the reactors are presented in Table 13. Thda ml@omposed by 12 cylinders of three
different heights: 15cm (Reactors 1-4), 30cm (Rmach-8) and 70cm (Reactors 9-12). The
diameter for all the columns was identical: 30cror the reactors of 70cm (9-12), sampling
ports were installed at 5, 10, 15, 30, 45cm. Tleéned ports with half tube were supposed to
serve effluent receptions which were not achievexing the operation, so these ports were
also served for sand sampling. The Figure 2.3 shbespositions of the sampling ports:

Figure 2.3 : Sampling ports positions of 70cm caism
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1.3. Experimental procedure of filtration reactors characterization

1.3.1. Hydraulic characteristics

It is important to know hydraulic characteristidsfiier materials for on-site wastewater
treatment use. The estimations of hydraulic condiigtand water retention capacity are
carried out in this study. Two experimental devieese installed for hydraulic conductivity

and water retention characterization.
1.3.1.1. Estimation of saturate hydraulic conductivity at laboratory scale

The method for saturated hydraulic conductivityedetination is normalized for on-site
soil tests (NF X30-441, AFNOR, 2008). A simplifiedethod for rapid determination at
laboratory scale is proposed by Grant (Liénatdal., 2001). This method allows the
determination of saturated hydraulic conductivity ri/9 through the measurements of the

infiltration time (Grant timetg). The calculation is based on the Darcy’s law:

H In( ——F—+1
_0.0553 S-exp <“TD2epos.exp >

Equation 8: kg
tg texp

With Hs exds the material layer height in experimental caodit{m); Vs exS the water volume

poured in the sand (ngexpis the diameter of sand layer surface (m); aggis the passing

time of this volume of water (s).

The experimental device proposed in this studycmoading to Liénarcket al., (2001). The
sand was fed with clear water several times unéénhsaturated condition (thin constant film
of water on the surface). Then 500mL clear wates paured slowly on the surface and the
passing time of this 500mL water was noted. Thiasneement should be at least repeated for
5 times to obtain an average value. According éoalithors, Grant infiltration time should be
fitted the threshold between 50s and 150s, corretipg toks between 3.7xIband 1.1x18.

The Figure 2.4 shows the experimental conditiorntbisftest:
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Hj.exp=18cm

Drain

Figure 2.4: Experimental device for hydraulic coctiltity determination by Grant method

1.3.1.2. Water retention capacity

Beside the capacity of conducting liquid, grainedtenials also have the capacity of
retaining certain portion of liquid under the etfe€ capillary pressure after the drainage. This
capacity is characterized by two methods proposgdMbhammedi (1998): method of
permanent flow rate, and drainage method. The twthaus provide respectively the access
to the total volume retained in porous media arel thlume retained after the drainage

(stagnant water).
% Method of permanent flow rate

Several columns of 70cm height (material layer hgjgBcm diameter are used in this study.
The column is packed with dried material samplel, #we column is fed with a hydraulic load
of 2cm/min which corresponding to a flow rate ofrildmin. The flow rate at the outlet of
the column is noted as function of the time. WHhea flow rate is stable and constant, the

feeding is stopped.
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+« Drainage method

The flow rate decreases after stopping the feedihg. recording of flow rate is continued
until no water comes out from the column. The Fegar5 shows the principle of the two

methods:
Flow rate Q Permanent
(mL/min) 4 flow rate stage
f_%

collected

Time (min) -

7

Figure 2.5: Schematic figure of water retentior tes

The total water volume is represented by the diffee between the total fed water volume
(flow rate x time obtained constant flow rate, ao¢aectangular) and the collected volume
(area included in the green line in the figure)eTdapacity is expressed either by the ratio
between the M. and the volume of materiaC(%) or between the Ma and the mass of
material C, %). The massive capacity is characterized by teasmrements of humidity
(mass loss at 105°C). The total water involvedhe sand column includes the drainable
water and retained water. The volume of drainecewvist represented by the area under the
curve after stopping the feedingg¥ned-

1.3.2. Reactor characterization

In an unsaturated filtration rector, except thedsphase provided by the filter media,
characterized by the packing materials, the liqplidse and the air phase also present and
both involve in the treatment process. In this gtutie hydrodynamic characteristics and
oxygen gas contents in reactors (or in certaintoegchave been examined.
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1.3.2.1. Hydrodynamic characteristic

The flow characteristics are often represented liy hydrodynamic behavior. The
hydrodynamic behavior impacts the functioning ofltrdtion reactor. The initial
hydrodynamics depends on the intrinsic characiesisbf packing materials, operating
conditions and also the reactor itself. This patamis often characterized by the distribution
of residence time which gives access to the averggiaulic residence time (HRT)of

filtration reactors.
«» Tracer choice

The choice of the tracer should respond to th@faig requirements: 1) detectable of small
guantities; 2) neutrality by bioreactors; 3) no meg for the biomass; 4) no retention in the

biomass.In this study, lithium chloride (LiCl) wased as the tracer.
% Injection

The quantity of tracer injected into the systemsegafrom case to case. For packing material
systems, the tracer quantity injected is supposdmt0.5-1g of L'i per n? material which his
suggested by Maillard (1998). In this study, 1d_lsblution was prepared. 20mL and 30mL
solution were injected respectively for 12cm/dayl &0cm/day loading rate. The reactors
were dosed by 10 batches per day for both loaditesr The tracer was injected with certain
batch.

% Sampling

The effluents were sampled right after the injettiBefore the peak detected, more samplings
were effectuated. After the passing of the peaksdmpling frequency was decreased.

«+ Detection

The detection of Li concentration in effluents waalized by atomic absorption spectroscopy
(SpectrAA 220, VARIAN). The detection limit was beien 0.5 and 8mg Li/L, so the

dilutions were necessary for certain samples.
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+«» Establishment of residence time distribution (RTdDyves and average residence

The establishment of RTD curves is based on thaulaion ofE (t) = C/Gyas function of

timet. The calculation of the function G/@& shown in the following equation:

Ci
Y CijAt

Equation 9: E(t) =

With Ci(mg/L) is the tracer concentration of sampling mattg andAt; is the delay between
two consecutive samplings.

The average hydraulic residence time (H@3 calculated as:

__ 2 CitjAg

Equation 10: tg = ST

1.3.2.2. Estimation of oxygen gas variation

During each batch of feeding water pumping, thegexygas level fluctuates with the
passage of the liquid flow. The estimation of oxyggas variations was effectuated with
70cm reactors at 10cm layers by optical oxygen @e(@XROB10, Pyroscience sensor
technology). The excitation signal was sent atul@elength of 620nm and the emission
signal was 760nm processed at by optical oxygerm{€ire Sting O2, Pyroscience sensor
technology). The data was recorded every 10 secdodag 24h. The detection limit of

oxygen sensor is 0.02%,0
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1.4. Results and discussions

1.4.1. Material characteristics

In this section, the main characteristics of selécfilter materials are discussed,
including granulometric, physic and chemical cheeastics. These characteristics are

intrinsic properties of materials, invariable dgrithe operating.
1.4.1.1. Granulometric characteristics

The size distribution curves of selected mateaaéspresented in Figure 2.6 (river sands)
and Figure 2.7 (crushed aggregates). These cureesompared to the minima and maxima
of French standard DTU 64.1.

The selected materials including two river sandd & crushed aggregates are all in the
proposed range of filtration use according to DHMJ16 From the distribution curves, it
appears that RS1 is relatively fine sand and RS&ig coarse. On contrary, the crushed
aggregates are well graded and heterogeneous @y giesenting both fine and coarse
particles. With the help of size distribution cusyseveral parameters can be defined for each

material. The detailed information of these paramseis provided in Table 2.1.4:
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Figure 2.6: Size distribution curves of river safl@$1 and RS2)
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Figure 2.7: Size distribution curves of crushedraggtes (CA1 and CA2)
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Table 2.1.4: Granulometric characteristics of fileaterials

RS1 RS2 CAl CA2
Material nature Loire river Loire river Crushed Ghed
Effective size 0.38 1.60 0.17 0.44
D1o (Mmm)
Average
diameter B, 0.82 2.26 1.36 1.6
(mm)
Uniformity
coefficient 2.78 1.75 10 5
(Deo/D10)
Fine particles 0.4% 0.5% 5% 2 4%

(<0.08mm)%

+ Diameter and uniformity:

The effective diameter of each sample was detemfiroen the granulometric curves (Figure
2.1; 2.2). The results showed that the river s&&P were coarse sand. Even though the D
of RS2 was in accordance with DTU 64.1, it exceetltedlimits of filtration sand choice
recommended by Liénaret al., (2001) who indicated that the sand of effectivanuter
between 0.2 and 0.4mm conducted practically béitdogical treatments. In this case, RS1,
CAl1 and CA2 are in accordance of this requiremdite CAl presents fine effective

diameter (Qo=0.17mm) but relatively large average diametegf<D36).

The uniformity coefficients show that the grainesthstributions of crushed aggregates (CA1
and CA2) are more heterogeneous than river sasgecrlly CAL. Liénarcet al., (2001)
suggested in their study that an UC inferior of@uld suit better for filtration treatments and
also indicated that crushed aggregates tend toeiegraded in size (9~27). The river sands in
this study show accordingly satisfied uniformityea though RS2 has a better uniformity,
the grains have relatively larger sizes.

% Fine particles content:

Crushed aggregates show higher content of finecpest(size inferior of 0.08mm), especially

CALl. Lienardet al., (2001) indicated that the permeability decreasil thie increase of fine
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particle content and the percentage should notupergr of 2.5% for filtration process.
During the packing, materials are washed and cotegdry water in order to eliminate the

dust or very fine particles, even though they aretotally removed.

From the effective diameters and uniformity coedints, the RS1 and CA2 are more in
accordance to the material recommendations foratittn bed packing and CAl can be
considered as the extreme situation of granulatenmass that their consequences in filtration
process should be fully examined. The results sttew the RS1 is more appropriate for
filtration use. In this study, this material is sttered as the reference material. The crushed
aggregates show great differences in the sizalision, and their consequences of applying

these materials may lead to various functioning.

1.4.1.2. Morphologic characteristics of materials

Several physical parameters were estimated witbréabry methods and several images
of material grains of various sizes are taken mpbular or microscopic capture. The forms
of material grains (circularity and roundness) wstedied by the image analysis through

Software ImagJ. The results are summarized in TAU&:

Table 2.1.5: Photos of material grains of differgiae taken by binocular or microscope

Materials RS1 RS2 CAl CA2

Sample photo
by binocular

0.8-1mm

0.25-0.4mm .'

The images give direct descriptions of materiakipas. Even though the analysis on form

parameters (roundness and circularity) does nowssignificant differences, the sample
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photos indicated that the river sands (RS1 and R&2yenerally round, regular particles and
have smooth edges, even for the smaller parti@esthe contrary, the crushed aggregates
present very irregular, oval or long forms and hawmgular and rough edges. The smaller
particles of crushed aggregates present more iegierns. The differences on particle forms
between two kinds of materials presumably leadifferént arrangements among the grains,
thus may impact the filter functioning or biomassvelopment onto these materials. The

results of physical and morphological parametegssammarized in Table 2.1.6:

Table 2.1.6: Physical and form characteristicsltdrfmaterial (Average value of 5 tests for
physical characterization)

RS1 RS2 CAl CA2
Real density
. 2525 (+42) 2564 (+164) 2438 (£111) 2646 (£51)
(kg/m?)
Bulk density
. 1738 (£9) 1625 (+108) 1576 (£39) 1552 (+61)
(kg/m?)
Porosity  [min,
[30%; 33%)] [37%; 41%)] [38%; 41%)] [38%; 44%)]
max] (%)
Specific surface 4.04 1.18 2.78 2.88
(mkg)

Circularity () 0-849 (0.060)  0.819 (+0.037)  0.824 (+0.088)  0.89M109)

Roundness () 074 (£0.11)  0.76 (£0.10) 0.73 (+0.15) 0.67 (+0.15)

The materials have similar physical properties, tuedreal density and bulk density are in the
range of sandy soil: 2600 and 1600kd/Hillel, 1988). The porosity is an indicator of
relative volume of pore space in the minerals. kéer the fine river sand (RS1), the coarse
sand (RS2) and crushed aggregates (CA1 and CA2 slaghtly higher porosity, but the
porosities of four materials are all in the randesandy soil: 30-60% (Hillel, 1988). The
physical characterization can only provide basid lmwse information that indicate that river
sands and crushed aggregates physically showedigmificant differences except the
roundness. The image analysis shows the crushedgaigs are more angular, less spherical
(less roundness and circularity) and is in agree¢meth previous studies (Wanket al.,
2005; Chcet al, 2009).
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1.4.1.3. Chemical and mineralogical characteristics

The river sands are considered as inert matenmaldtseir chemical characteristics do not
impact the filter functioning. The crushed aggregatas exploited from rocks are also
chemically stable. Authors have indicated that lcegsaggregates show slightly difference in
mineral composition (Wanket al.,2005).

The mineral compositions can affect the surfacepgnies of the materials, such as the
cations associated onto the grain surface. The iclaéproperties are particularly concerned
in the study of the materials for wastewater treatts because the interactions taken place at
liquid/solid interfaces may influence the adhesadrbacteria and the abatements of certain
pollutants. The mineral compositions of filter mé&s are presented in Table 2.1.7; four
cationic elements released by contacting with pitra water at pH=7 are summarized in
Table 2.1.8.

Table 2.1.7: Mineral compositions and calcareonsegtone: CaCg) contents of filter

materials
mg/kg RS1 RS2 CA1l CA2
Ca <5 <5 795 7002
Mg 74 17 1535 11022
Na <5 <5 295 537
K 1370 139 2356 4323
Fe <1000 <1000 5576 32978
Al 17075 1507 38800 59383
Si 431166 460834 391779 256906
RS1 RS2 CAl CA2
CaCQ (%) <0.5 <0.5 1.3 1.7

Table 2.1.8: Released cations in water from therfihaterials

RS1 RS2 CAl CA2
Ca (mg/kg) 4.30 2.28 10.43 28.72
Mg (mg/kg) 0.52 0.33 1.37 3.64
Na (mg/kg) 0.98 0.97 6.91 4.61
K (mg/kg) 1.47 0.78 7.53 4.63
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The results show that both river sands and crualggdegates are silicon based materials but
crushed aggregates are more heterogeneous in mmaoengositions due to the origins of
materials. The two river sands present similar casitpns since both materials are exploited
from Loire River. The crushed aggregates are sandsbrigins (CAl: Feldspathic sandstone
and CA2: Precambrian sandstone). According to Mieb(l1963) the feldspars are often pink
to red in color, calcite or quartz based and angimaorms and tend to weather to clay
minerals under humid conditions but depend on thapoditional environment; Pettijohn
(1987) has also pointed out that the feldsparsremes alkaline and present higher contents of
Na, K and Ca. The material CAl in this study camdmognized in several characteristics of
feldspars. The release cations which were in aerme with grain compositions showed
higher released Ca and Na with crushed aggregdiesse elements are susceptible
contributing some anions precipitation (ex: phosghd he presence of metal elements at the
surface of feldspars is also associated with tbgides (-O) or hydroxides (-OH) which

contributes as well as the precipitation of someran

1.4.2. Reactors characteristics
1.4.2.1. Hydraulic characteristics

The water movement characteristics in a filter medare one of the important properties
in filtration beds, which basically depend on tlieef materials. The filter material has the
capacity of conducting the liquid phase flowingatilgh the media known as the hydraulic
conductivity, which can be estimated trough theltnation test by measuring the time of
infiltration. The filter material also has the cajig of retaining the liquid in the media and
the liquid phase attached to the grain surfaceelgosr firmly bounded. This capacity is
estimated by the water retention test. The resfland infiltration time ) and estimated
saturated hydraulic conductivitKy are presented in Table 3.6. The results of capadi
water retention: volumic capacitff) and massive capacitf) are summarized in Table
2.1.9.
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Table 2.1.9: Infiltration time and estimated hydi@aonductivity at saturation and water
retention capacities of filter materials

Hydraulic

o RS1 RS2 CAl CA2
characteristics
ts (S) 62 20 170 67
Kg(m/s) 8.95x10 2.77x10° 3.25x1(' 8.25x10"
Water retention
_ RS1 RS2 CAl CA2
capacity
Cv (%) 14.6% 2.1% 20.0% 15.5%
Cm (%) 8.4% 1.3% 12.7% 10.0%

The coarse river sand (RS2) shows the highest bldreonductivity and also the lowest
water retention capacity. The crushed aggregatecedly CAl shows relatively low
hydraulic conductivity which suggests that the flesvrelayed in this material due to the
differences in size and shape of particles. Auttange indicated that the estimated hydraulic
conductivity should be ranged between 1.1%Hnhd 3.7x1d for filtration use. The water

retention capacity also shows that CA1 holds matemnand retains within the medium.

From the above, the differences in materials istcirtharacteristics are not only observed in
size distributions, but also in forms and miner@hgpositions which indicate the problematic
of altering filter materials from sands to crushegregates. The consequences of applying

filtration reactors based on these materials cafrbmatic.

1.4.2.2. Hydrodynamic behaviors

The hydrodynamic behaviors in filtration reactors ane of the most important parameters
that govern the purification process the develognoérbiomass. The reactors of 70cm and
30cm are the main reactors in this study and tle ftharacteristics are studied as
hydrodynamic behavior by the distribution of hydrauesidence time. The average HRT of

each reactor are summarized and the oxygen gagigarin Table 2.1.10.
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Table 2.1.10: Average HRT in 30cm and 70cm reactors

Average HRT

(hour) RS1 RS2 CAl CA2
12cm/day, 30cm 23 8 32 20
12cm/day, 70cm 35 - 93 -
20cm/day, 70cm 12 - 48 -

Oxygen gas
variation [11; 20]% - [19.2; 19.8]% -

(oxy% in air)

The hydrodynamic behavior of a filtration reactsr not only affected by the packing
materials, but also the operational parameters thadreactor size. The results of 30cm
reactors at 12cm/day show in the accordance wihhydraulic conductivities and water
retention capacities of the filter materials. Thearse river sand (RS2) which is very
permeable material shows low water residence tipg@r water retention capacity and
suggests that the solutes stay relatively shartex in this material. As the contrary, the CAl
presents higher average HRT value, which suggkstexistence of the solute exchange or
interaction between the liquid phase and the nateAs observed with granulometric
analysis, this material contains more fine parsicesen though the washing took place during
the packing, some smaller or fine particles stdlysn the system. Authors also suggested that
the crushed aggregates with very angular, irrequdaticle shapes tend to form more tortuous
flow paths and make the paths longer than in rognthoth materials (Wanket al., 2005).
The 70cm reactors show much higher HRT volume inLCPhe HRT values decrease in
70cm reactors with higher hydraulic loading (20cay)dfor both RS1 and CAL. The oxygen
gas sensor were applied one time for the two nadgeaind the oxygen gas variations showed
that in RS1, there was saturated/unsaturated plthsesy the batch inlet, but in CA1, no

alternations of phase have been found and alwayssaturated conditions.
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Conclusion:

A partir de cette étude comparative des caradguiess propres des matériaux et des
réacteurs, les agrégats concasses se différescgatt des sables roulés par leur distribution
de tailles de grains. D’autres parametres peuveehtéellement influencer les propriétés
hydrauliques et hydrodynamiques des réacteurs.

Les différences en répartition des tailles entsedeux types des matériaux sont provoquées
par la nature de la source du matériel et la praeede I'exploitation et de la production en
carrieres. Les agrégats issus du concassage dehl@ massive montrent une distribution des
tailles hétérogenes (Coefficient d'uniformité, CU<3 pour les sables roulés). lls possedent
également des particules fines du diameétre <0,08uoirsont induites par des broyages entre
des grains pendant le concassage et le transpoesfe>2%). Par contre, les sables issus de
I’érosion en rivieres, montrent une stabilité stuwelle (Fines%<0,5%). Des différences sont
également observées sur la forme des grains. Liégatg concassés présentent des formes
anguleuses, allongées et irréguliéres. L'’hétéragedés grains en taille et en forme est donc
liée a la source des matériaux. Les sables rouemaméme origine (La Loire) et a base de
silice. Les agrégats de roche présentent difféseatenpositions, ils sont notamment plus

riche en Ca, Fe, Al...

Par conséquence, I'hydrauliqgue du milieu se difféespour les types des matériaux. La
présence de particules fines, surtout pour CAduitnune conductivité hydraulique plus
faible que d’autres matériaux, et en méme temps,rétention en eau plus importante : le
profil de la répartition de I'eau sur la longueuwr I montre des différences de répartition de

la phase liquide :
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Figure 2.8: profil de répartition de I'eau retenue

L’eau retenue par le filtre représente de 'eaullzae et pour une faible proportion de I'eau
de structure. Les agrégats de roche peuvent agsipdrosités internes différentes de celles
des sables de riviéres. Les formes anguleuses pieéagalement provoquer un arrangement
différent que les sables qui possedent des fornles peguliéeres et donc créer des
empilements moins régulier et une tortuosité dsuférieure. Ces différences entrainent une
hydrodynamique différente dans les réacteurs giagticulier des écarts dans les temps de
séjour. L’hydrodynamique va influencer le renoueelent et la répartition du substrat, qui

finalement impactera I'implantation et I'évolutiole la biomasse.

Pour mettre en évidence d’éventuels impacts datiar® des matériaux de garnissage, un
suivi des efficacités épuratoires vis-a-vis du oadbde I'azote et du phosphore est ensuite

propose.
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Chapter 2: Study of purification efficiencies withdifferent filter materials

Introduction:

Le chapitre précédent a permis de mettre en éwdedes comportements
hydrodynamiques différents en fonction du type ddémaux (deux sables de riviere et deux
agrégats concassés, nous avions choisi d’obserwmpact des matériaux sur le
fonctionnement du procédé sur une durée suffisarhrmgue pour étre dans un état
stationnaire apparent (360 jours). Les parametresums seront classiquement les MES, C,
N et P.

L’efficacité épuratoire donnera une vision globale l'impact des matériaux puisque

plusieurs acteurs interviennent dans la dépollutiemrmatériau et la biomasse.

- Les caractéristiques morphologiques des matériamx au moment de la mise en
place du procéde :
I. via leur arrangement dans le réacteur, directemeesponsables de la
rétention des particules solides de I'effluent
ii. via leur surface spécifigue, susceptibles de pdrmetine colonisation
différente du réacteur
- L’hydrodynamique influencera en particulier la meseplace du biofilm par rapport a
son acces au substrat alors que la nature chimiguenatériau est susceptible
d’influencer 'adhésion et le développement du imof mais aussi une précipitation
eventuelle des phosphates (Zawmital., 1998; Robertson, 2003).

Par ailleurs, I'impact sur la biomasse sera ab@atéune estimation de la flore autotrophe

nitrifiante et hétérotrophe a différentes hautelurséacteur.

Afin d’approfondir les comparaisons d’efficacité adattement, différentes conditions

opératoire sont mises en place :

- Différentes hauteur de réacteur : 15, 30 et 7030néfant la hauteur relative a I'étude
du suivi des abattements sur 'ensemble de la géri@s 360 jours)
- Différentes charges hydraulique pour le réacteur7decm de hauteur : 12 et 20

cm/jour.
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2.1 Experimental procedures of purification efficiencies analysis

The feeding water and treated effluent characteoizavas carried out every 2 weeks in
order to follow the filters purification performascBoth feeding water and treated effluents

were sampled and stored at 4°C.
2.1.1. Feeding water distribution, treated effluent samplhg and dosing schedule
% Feeding water distribution and treated effluent @ation

The feeding water was spread by the distributiak,divhich was punched of 15 holes. The
homogeneous distribution is difficult to achieveheTevacuation of treated effluents was
achieved by the 3 way valves which provided theessdo the effluent sampling tanks and to

the drainage.
% Dosing planning

The program of pilot feeding: openness and cloggeabtaltic pump and electric valves were
controlled by computer, so these parameters coelldltered or deposited. Filtration reactors
were supplied discontinuously by batches with segffluent in order to keep the unsaturated
conditions. The hydraulic charge described by thekhess of effluent above material layer
per day (charge: 12cm/day or 20cm/day corresponding.5L/day or 14L/day) were

fractionated by 10 batches at each column duringd@#s. The Table 2.2.1 summarizes the

dosing planning throughout the operation stage:
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Table 2.2.1: Hydraulic loading, packing materiaisl éeed-rest frequencies

Reactor Number in| Hydraulic loading Packing materials Dosing frequency
Figure 2.2 (cm/day) (batches/day)
1 12 RS1 10
2 12 RS2 10
3 12 CAl 10
4 12 CA2 10
5 12 RS1 10
6 12 RS2 10
7 12 CAl 10
8 12 CA2 10
9 12 RS1 10
10 20 RS1 10
11 12 CAl 10
12 20 CAl 10

2.1.2. Physico-chemical parameters analysis

The purification by sand filtration mainly concerriee treatments of particulate
pollutants, organic carbon pollutants, nitrogenlygahts and phosphorous pollutants. The
treatment efficiency is calculated as:

Co — G

A% = X 100%

The tested parameters and their methods are peelsentable 2.2.2:
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Table 2.2.2: Analytic methods of physico-chemicaigmeters of feeding water and treated

effluents
Physico-chemical parameters Method Testing range
pH Multimeter 1-14
Conductivity (uS/cm) Multimeter
COD (mgOl/L) Merck COD Vials Kit 150-1500mgO/L; 16amgO/L
Niotar (MGN/L) Merck Total N Vials Kit 10-150mgN/L
NH," (mgN/L) Merck Ammonium 100 Tests 2.6-19.3 mgMH
NO;z (mgN/L) Merck Nitrate 200 Tests 0.4-110.7mg NO
PO (mgP/L) Merck Phosphate 100 Tests 1-100mgP/L

Table 2.2.3: Septic effluent characteristics dutorgy-term monitoring

Reactor height : Materials
River sands Crushed aggregates
15cm RS1 CAl
30cm RS1 RS2 CAl CA2
70cm RS1 RS1 CAl CAl
Dosing conditions 12cm/day or 20cm/.day fractioddig 10 batches/day
Septic effluent characteristics (Average value [amd, max])
Parameters Average value [min; max]
pH (5 tests) 7.1 [6.6; 7.5]
TSS (mg/L, 18 tests) 39 (+11) [20; 66]
VSS (mg/L, 1 test) 23 -
COD (mgOlL, 18 tests) 372 (x100) [231; 572]
Tot-N (mgN/L) 81 [58; 95]
NH," (mgN/L, 22 tests) 46 (x21) [20;77]
NO; (mgN/L, 22 tests) <2.3 [0; 2.3]
PO (mgP/L, 14 tests) 9 [7.2;12.7]
Revivifiable aerobic flora* 5.1x10 [9.5x1d; 1.1x10]

(37°C) (CFU*/100mL)

*Revivifiable aerobic flora (NF EN ISO 6222); *CF@olony Forming Unit
2.1.3. Feeding water origin and characteristics

The packed reactors were fed with septic effluantng) the long-term monitoring. The
wastewater collected from La Chapelle sur Erdrem(@om Nantes, 33.42kim 17 709
habitants) was pretreated in three septic tank® fdays in order to separate the liquid/solid
phase. The settled sludge is rested over 2 yehespiietreated effluent from 3 septic tanks is
called septic effluent and collected from a decab&fore pumped to the reactors. The main

characteristics of septic effluent are presentethlrie 2.2.3.
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2.1.4. Cells extraction and assessment

s Sampling

The cells have been extracted from material samguesrevivifiable aerobic heterotrophic

flora and autotrophic flora (nitrifying bacteriagunts were carried out based on the culture of
harvested cells. Due to the coarseness of rivedl 8a(RS2), this test was only carried out
with three other materials from 3 layers of reagt@~5cm, 10~15cm and 30cm. The fresh

materials were sampled and processed as soon siblpos
s Cell extraction

10g of sample was washed with 100mL of 9% NacCltsmiuand the washed and the cells
were extracted by sonication (sonication bath, 6%Va5 min at 4°C). The samples received
same ultrasound energy by putting in concentricleiwith same separated space from the
bath wall (Bigois, 1985; Lakel, 1998).

% Assessment

The extracted cell suspend was diluted with 9% Na&Glution and inoculated to

corresponding culture mediums.

- The revivifiable aerobic flora (heterotrophic) wagltured on solid medium of plate
count agar (PCA). 1mL of cell suspension was seeHbeel incubation was effectuated
at 30°C during 3 days.

- The procedure of nitrifying autotrophic flora asseent was adapted from the work of
Aragno (1974). The liquid mineral medium enricheithvammonium ions was used
and the composition is summarized in Table 2.2.2mQ of cell suspension was
seeded in 1.8mL microplate. After 3 days of incidratat 30°C, the presence of
nitrites was recovered by adding sulfuric acid afgha-naphtylamine (reagent Nit 1
and Nit 2 of analytical profile index: API20E) ime&h cupule. In case of the absence
of nitrites, zinc powder was added in order to vecahe nitrates. Five copies were

effectuated for each dilution.
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Table 2.2.4: Liquid medium additives for aerobitadrophic flora count (MPN*)

Additives Concentration (g/L)
Liquid medium Mineral water Contrex® (1L)
NH,CI 1
FeSQ 0.005
KHCO; 0.1
NaHPO, 0.1
NaOH pH 7.2

*MPN: most probable number
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2.2 (Article 1) Evolution of purification efficiencies of different filter materials and
impact of filtration packing height and hydraulic | oading

Chen WANG" ? Abdel LAKEL !, Isabelle BOURVEN, Michel BAUDU? and Christophe
DAGOT?

Centre Scientifique et Technique du Batiment, 1ie Renri Picherit, 44323, Nantes, Pays de la Loire,
France

Groupement de Recherche Eau, Sol et Environnen@RESE), 123, av Albert Thomas 87060,
Limoges, Limousin, France

Abstract

Due to the overexploitation of alluvial depositiser sands are in short supply in some areas
and crushed aggregate is now being considered der as a filter material in on-site
wastewater treatment systems. This work comparepthification efficiencies of two river
sands (RS1, RS2) and two crushed aggregates (CGAQ), &3ing filtration reactors measuring
30cm in diameter and 30cm high over a 360-day diper&ycle. Thetotal suspended solids
(TSS) and organic removals display similar remaates (TSS: 85~95%; COD: 70~90%),
except for the coarse river sand (TSS, COD < 70Bkg results regarding ammoniumion
removals prove to be satisfactory with fine mater{&l-NH,: >90%). On the other hand, total
nitrogen and phosphate removals are limited (Tot20%; P-P@ 33~55%) with all
materials. By means of comparison, pollutant rerteowuaainly depend on the filter material
grain size. The higher total nitrogen removal r&t89%) is achieved by increasing the
filtration bed height with fine river sand (70-cnSR, 30-cm diameter), yet no rate increase is
found with crushed aggregate (CAL: 22%). A highgirhulic load reduces the total nitrogen
removal; moreover, less stable efficiencies arécadtwith TSS and organic removals. This
process shows that with a deep filtration bed paakith river sand (effective size: 0.38mm)
under a low hydraulic load, improved TSS, orgaeimovals and total nitrogen removals are
all achieved and remain stable over time. In cattrerushed aggregate exhibits a better rate

of P-PQ removal.

Keywords: packed bioreactor, filtration, purification, riveand, crushed aggregate, biomass.

(Soumis le 6 Novembre 2015 a Journal of the Taiwatitute of Chemical Engineers:
JTICE-D-15-0153)
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1. Introduction

Domestic wastewater is produced on a per-dwelliagid) in combining sewage from
toilet waste with washing machine and kitchen waater (Reneau etl., 1989; Almeida et
al., 1999); the characteristics of this untreated efftuare similar to those of municipal
wastewater (Raunkjeer at, 1994; Crites and Tchobanoglous, 1998; PalmquidtHanaeus,
2005). In rural France, this flow rate can be as &s 180 liters / inhabitant/day. On-Site
Wastewater Treatment (OWTS) plants typically cosgria septic tank for primary
wastewater treatment and infiltration/filtrationsgyms (featuring soil infiltration or sand

filtration) for secondary treatment. In France,m#flion residents rely on such plants.

The septic tank enables solid/grease/liquid sejparaand settling, in addition to the
liquefaction of solids, digestion of certain orgamhatter and transformation of organic
nitrogen into ammonium (Reneauadt, 1989). The digestion and transformation of palhis
are often incomplete, leaving high concentratidilsdetectable in treated effluent, known as
septic effluent, which is considered to be a sowfcgroundwater contamination and water
resources eutrophication in the presence of phesphand nitrogenous pollutants and
microorganisms (Yates, 1985; Withersatt 2011). This septic effluent is spread over soil
absorption fields or sand filtration systems flogvimder unsaturated conditions. This process
takes place in the presence of air and water atiisscapable of efficiently removing carbon,

nitrogen and suspended solids.

Secondary treatments are often applied with onssiteabsorption fields. Soil conditions
however are sometimes unsuitable for wastewatatnent, hence the necessity of soil
reconstruction with other packing materials, witle imost widely used filter medium being
natural sands from alluvial deposits, such as rsaerds. These packing materials must be
carefully chosen in order to meet long-term oparatiequirements and modify purification
behavior. Grain size distribution is the most intpot characteristic for a porous medium.
French and American authorities have imposed tmatparticle size distribution of a filter
medium meets the following requirements: an effectliameter (k) of between 0.2and
2mm, and a uniformity coefficient ggD1o) of between 3 and 6 (French Standard DTU 64.1;
USEPA, 2002).Some authors have also suggested eowaar range of b (i.e.

0.2mm<D0<0.4mm) so as to ensure an effective purificatimtess (Liénard &tl., 2001).
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The drained single-pass sand filters with discarttus feeding are often encountered due
to the simplicity of the process involved. The distnuous feed keeps the filter medium
unsaturated and aerated in addition to facilitatiagpbic bacterial growth; consequently, sand
filters can be considered as aerobic fixed-biomeastors (Kristiansen, 1981a). The biomass
developed inside the filter medium contributes wrification performance through the
degradation of organic matter consumed by hetgsbicobacteria. The particulate organic
matter is retained by the filter medium and thedargoes hydrolysis (Rodgersadt, 2005).
Larger particulate suspended solids are mechayieatioved by straining, while the removal
of smaller particles involves interception and agson (McDowell-Boyer etl., 1986). The
transformation of ammonium nitrogen into nitratesachieved by autotrophic bacteria from
the Nitrobacteriaceadamily (Rodgers eal., 2005). A number of authors have indicated that
nitrification can be easily obtained in an unsatotiaenvironment within the granular filter
medium; moreoverNitrobacteriaceaehas been found between the surface and a depth of
12cm (Ardakani eal., 1974). Nitrification often results in the hightnaite contents of treated
effluent and a low total nitrogen removal rate daea slight denitrification under aerobic
conditions (Van Cuyk edl., 2001). Low removal efficiencies of phosphorusliytahts (85%
orthophosphates and other compounds in organic)fame prevalent with adsorption and
precipitation. The adsorption of ROis mainly correlated with the type of filter mas#s and
enhanced by a greater content of clay, lime and &od aluminum hydroxides in the
materials along with a basic pH environment. Pi&aipn is correlated with the ionic
composition of the effluent being treated: the pree of F&, AI**, C&promote the
precipitation of P@ (Zanini et al., 1998; Robertson, 2003). The elimination of
microorganisms involves various mechanisms reltaietie cell size and activities, including
straining, adsorption and predation, plus the preseof an air-water interface under
unsaturated conditions (Stevikat, 2004; Chabaud &il., 2006). The purification process is
influenced by both environmental and operationalditions, such as: temperature, packing
material characteristics, hydraulic loading, orgdoading, and dosing frequencies (Ellis and
Aydin, 1995; Rodgers atl., 2005; Gill etal., 2009)

Due to overexploitation, river sands are less ab#gl in some areas. Other materials are
substituted for use as packing materials, e.g.hedisggregate resulting from the quarrying
of massive rocks is considered as a potentialliablé material. Some studies have shown
that crushed aggregate offers a very broad sizeldison with angular, irregular particle
shapes (Liénard ei., 2001; Cho eal., 2006). In introducing a synthetic septic efflyesome
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authors have indicated that removal efficienciesofganic and suspended solids appear to be
similar for two different kinds of materials. Thitudy however focused on short-term
colonization between river sands and crushed agtgethrough drawing experimental
comparisons, while more long-term filter operatdaga were excluded (Wankoat, 2005).

It was conducted using actual septic effluent ideorto examine the impact of the various

packing materials on filter operations, and esplgata purification efficiency.

2. Materials and methods

2.1. Pilot batch experiment

The batch experiment was carried out on a laboratoale pilot equipped with 12
columns 30cm in diameter and 3 different heights: 30, and 70 cm. The feed water was
stored in a mixed storage tank and replenishedtadary 7 to 10 days. Figure.l provides an
overview of the pilot set-up. The feeding water wpsead by the distribution disk perforated

with 15 holes. These experiments were conductedciontrolled environment at 20 £ 2°C.

Stockage tank
+ Agitator

NN ———

"I Distributi

Effluent sampling

Fig.1 : Overview of the pilot batch experiment dlaoratory scale

The columns were supplied discontinuously by batcbe septic effluent in order to
maintain the unsaturated conditions. The hydraldading was set at 12cm/day for all

reactors, except for columns 10 and 12, which weteat 20 cm/day.

Two natural materials (river sands RS1 and RS2)temedcrushed aggregates (CA1l and
CA2) were tested. The filter materials were analybefore column packing since the river
sands and two crushed aggregates were of a diffgfee and underwent a different treatment

process in the quarries. All four aggregates wéandisd and compared in terms of particle
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size distribution, mineralogical, physical and hodiynamic characteristics. Hydraulic
conductivities were estimated by infiltration tessing the columns with an 8-cm diameter
and 20-cm height (Liénard eal., 2001). The hydraulic residence time (HRT) was
characterized in the 30- and 70-cmreactors by mehmstantly injecting inert tracer lithium
chloride (LIiCl, 1g Li/l) and monitoring Li concemttion in the treated effluents. Li was
analyzed using Atomic Absorption Spectroscopy (8p&c220, VARIAN).

Pictures of the sand samples were processed bylI®aftyvare. After an 8-bit and binary
conversion, the picture scale was set and thecpainalyses performed with a dedicated
plugin. The filter was introduced with limitatiorsf both size (0.1-4 mm) and circularity

(>0.75) to ensure effective particle isolation. Tparameters were determined:
Circularity = 4tx (Area) / (Perimetef)
Roundness = 4x (Area)t (Major axis}.

Packing material characteristics are shown in Tablevhile reactor configurations and

feeding conditions are described in Table 2.

Table 1 Packing material characteristics

, , Crushed Crushed
Filter material R'V(eF;SSf)nd 1 R'V(ngSS'%nd 2 Aggregate 1 Aggregate 2
(CAl1) (CA2)
PR L4 .. e°® o \‘"‘,’ ’ ‘. ‘,‘ i
z’.:.' .'.". ) s L. N P :‘. ... !'- .
Photograph | "* '} MEN . a
grap .;:.’,&b' ‘.' " .o.'. .,’ T N ) 0‘
] .-. . @ R ' e ' d » 4 »
Effective size [o 0.38 1.60 0.17 0.44
(mm)
Average diameter 0.82 2.26 1.36 1.6
Dm (mm)
Uniformity 2.78 1.75 10 5
coefficient (3o/D1g)
Circularity 0.849 (+0.060) 0.819 (x0.037) 0.824 (+0.088) 0.8am109)
Roundness 0.74 (x0.11) 0.76 (x0.10) 0.73 (x0.15) 0.67 (x0.15)
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Porosity [min, max]|  [30%, 33%] [37%, 41%)] [38%, 41%] [38%, 44%)]
Specific surface
(m?kg) 4.04 1.18 2.78 2.88
Estimated hydraulig (g 25-9.53)x1¢ ; [2.79~2.88]x1d  [7.49~9.73]x1d

conductivity (m/s)

Mineralogical characteristics (mg/kg materials)

Ca <5 <5 795 7002
Mg 74 17 1535 11022
Na <5 <5 295 537

K 1370 139 2356 4323
Fe <1000 <1000 5576 32978
Al 17075 1507 38800 59383
Si 431166 460834 391779 256906

Table 2 Reactors and feeding conditions

Rea\_ctor_ number Average Material ngijailggc re;é/(;rna::uehft:ime Variation in Q
in Fig.1 height (cm) (cmiday) (HRT, hour) gas
1 15 RS1 12 - -
2 15 RS2 12 - -
3 15 CAl 12 - -
4 15 CA2 12 - -
5 30 RS1 12 23 -
6 30 RS2 12 8 -
7 30 CAl 12 32 -
8 30 CA2 12 20 -
9 70 RS1 12 35 [11, 20]%
10 70 RS1 20 12 -
11 70 CAl 12 93 [19.2, 19.8]%
12 70 CAl 20 48 -

2.2. Characterization of feed water and treated effluent

The feed water was collected from the septic efflusettling tank. The main
characteristics were monitored throughout the dpergeriod. The average values of each
characteristic are listed in Table 2. The treatfidents from 12 columns were characterized
by physico-chemical analysis along with MetcRhotometric tests for chemical oxygen
demand (COD), total nitrogen (Tot-N), ammonium @) nitrates (N@) and
orthophosphates (R€). Suspended solids were measured by weight Idss héating at
105°C for 24h. All feed water characteristics armmarized in Table 3.
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Table 3 Feed water (septic effluent) characteristics

Parameter Average value [min; max]
pH (5 tests) 7.1 [6.6; 7.5]
TSS (mg/l, 18 tests) 39 (x11) [20; 66]
VSS (mg/l, 1 test) 23 -
COD (mgOl/l, 18 tests) 372 (x100) [231; 572]
Tot-N (mgN/I) 81 [58; 95]
NH;" (mgN/l, 22 tests) 46 (£21) [20;77]
NOs (mgN/l, 22 tests) <2.3 [0; 2.3]
PO, (mgP/l, 14 tests) 9 [7.2;12.7]
Revivifiable aerobic flora 5.1x10 [9.5x10; 1.1x10]

(37°C) (CFU*/100mL)

* CFU=Colony Forming Unit

The total organic matter attached to the variouterads was quantified as volatile dry
weight (VDW), with the weight loss of sampled mé&ikxr being measured by incineration
between 105° and 550°C (Rolland at, 2009). The total organic distribution across the
depths of the four materials was evaluated at tigkeog the second study period.

The revivifiable aerobic heterotrophic and autolviopflora were extracted from the three
different layers in river sand 1 and crushed agagpegy1 and 2 at the end of the first period. A
20-g mass of colonized materials was sampled frefbc, 10~15cm and 30cm. These
materials were then washed with 100ml of a 9% Nadllition, and 10 g of washed sample
were extracted using a 20-ml phosphate tampon (@&tlpH=8)by sonication for 15min. The
suspended slurry was diluted and inoculated withient agar for aerobic heterotrophic flora.
The nitrifying bacteria were also assessed by araldiquid medium containing ammonium
ions. After 3 days of incubation at 30°C, the pneseof nitrites was showed by adding
sulfuric acid and alpha-naphtylamine (reagent Ni&rd Nit 2 of analytical profile index:
API20E) in each cupule. In case of the absencetwtess, zinc powder was added in order to

recover the nitrates. Five copies were effectutdedach dilution.

3. Results and discussion

While practicing on-site sanitation, the packedrdiion bed must contain appropriate
material with a bed height of at least 70cm in ortdeensure the long-term performance of
the installation. As an initial step, the purificat performance was compared by running the
filtration reactors with a 30-cm diameter and 30-tmckness on four different packing
materials (river sands RS1 and RS2, and crusheegapgs CA1 and CA2). The upper 30-cm
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filter medium is the more active part in a vertiGéiration bed; also, the impact of various
materials on treatment efficiencies is more sigaift over the upper part of the filter.
Operational parameters were modified on two sedegtaterials for subsequent comparisons;
these parameters were: bed thickness and hydiaatiing. The purification efficiencies with
four different filter materials were monitored iarins of particulate matter (TSS), organic
matter (COD), nitrogenous pollutants (ammoniumiaés and total nitrogen) and phosphate

pollutants.

3.1. Treatment efficiencies of the filtration process wh various filter materials and
under different operating conditions

The filtration reactors with a 30-cm active layesrey packed with four different materials
(river sands RS1 and RS2, crushed aggregates GACAR) and fed with feeding water at a

rate of 12 cm/day. Results obtained during 360 d@éygperations are presented in Figure 2.

The TSS removals (Fig. 2a) showed similar and featisry efficiency rates with the fine
river sand (RS1) and both crushed aggregates (QW1GA2) after 60 days of operations.
RS1 demonstrated quick and effective removalseab#ginning of the process. On the other
hand, the coarse river sand (RS2) yielded lower lagd stable TSS removals throughout
operations, typically below 80%. COD removals befthsimilarly to TSS. The coarse river
sand (RS2) was rated at the lowest efficiency (<78%25mgO/l) throughout the operating
period, while the fine river sand (RS1) and crushgdregate 1 (CAl) exhibited a similar
removal rate (85%, 60mgO/l) after running for 12(/sl(Fig. 2b). Compared to RS1, the two
crushed aggregates took longer (100 days for CA80, days for CA2) to reach a similar
efficiency level. While an increase in removals dan noticed in RS2, this material still

produced the lowest and least stable organic relsiova
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The nitrogenous pollutants in feeding water wermitated by organic and ammonium
nitrogen; nitrate traces could be neglected. Ascatdd in the TSS and organic removals,
RS1 and CAl also showed a similar rate of satisfgatfficiency recordings in ammonium
removals after 100 days, with RS1 displaying eatbilization (Fig. 2c). The removals in
CAZ2 indicated slightly less stability. Meanwhilbgtremovals with coarse sand RS2 tended to
be less than 80%. The increases in nitrate coratenirwere observed in all treated effluents
(Fig. 2d). The conversion of nitrogen forms indec#tat the activities of nitrifying bacteria
and nitrification taking place had been graduafyimized in the given environment (Pell and
Nyberg, 1989c; Van Cuyk etl., 2001; Rodgers «l., 2005). The ammonium and nitrate
results suggest significant nitrification in RSHaDA1 and relatively less nitrification in CA2
(after 180 days), as well as an incomplete nitifmn with RS2. The increases in nitrate
concentration led to poor or even decreased tatedgen removals (Fig. 2e) due to, N
stripping after denitrification; however, denitdgéition remained limited due to the lack of an
available carbon source and conditions favoringicgdn following nitrification (Van Cuyk
et al., 2001). The initially higher Tot-N removal ratesd the non-simultaneity between
ammonium removal and the appearance of nitrategestsjthe possible existence of sorption
or assimilation by fast-growing heterotrophic baeten the unstable systems packed with
fine river sand and crushed aggregate (De Vrieg21dinkle etal., 2008).

Phosphorus pollutants in the feeding water wereidated by phosphates; their removal
rates were typically below 60% (2~9 mgP/l). Fig@feshows that phosphate removals by the
filtration reactors were variable and less effextivThe two crushed aggregates were
responsible for somewhat greater removal at thenhetwy of the process. Removal rates
decreased after about 120 days of operationsndaifi general to below 60%. The low or
decreasing P-removal efficiencies have been obddoyeother authors as the result of an
aerobic or anoxic environment; moreover, phosphaimination requires an anaerobic
condition, which is limited in filtration beds (G&tal., 2009; Torrens «il., 2009), and might
be explained by the depletion of adsorption sitelease by the biomass (Arias et al., 2001;
Vohla etal., 2011).

From the above discussion, RS2 presents an exnaptiase due to the coarseness of this
material. As the reference material, the fine rigand shows predictable and satisfactory
removals in the TSS, organic matter and ammonium.cfushed aggregates, especially CA1,

yield similar purification efficiencies. A furthecomparison of treatment efficiencies is
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needed in order to differentiate the purificaticapacities of RS1 and CAl. The next step
therefore consists of distinguishing between thieremce material (RS1) and the typical
crushed aggregate (CA1) during 360 days with omeral alternations in bed thickness and
hydraulic loading rate (HLR).

3.2. Effect of operating conditions on the crushed agggate filter
The treatment efficiency results for river sand a&ngshed aggregate according to the

various heights and the two hydraulic loads aremsarized in Table 4.

Generally speaking, these results demonstratehdtdr RS1 and CAl-packed reactors, that
reducing bed thickness (from 30 to 15cm) leads lmneer purification efficiency, especially
with respect to organic and ammonium removals. dntrast, the thicker beds improve
efficiency and provide for both satisfactory remisvand better stability due to the longer
HRT (Table 2) (Torrens etl., 2009). With 70-cm filtration reactors, RS1 ledstightly better
efficiencies in organic and ammonium removals,disb to significantly higher total nitrogen
removal rates (39% for RS1 and 22% for CAl). P-resd®) on the other hand, were higher in
crushed aggregate (44% for RS1 and 65% for CA1l).

The other comparison drawn was between HLR of 1@ayts. 20 cm/day with two
selected filter media. Put briefly, increasing HU&] to a decrease in the HRT value,
especially for RS1 (Table 2), and a slight decraasthe efficiency of several parameters
(Table 4): TSS, organic matter, ammonium and taotabgen, specifically at the beginning of
operations. Removal rates gradually rose with dpeyaime, and the bed thickness also
compensated the resistance to hydraulic loadsngivat some authors have indicated that a
higher hydraulic loading significantly reduces arigaremoval efficiency in shallower beds
(38cm) (Rodgers etl., 2005).

From the above discussion, even though RS1 andy@Ad similar purification efficiencies,
differences could still be detected during thet filf80 days, particularly in the total nitrogen
and phosphate removals, which presumably shoulddoeelated with the differences in
material characteristics (Fig.3). Ammonium remaefliciencies presented fluctuations under
higher hydraulic loading, yet both materials seertede resistant enough and removals
generally remained above 90%. The early stabibnstiwere established under the lower
hydraulic loading, notably in the fine river sariRiS1), whereas a longer operating time was
needed for the two materials at a higher loading.thke beginning of operations, both
adsorption and incomplete nitrification were presarthe systems (Wanko at., 2005). The
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higher water flow reduced ammonium adsorption amiteéd the nitrification process (Van
Cuyk etal., 2001; Hedstrom and Rastas Amofah, 2008). Thgacthof hydraulic loading has

been confirmed by nitrate contents as well as totabgen removals in the higher loading

reactors, where denitrification has considerabiyited the reduction of HRT values.

Phosphate removals were not improved under the@maent of unsaturated filter media and

were based mainly on particulate retention and rptism. As mentioned in the previous

section, efficiencies declined for both the two taydic loadings and the two types of

materials.

Table 4 Treatment efficiencies of filtration reactors witho selected materials

(RS1 and CA1) under different operating conditions

NO

Operating conditions TSS% COD% N-Déd : Tot-N% P-PQ%
(mgN/l)
HLR Thickness _
RS1 Average value [min, max]%
(cm/day) (cm)
86 71 69 30 19 33
12 15cm
[60, 91] [58, 84] [6, 95] [6, 55] [8, 28] [11, 55]
94 86 90 40 21 50
12 30cm
[90, 96] [73, 96] [53, 100] [4, 66] [12,39] [29, 61]
97 96 98 29 39 44
12 70cm
[80, 100] [85, 99] [74, 100] [7,57] [21,58] [12, 85]
94 92 94 32 23 57
20 70cm
[75, 100] [81, 98] [67, 100] [5, 47] [7, 46] [16, 85]
HLR Thickness _
CA1 Average value [min, max]%
(cm/day) (cm)
78 64 62 31 11 40
12 15cm
[45, 90] [51, 80] [8, 92] [8, 61] [2, 23] [18, 57]
91 82 85 41 16 54
12 30cm
[84, 100] [66, 91] [39,100] [3, 68] [10,25] [28, 75]
96 94 95 44 22 65
12 70cm
[80, 100] [80, 98] [71, 100] [6, 65] [4, 36] [33, 91]
90 90 91 48 17 66
20 70cm
[65, 98] [81, 98] [63, 100] [9, 65] [6, 29] [47,91]
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3.3.Consequences of different filter materials on filte operations: Biomass distribution
and purification efficiencies
Impact of material characteristics on biomass dlsitions in filtration reactors

With the observations recorded for the variousefilnedia at the end of the study, total
organic contents (expressed as volatile dry weight mgVDW/g material) and the bacterial
flora of extracted cell cultures could be assedsgdore sampling from 3 layers in the
filtration reactors (0~5cm, 10~15cm and 30cm). Doighe poor colonization onto coarse
sand (RS2), cell extractions were not carried oitit whis material. The results of VDW in

four media are presented in Table 5, while the ltesof total heterotrophic flora and

autotrophic (nitrifying) flora are listed in Tabfe

Table 5 Distribution of total organic matter in four matds at 360 days

Layer: VDW
RS1 RS2 CAl CA2
(mg/g aggregate)
0~5cm 12.49 3,69 10.03 8.01
10~15cm 4.10 2,19 4.81 5.21
30cm 2.98 1,63 3.39 3.56
VDW decreasing
76% 56% 66% 56%

from 0~30cm (%)

Total organic contents decreased from the top ldyeughout the bed in all materials studied.
The fine river sand (RS1) showed higher accumuiatit the surface and less organic matter
in the deeper part. The total VDW is highest forlRi& accordance with grain size (see Table
1, average grain diameter of 0.82 mm for RS1, \86 &am for RS2). This fineness results in
the surface retention of particulate matter andstrening of bacterial cells input by the feed
water. In contrast, both crushed aggregate spesimeMealed a slightly higher penetration of
particulates and cells into the beds due to the Iseterogeneity of these materials (Table 1:
uniformity coefficients of 10 and 5 for CA1 and CA2spectively, vs. 3 and 2 for RS1 and
RS2, respectively).

The distribution of heterotrophic bacteria in tiefriver sand appeared to be homogeneous
in the top 15 cm of medium and then decreasedfgigntly in the deeper layer, which is in
agreement with the VDW values. These results indittzat in fine filter media, filtration is a

surface phenomenon active over the top part ofiltlee, hence leading to colonization where
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substrates, bacterial cells and oxygen are relgto@ncentrated compared to the deeper part
(Pell et al., 1990; Ellis and Aydin, 1995). This surface &libon phenomenon is less
pronounced with crushed aggregate (CA1 and CAZpitkea more heterogeneous grain size
even though the top 0~5 cm still show a greateprumbtion of heterotrophic bacteria,
although without any significant decrease from 150on30cm, unlike the fine uniform river

sand.

Table 6 Distributions of heterotrophic and nitrifying baggethroughout the depth of

three materials at 360 days

Heterotrophic flora

_ RS1 CAl CA2
(CFU*/g material)
0-t 4.7x10 4.28x10 2.30x10
~oCcm
[2.5%10; 6.9x10] [2.2x1C; 6.3x10] [1.2x10; 3.4x16]
4.98x10 2.98x10 1.25x16
10~15cm
[2.6x10; 7.3x10] [1.6x1C; 4.4x16] [6.6x10; 1.9x10]
20 5.05x10 2.93x10 1.66x10
cm
[2.7x10; 7.5%10] [1.5x1C; 4.3x16] [8.7x10; 2.4x16]
Nitrifying flora
_ RS1 CAl CA2
(MPN*/g material)
20 130 50
0~5cm
[12; 48] [78; 312] [30; 120]
6.00x10 1.80x16 3.50x16
10~15cm
[3.6x1C; 1.4x1d] [1.1x1C; 4.3x10] [2.1x1C; 8.4x10]
9.00x10 6.00x10
30cm N/A

[5.4x1F; 2.2x16]

[3.6x1C; 1.4x1d]

*CFU=colony forming unit (uncertainty: 95%, variati [min; max])

*MPN=most probable number (uncertainty: [min 40%@x1140%])

The distribution of nitrifying bacteria is less patent at the surface of the three filter media
because the presence of higher substrate congéensramhibits the activities of autotrophic

flora. For the fine river sand (RS1), the nitrifgilacteria are mainly concentrated in the
10~15cmlayer but not in the deeper part (30cm),clwtsuggests that the distribution of
nitrifying bacteria is also influenced by anothectbr, namely oxygen content. The lower
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oxygen gas contents (Table 2) in RS1 during bapsraiions indicates a relatively saturated
environment and the lack of access to oxygen indéeper layer. On the other hand, with a
lower substrate, the nitrifying flora is embeddethtively deeper in crushed aggregate, due to
the size heterogeneity and angularity of crushegremgte; moreover, the porosities are
relatively higher and the media less saturated (@44, Table 2). Some authors have pointed
out that nitrifying bacteria are most active in th@-12 cm below the infiltrative surface
(Ardakani etal., 1974; Bahgat edl., 1999), but with more permeable material nitafion
also occurs between depths of 0.3 and 1m in theume@Pell etal., 1990).

Bacteria influence the treatment efficiencies (tigto the final removal value and stabilization
time, as described above) of soluble pollutantgpeeslly given that heterotrophic
metabolisms remove organic carbon and may cauggifiestion in an anoxic environment

while the nitrification metabolism removes ammoniiams.
Impact of material characteristics on the treatmpeatformance of filtration processes:

Given that packing material characteristics gow&e mechanical retention phenomena and

biomass implementation, they ultimately alter tleatment performance of filtration reactors.

The removal of particulates and organic pollutaigpends to a large extent on the material
grain size. As observed in Figure 2 with RS1 coragdo two crushed aggregates (CAl and
CA2), a medium composed of finer material proviflesearlier stabilization in both TSS
(particulates) and organic (particulates and dieblforms) removals under the action of
mechanical retention by the reactor surface lajDowell-Boyer etal., 1986; Rolland et
al., 2009). Efficiency can also be improved and epbdnwithin relatively coarser media
(CA1 and CA2), with an accumulation of retainedtigatates by reducing pore space and
increasing surface area; the hydrolysis and assion by heterotrophic biomass also play an
important role in organic pollutant reduction (Sisgand Boyle, 1987; Schwager and Boller,
1997; Rodgers «l., 2005). Results from this study indicate thatddilter medium with an
average grain size smaller than 1.6mm (i.e<D.44mm, CA2), 30-cm media are sufficiently
effective for TSS removals (Ellis and Aydin, 19%bana efal., 2012). Crushed aggregate
exerts no significant impact on TSS and organicavats provided an adequate stabilization

time has been allocated (i.e. more than 60 dagpefations).

The highly permeable material (RS2) with a coarse $loes not improve ammonium

elimination (< 75%) due to its poor HRT (Table &jich leads to an incomplete nitrification.
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Aside from the exceptionally coarse sand, RS1 &edtiwvo crushed aggregates reveal no
significant difference in ammonium removal after01@ays of operations. An earlier and
faster ammonium removal by RS1 (over the first 89s)l was due to the assimilation by

bacteria growth, which takes place higher in thel&yer of river sand.

By drawing another comparison between RS1 and CAk WO-cm media, the material

characteristics indicate a significant influencetotal nitrogen removal efficiency. Using the
70-cm reactor packed with RS1, the improved rem@@d6 for RS1, 22% for CAl) is due to

the more extensive denitrification within the fimedium and under a low hydraulic loading.
Relatively saturated conditions (oxygen gas vamgtisee Table 2) when the effluent inlet
arrives and stagnates at the surface of the finram medium (Table 1) are temporarily

created. Moreover, the pore seal caused by an adatiom of particulates and biomass
further improves the appearance of local anoxiaosites and favors denitrification (Gill et

al., 2009). The denitrification condition is fragite a point that increasing HLR serves to
limit denitrification by reducing the correspondiRRT value (23% for RS1 at 20cm/day and
39% for RS1 at 12cm/day).

Unlike with organic and nitrogenous pollutants, gpioate elimination is dictated by the
physical retention of phosphate particulate saedptinysico-chemical mechanisms of soluble
phosphates (Clark at., 1997; Molle egal., 2005). This difference is mainly based on theety

of materials and not on the bed thickness. Cruskggtegate yields a higher phosphate
removal efficiency, even though its efficienciesaatlecrease. The presence of a greater fine
particle content and the mineralogical heteroggneitcrushed aggregate may improve the
adsorption onto material surfaces and lead to teamipy immobilization inasmuch as

desorption may be taking place.

4. Conclusion

This study has been based on comparisons of pmiluéduction in the bed filters of On-
Site Wastewater Treatment between two types ofipgakaterial, river sand and crushed

aggregate, with different physical and mineralooeteracteristics.

The elimination of suspended solids and organictenas mainly governed by the size of
granular materials. Effective removals (>90%) ofST&d COD were achieved by both types
of materials once the material fineness was deespgdopriate. Stable removal rates were

observed by increasing the filtration bed heighthvdelected materials that possessed very
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distinct characteristics. An increase in hydraldeding slightly decreased he removal rate in
a crushed aggregate (CAl), yet also resulted iangdr time before stabilization in both

media.

Ammonium removals, accompanied by the enrichmennitfite content in treated
effluent, led to low total nitrogen removals. Theessive size of filter medium RS2 did not
suggest a complete ammonium removal nor a compi@técation. Longer HRT with the
relatively fine media significantly improved ammom elimination but still increased nitrate
concentrations. With the deeper fine river sand iotedthe nitrate level decreased after a
certain operating time, which indicates denitrifioa is potentially more readily favored than
with crushed aggregate. The exceptional loadingltesvith a shorter HRT and the Tot-N
removals decreased in both materials.

The P-removal efficiencies were relatively unstadteoss the tested filtration systems.
The elimination rates were mainly governed by ptgehemical mechanisms (adsorption
onto media or organic matter and precipitationheathan biological ones (assimilation) and
moreover were not significantly affected by a hydialoading increase. With greater Ca
contents and mineral heterogeneity, the crushedeggtes (CA1 and CA2) displayed better
phosphate removal rates; however, the efficieraligs declined to under 60% after 120 days

of operations.

The organic matter distributions indicate that acefretention (0~15cm) in the fine river
sand and the enrichment of heterotrophic bacteealkso found in this "cake"-like layer. On
the other hand, both crushed aggregates showe@erdesertion of organic matter and
attached bacteria due to their grain size hetemgeand the angularity of their shapes. A
higher nitrifying bacteria content is found at 18¢ef in the fine sand (RS1) and at 10~30cm
in the crushed aggregates (CAL1 and CA2).
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Conclusion:

Au-dela de la comparaison des sables de riviere geagrégats concasses, nous avons
montré que le parametre « taille des grains »eeglus impactant sur I'efficacité du biofiltre.
L’agencement des grains de petite taille semble létrplus efficace pour arréter les MES
(matiéres en suspensianpis aussi en terme de colonisation (plus de MVt de flore
hétérotrophe). Avec une faible granulométrie, &acteur est efficace des une faible
hauteur Pour des grains de taille plus importantBabattement est augmenté pour la
hauteur plus importante: de bons abattements deS, iiEde la DCQ@demande chimique en
oxygene) ne sont observés qu’avec I'augmentatiola éauteur du réacteur. Ceci est corrélé
avec le fait que le biofilm est de moindre impodaen surface du réacteur mais plus présent

dans les profondeurs du réacteur.

Les efficacités sont d’'une maniere générale lidersemble de parametres souvent
interdépendants. Il est difficile de distinguer dasteurs si les réacteurs présentent une
efficacité similaire pour I'abattement des MES €@, comme pour les réacteurs RS1 et
CAl. Le RS1 montre un effet important de filtratiem surface, ce qui implique un
abattement fort en MES et DCO pour les réacteuastage faibles épaisseurs (15 et 30cm).
Mais le cas particulier de RS2 (grains de taillassgieres), une augmentation des efficacités
avec le temps de fonctionnement (MES et DCO) olksemdique une mise en place de
biomasse sur la hauteur du filtre. Cependant, cks$teibution longitudinale de la biomasse
permet une épuration sur toute la hauteur et ainsiépuration moins importante avec des
hauteurs de 15 et 30cm qu’avec une hauteur de M0dm. Les agrégats concasses, avec une
distribution des tailles des grains située entr®$l (taille petite) et RS2 (taille grossiere),
doivent présenter également une colonisation efopdeur du massif filtrant, puisque les
réacteurs avec CALl et CA2 présente les capacid@tases d'abattement en MES et DCO
gue RS1. Les mesures des MVS et les dénombremetasidre aérobie hétérotrophe sur des
couches a différentes profondeurs permettent urse i évidence de l'importance de la

biomasse dans la profondeur par rapport a cella deuche supérieure.

Le comportement vis-a-vis de l'azote est différdatcelui des MES et de la DCO. La
présence d’'une phase anoxique avec un temps dér s&sez long pour qu’une partie du
massif soit immergée n’est observée que pour letedade 70cm en RS1 ce qui favorise la
dénitrification, (environ 40% d’élimination N estalisée).
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L’élimination du phosphore peut étre principalemmte en relation avec la composition
minérale du matériel (phénoménes d’adsorption giréeipitation), méme si une assimilation
biologique par les bactéries au début du procédédt @re envisagée. L’alternance
aérobie/anaérobie n’existe pas dans les conditthnséacteur filtrant insaturé ce qui est

défavorable & une assimilation biologique du phasnh

La taille des grains semble impacter plus pariralinent la colonisation des couches
superficielles du biofiltre. La diminution de laolbhnasse en fonction de la profondeur du filtre
peut étre mise en relation avec le % d’humiditéate du filtre. En effet la rétention en eau
qui est observée dans les profondeurs du filtrer pesi agrégats concassés expliquerait la
moins forte diminution des teneurs en matiere seabiatile ainsi que celle de la flore

hétérotrophe.

Il semble a l'issue de cette étude que la biombegém soit un indicateur suffisamment
sensible pour observer au cours du temps un coerpertt différentié du procédé en fonction

des matériaux de garnissage

Par ailleurs, la présence des particules finegj(amtité plus importante pour les agrégats
concassés) augmente le temps de séjour. Nous mopenser que les particules fines restent
«coincées» dans le massif filtrant du réacteur tdf#uplus que celui-ci a une hauteur
importante; ce qui signifierait que I'environnemelot biofiltre sera d’autant plus impacté par
la présence des particules fines que la hauteurédateur est importante. Dans cette
hypotheése ce nouvel environnement qui est difféseidn la hauteur des couches et qui est

généré par les particules fines pourraient impdetbiofilm et les EPS.
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Chapter 3: Study of biomass development in differerfilter materials and evolution of

biochemical compositions of total biomass and extcllular polymeric substances

Introduction :

Dans ce chapitre, il s’agit de différencier les éniax du biofiltre (sables roulés RS1 et
agrégats concasses CA1 principalement) par lelglefia biomasse (biomasse totale qui est
assimilée au biofilm) ainsi qu’'une partie majorgaidu biofilm, les EPS (extracellular
polymeric substances). En effet comme observé apitth précédent, le matériel de
garnissage impacte la teneur en matiere sécheilgolatis aussi la quantité de flore
hétérotrophe dans la couche superficielle et erdopdeur du biofiltre. Les EPS sont
considérées selon Flemmirgg al. (2007) comme “house of the biofilm cells”. Les &P
déterminant les conditions immédiates de vie ddisiles, ils peuvent étre, eux aussi un

indicateur pertinent pour la différenciation degénaux dans le biofiltre.

La méme méthodologie a été appliquée pour la bisentidale et les EPS. L'évolution de
la matiére organique a été suivie pendant la misglace du procédé, jusqu’a 360 jours. De
plus, a l'issue de I'expérimentation, la répartitides EPS en fonction de la hauteur dans le

biofiltre a aussi été réalisée.

La caractérisation de la matiére organique estcip@ttement basée sur des dosages
colorimétriques des protéines, polysaccharidesstanbes humiques, acides nucléiques mais
aussi sur la répartition en taille des matiereswigue assimilées a des protéines (protéine-
like) et des substances humiques-like. Ces demiesractérisations sont réalisées par
chromatographie d’exclusion stérique couplée adétection par spectrofluorescence.

Par ailleurs, au préalable nous avons voulu vérifiee 'empreinte des matieres organiques

de l'effluent était différente de celle de la bimsa totale ou de celle des EPS.
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3.1. Experimental procedures of characterization of bionass, EPS and feeding water

The biomass developed onto the filter materiahis of the main subjects in this study. It
is the key to the purification performance of &liobn rectors. The biomass/biofilm is

characterized by its cells and EPS.
3.1.1. Sampling and total organic matters
% Sampling

During the operation period, the river sands aral cfushed aggregates were sampled at
different layers in the reactors from time to tilsesampling ports provided in the filtration
reactors of 70cm height the access to the insidellatving layers: 5, 10, 15, 30, 45cm, and
top layer (0-2cm) could be sampled freely. Aboug 20aterials were collected from each
layer and 200g were sampled at the top layer. Thessibility to the center part of column in
the depth is difficult to achieve. The extractimfsbiomass and EPS constituents should be
carried out at once or under short term (withirh®dirs) cold temperature storage (at 0-4°C).

The freezing create microorganism die-off, celklgmd release of intracellular proteins.
% Dry weight and total organic matters (volatile dmgight)

The totality of organic matters contained in saadgles is characterized by volatile dry
weight (VDW). This parameter can be considerechaddtal biomass and expressed by mg/g
dry material. About 5g material was taken from saenple, dried at the 105°C in ventilated

oven during 24 hours and the dry weight is caledats:

Equation 11:  DW (%) = ~°—%€ x 100

0

The dried samples were taken from ventilated oveh @lcinated in the furnace at 550°C.
The weight loss between 550°C and 105°C repreglattotal organic matters in the sample

and the rests are minerals. The results are exqat@ssmg/g dry material.

Equation 12: VDW = Mresic=Mssoc o 400

105°C
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3.1.2. Extractions of biomass and EPS constituents

The extractions of biomass and EPS constituenis fh® sand medium were carried out

mainly by sonication or by heating. The working ditions are summarized in Table 2.3.1:

Table 2.3.1: Experimental conditions of biomass BR& extractions

Experimental conditions: Biomass exactions

Extraction method: Sonication for HPSEC analysis

Solid/liquid 30g sample / 20mL ultrapure water
Temperature 4°C
Ultrasound conditions Ultrasound bath, 100W inf@rafison, 1.9L)
Duration 60min

Extraction method: Heating for biochemical comgogitassessment

Solid/liquid 10g sample / 20mL ultrapure water
Temperature 80°C
Heating conditions Water bath
Duration 30min

Experimental conditions: EPS extractions

Extraction method: Sonication

Solid/liquid 30g sample / 20mL ultrapure water
Working temperature 4°C
Ultrasound conditions Ultrasound bath, 100W in@ragson, 1.9L)
Duration 5min with 2.5min resting to avoid over tieg

The extraction efficiencies were not expected tdilge. It is important to realize that use
of even well-standardized extraction procedurdilisggialitative in nature, and perhaps only a
minor part is extracted (Wingendet al., 1999). The thermal treatment for biomass or EPS
extraction largely interferes in the results of HERESfingerprints: the heat denatures the
biochemical structure of macromolecules, such ageprs (Bourveret al, 2012). During the
first time of extraction, the top layer samples evepllected from the two places: side and
center. The results showed in the same scales: aviliference in VDW <0.22mg/g dried

material and in biochemical components sum <émgiktgrial.
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After the extractions, the samples were centrifugiedl000g for 5Smin in order to separate the
settable materials with liquid phase, than the daswere filtrated through 0.22um (acetate

cellulose) to remove bacterial cells. The prepa@dples were frozen at -20°C.
3.1.3. Biochemical compositions of Biomass and EPS
% Colorimetric assays

The quantification of extracted biomass and EPSttments was carried out by biochemical
analysis, in another word, the colorimetric asséys four major components: proteins,
polysaccharides, humic substances, and nucleis.aSimime methods have been revisited in
the literature review section. The methods usetthig study and the analytic parameters are
summarized in Table 2.3.2:

Table 2.3.2: Analytic parameters of colorimetrisags of biomass and EPS constituents

Detecting range

Target constituent Method Wavelength (nm) @) Standard
g
_ Modified Lowry Bovine serum
Proteins 650 0.04-0.2 )
method albumin
Humic-like Modified Lowry ] )
650 0.04-0.2 Humic acid
substances method
Polysaccharides Dubois method 492 0.02-0.1 Glucose
_ _ DNA of calf
Nucleic acids Burton method 600 0.005-0.05
thymus

+ 3D Excitation-Emission Matrix (3D EEM) of fluoresce

The extracted biomass and EPS samples were ch@aadtby 3D EEM which provides the
characteristics of the fluorophores. With the EEpkdra, the detection wavelengths of
protein-like substances and humic-like substancegdcbe determined for the use of SEC
(steric exclusion chromatography) detection. Thpicsl peaks and their corresponding
Excitation/Emission wavelength couples have beesstied by several previous studies
(Figure 2.9 and Table 2.3.3):

128



Partll- Chapter 3: Study of biomass development in difiéfilter materials and evolution of
biochemical compositions of total biomass and exdialar polymeric substances

400
380
360 Related o
. hydrophobic acids Humic acidlike
E 340 i
:E - Related to Humic acid.
& 320 Region IV :
k" | _ Tble microbiaf_ . @ __ i Model humic Region V
é 300 T’E‘ot&-m ]. by-product-like :Marme humic acids acid polvmers Humic acid-like
Z 1 SoPEIES py ptophan&Protein-like
E 250 ryptophan Related o %
g Biclogical
E 260 —lg';rl;{ri‘lzlr?—ilxﬁt Tryptophan E Humic acid-like .l"u]\'ic acid—likci
240 |Tyrosine E .B()Ds, E Fulvic acids Region 111
. | : Region I1 H Hydrophobic abid Fu]vié acid-like
220 + Region I Aromatic Protein IT¢ @ srrA b \
. . . M SREA (this study)
Aromatic Protein [ ’
200 * t
280 300 320 3440 360 380 400 4210 440 460 480 501 520 540

Emission wavelength (nm}

Figure 2.9: Location of EEM peaks for five EEM rexgs (Cheret al.,2003)

Table 2.3.3: Corresponding compounds types to Egddtsa regions and ExX/Em ranges

Protein-like regions

(Emission<380nm)

ExX/Em range

Types of compounds

Fluorescence released by

Regionl: aromatic proteins <250nm/<330nm protein-like compounds with the
presence of tyrosine
Fluorescence released by
Regionll: aromatic proteins 250nm/<330nm protein-like compounds with the
presence of tryptophan
Fluorescence released by
_ _ , components derived from
RegionlV: soluble microbial by, o _ _ _ _
Excitation>250nm proteins which contains tyrosin
products _
or tryptophan (associated or
free)
Region HS-like

(Emission>380nm)

Ex/Em range

Type of compounds

RegionIII:

Excitation<250nm

Fluorescence released by fulv

acid-like compounds

Region V:

Excitation>250nm

Fluorescence released by

humic-acid-like compounds
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To obtain EEM spectra, the samples were dilutech VB®@mM phosphate buffer at
pH=7.0£0.1. The spectra were measured at 20°C, gusghimazu RF-5301 PC
spectrofluorophotometer. The emission was scanneh 300 to 500nm after excitation

ranged from 220 to 450nm with 15nm increments.
3.1.4. SEC coupled with fluorescence detection fingerprirgt
« HPLC instrument and Separation

The separations of extracted biomass and EPS vefermed by High Molecular Weight
(HMW) Agilent Bio SEC300A (5-1250kDa) column foll@d by Low Molecular Weight
(LMW) Agilent Bio SEC 100A (0.1-100kDa) column. Splas were processed by Merck
Hitachi LA Chom chromatograph equipped with a L720Qosampler, a L7100 quaternary
pump, a D7000 interface, a diode array UV dete(t@d55), and a fluorescence detector
(L7485).

+ Mobile phase

The columns functioned with a mobile phase of 150M&CI and 50mM phosphate buffer
(25mM NgHPO, and 25mM NakPOy) at pH=7.0 £ 0.1 with a flow rate 0.7mL/min. 100uL
of filtered samples (0.2um, acetate cellulose) wgested for each analysis.

«+ Detection

The UV detection was performed in the range of 2@0rm and the fingerprints were
recorded at 210nm and 254nm. The protein-like #goence fingerprints were detected with
3 wavelength couples, ExX/Em 220nm/300nm for tyredike, Ex/Em 220nm/330nm for

tryptophan-like and ExX/Em 220nm/350nm also for tophan-like. The humic substance

(HS)-like fluorescence fingerprints were recorde@x@Em 350nm/460nm.
+ Calibration

The apparent MW for association of columns wascaled using six proteins or amino acids
with MW values of 440000, 155000, 69323, 5777, 26®2 181 Da (ferritine (Sigma),
immunoglobulin G from human serum (Sigma), albufnom bovine serum (Sigma), insulin

from porcine pancreas (Fluka), thyrotropin-relegsiormone (Fluka), and tyrosine (Fluka),
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respectively). For mass calibration curves, thatiagm of the molecular mass (log (MW)) is
plotted as a function of the elution volume (mL).

Log (MW) = -0.3164 Ve (mL) 9.4676 (R2= 0.982)

With MW: molecular weight in Da and Ve: elution uate in mL. The permeation volume
determined with Nagis 22mL.

The chromatograms are established of the fluorescamtensity (volts) and the elution
volume (mL). Several fractions were identified de tinterval of elution volume (ex:
12~18mL). The calculation of fraction area percgatés based on the ratio between the
chromatogram area of one fraction and the tota afechromatogram. The calculation was

accomplished by the software Origin 6.0. The fattirea percentage is defined as:

F% = 100xArea of fraction/Total area of chromatogna
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3.2. (Article 2): Evolution of biochemical compositionsof biomass developed in different
aggregates for the use of filter materials of onstwastewater treatment systems

Chen WANG! 2 Abdel LAKEL !, Isabelle BOURVEN, Michel BAUDU?

Centre Scientifique et Technique du Batiment, l1de Renri Picherit, 44323, Nantes, Pays de la Loire,
France

Groupement de Recherche Eau, Sol et Environnen@RESE), 123, av Albert Thomas 87060,

Limoges, Limousin, France
Abstract

Due to the overuse of alluvial deposits, river saack lacking in a number of areas, leaving
crushed aggregate as a candidate filter matenalrfsite wastewater treatment systems. This
study compares the evolution of the biochemical pasition of biomass developed in river
sand and crushed aggregate over 360 days of catmmzby means of conducting batch
experiments with septic effluent. By drawing comgamns with the biochemical composition
of septic effluent, the results herein show aneaase with operating time in the protein
fraction of organic matter accumulating in the tayer: the protein/polysaccharide ratio rises
from approx. 1 to 2.44 for river sand and to 1.98@7 for crushed aggregate. The HPSEC
protein-like fingerprints show a similar trend agsdhe three aggregates with operating time:
enrichment of the high molecular weight proteirelikaction (>1,000kDa). This fractional
percentage however is clearly higher for crushed sdter 210 days of colonization, and the
percentage of the 6kDa-1,000kDa fraction still @ages over time for a crushed aggregate,
whereas for river sand it sharply decreases. M@egothe quantities of biomass and
biochemical components indicate a delayed stakibzan the presence of crushed aggregates

due to their different physical characteristicg, size, porosity.

Keywords: packed bed bioreactors; filtration; biomass; pmtever sand; crushed aggregate

(Soumisle 25 Avril 2015 a Biochemical Engineeringrdal: BEJ-D-15-00418
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1. Introduction

Onsite wastewater treatment (OWTS) systems affexthiealth of local residents and their
living environments in decentralized areas throughthe world. Household wastewater
contains high concentrations of pollutants withoaganic discharge of about 77g BOD/day
per capita [1]. Common configurations involve sepéinks for use as pre-treatment, with the
application of natural or reconstructed secondaeatinent, e.g. soil adsorption fields or
trenches, constructed wetlands or sand filters][Z4dnd filtration has become more popular
for treating domestic wastewater in light of it§i@éncy, ease of maintenance and limited
energy costs. This application requires suitabldenas, such as river sands. However,
natural deposits have been more heavily exploite@, point of even being lacking in some
areas, hence requiring the search for similar nad$éersuch as crushed aggregate. The

question then gets raised over the risks and coesegs of altering packing materials.

Sand filters function like a fixed, porous biomassctor for the medium that includes
mechanical retention acting through the sand gnatwork with biological degradations due
to the biomass developing around these grains.eddggl solids are physically removed by
straining [5]. The retained organic carbon pollisgaondergo hydrolysis and biologically

degrade under the aerobic reactions of heterotrdgdtteria [6, 7].

This filter enables a gradual process of pore spadaction, in comparison with the initial
state of clean beds, which is introduced by theiaedation of suspended solids, precipitates
and the colonization of biomass [8-10]. The norutat particulates may originate from both
the feed effluent and fine mineral particles disseel from the packing materials. The
biomass system reaches a steady state wherebydsaymawvth and organic abatement occur
after a given operating period [11]. The biomasgrzduced by cells attached to the filter
medium and plays an important role as biodegradatgent. The biomass also contributes to
physically changing the porous medium [12-14];sitai complex spatial network of organic
matter composed mainly of bacterial cells. For ithest part, its constituents are proteins,
sugars, lipids and nucleic acids, i.e. extracellatalecules produced by cells (in the case of
proteins and sugars) and captured molecules sukhrag-like substances, minerals [15-17].
When a non-clogging condition is active, the nohygaccharide fractions (e.g. proteins,
humic-like substances, lipids) are found in greajeantities than polysaccharides in the
biomass [18]. Protein is a component of all livioglls [19]. Some of these extracellular

molecules act as "cement" that binds other pastieled potentially causes “pore sealing”
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[20]. The proteins serve important functions in thiemass, namely structural (capsular
peptides) and enzymatic (biodegradation) [21, 22].

In considering the new materials for sand filteckyag, studies conducted have shown that
crushed aggregate must be widely graded in sigeerghan being heterogeneous in form and
surface, and more varied in mineral compositiom thatural aggregates [23-25]. The authors
also suggest that the biomass growth rate would tenbe slightly lower for crushed
aggregate compared to river sand of a similar sizeng the feeding period [26]. The
roughness of the medium surface also influencesméss maintenance [27]. The
characteristics of crushed aggregate can modifyhtlttodynamics and oxygen distribution

relative to natural sands, and these differencesleaal to a difference in filter operations.

In this study, two types of packing materials vl studied and compared: natural sand
stemming from alluvial deposits (Loire River sans@t as the reference material; and two
crushed aggregates resulting from quarry producfldms work will seek to determine the
impact of packing materials on biomass developntkerdaughout the operating period, in

terms of quantity and especially the evolution i@mimbiochemical components.
2. Materials and methods

2.1. Batch experiments (cylindrical filtration reactors)

Filtration reactors 70cm high and 30 cm in diametgéh sampling ports were packed with
river sand and crushed aggregate, respectively Regel). These reactors were fed with
septic effluent that had been stored in a mixeH &gard replenished every 7 days. The reactors
were fed discontinuously, at a hydraulic loadintg i@ 12cm/day in 10 daily batches.

Scm
10cm

15¢cm

30cm

45¢cm

Fig.1. Filtration reactor with sampling ports
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2.2. Packing material characteristics

The filter materials were analyzed before columrkp®sy since the river sand and two
crushed aggregates are of different compositiodsirarolve different treatment processes in
the quarries. The three aggregates were studiedangared in terms of particle distribution,
mineralogical, physical and hydrodynamic charastes.

The particle size distribution analysis was condddiy means of mechanical shaking with a
series of sieves with the following opening diam&t®.08, 0.16, 0.2, 0.25, 0.315, 0.4, 0.5,
0.63,0.8, 1, 1.6, 2, 2.5, 4, and 5mm. The fingigarcontent is defined as the percentage of
the sample with diameters less thapi®0

A water retention analysis was performed usingmooisi 8cm in diameter and 70cm high, fed
with clear water at a flow rate of 10mL/min untdaching steady state. The ratio of the
retained water volume to the material volume wasasethe volumetric retention capacity
(%). After draining the columns, the weight lossl86°C was measured with the wet filter
materials, and the ratio of weight loss to packmagterial weight in the column was evaluated
as the mass retention capacity of static water (lraulic conductivities were estimated by
infiltration tests using the columns 8cm in diamed®d 20cm high [23]. The hydraulic
residence time (HRT) was measured via instant tigjes with lithium chloride solution(1g
Li/L), and the lithium concentrations were idergdi by atomic absorption spectroscopy
(SpectrAA 220, VARIAN). These characteristics as¢ed in Table 1.

2.3. Feed water: Septic effluent characteristics
The feed water was collected from the septic eflusettling tank, with all main
characteristics being monitored throughout the apey period. The average and extreme

values of each characteristic are reported in Table

2.4. Biomass extraction

Three samplings were carried out during some 12tinsoaf operations. The samples were
collected from 5 different depths inside the reext{d, 10, 15, 30 and 45cm) and from the top
layer (0-2 cm). The total organic matter conteriteach layer were assessed by the volatile
dry weight (VDW, in mg/g of material). The biomasgss extracted as quickly as possible
(<24h) by heating to 80°C during 30min for the coteetric analysis and by sonication at 4°C
during 60min for the size exclusion chromatograf®iC) fingerprint analysis [28, 29]. The
SEC fingerprint analysis actually reveals the ettofuof molecular weight (MW) and how a
heat treatment should modify the MW fingerprint8][3
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Table 1. Characteristics of river sand (RS1) and crushedeggge (CAl) as main
packing materials, with CA2 providing a supplemeyntaaterial

Material River sand Crushed aggregate Crushed aggregate
(Reference: RS1) (CAl) (supplemental: CA2)
Particle size distribution characteristics
Effective size D10 (mm) 0.38 0.17 0.44
Average diameter P 0.82 136 1.60
(mm)
Uniformity coefficient
(D60/D10) 2.8 10.0 5.0
: S
Fine particles% 0.4% 5.0% 2 4%

(<0.08mm %)
Physical and chemical characteristics (average vadg; 5 tests)

Real density (kg/r) 2525 (+42) 2438 (+111) 2546 (+51)
FE%?'H;;?) [30%: 33%] (+1.5%)  [38%:; 41%] (+1.7%)  [38%; 44%]0¢3

Specific surface (Akg) 4.04 2.78 2.88
Hydraulic characteristics (average values; 5 tests)

Estimated hydraulic

conductivity (m/s) [8.25~9.53] x1d [2.79~2.88]x1d [7.49~9.73] x1d
Water retention capacity
after drainage (static 8.4% 12.7% 10.0%
water %)
Hydraulic Residence 35 93 )

Time (hours) (1 test)
Variation of Q gas level
at 10cm [11, 20]% [19.2, 19.8]% -
[min, max%]

Table 2. Feed water characteristics

Parameter Average value [min; max]
pH (5 tests) 7.1 [6.6; 7.5]
TSS (mg/L, 18 tests) 39 (x11) [20; 66]
VSS (mg/L, 1 test) 23 -
COD (mgOlL, 18 tests) 372 (x100) [231; 572]
Revivifiable aerobic flora 5.1x10 [9.5x10 1.1x10]

(37°C) (CFU*/100mL)

CFU*=Colony-forming unit
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2.5. Biomass characterization

Total organic contents were determined by the wdags of sampled materials, as measured
by incineration between 105°C and 550°C [31].

The biochemical components of biomass were quadtifising colorimetric methods:
proteins and humic substances by the modified Laweghod in introducing Folin's reagent
[32]; polysaccharides by Dubois' method; and neceids by Burton's method [33, 34].

The MW distributions of biomass proteins and husubstances were analyzed by HPSEC
(Merck Hitachi LA Chrom Chromatograph) coupled withorescence detection. The high
MW separation was performed by the Agilent columioSec, 300A (5-1250kDa) and the
low MW separation by the Agilent column, bioSecQA(0.1-100kDa). All columns were
placed in series for the separation improvememt [@8]. The mobile phase was composed of
150mM NaCl and 50mM phosphate buffer at pH 7.0. &pparent MW for associating the
columns was calibrated using six proteins or amacals with MW values of: 440000,
155000, 69323, 5777, 362 and 181 Da (respectivaigtine (Sigma), immunoglobulin G
from human serum (Sigma), albumin from bovine seri8mgma), insulin from porcine
pancreas (Fluka), thyrotropin-releasing hormonaik&), and tyrosine (Fluka)). For mass
calibration curves, the logarithm of the molecutaass (log (MW)) is plotted as a function of

the elution volume (mL), i.e.:
Log (MW) = -0.3164 Ve (mL) + 9.4676 (R2= 0.982)

With: MW: molecular weight (in Da); and Ve: elutiorolume (in mL). The permeation
volume determined with NaNs 22mL. The Ex/Em wavelength fluorescence detactor
protein tryptophan-like substances was found to2B2nm/330nm, while for humic-like
substances it was 350nm/460nm. These wavelengtiesevaluated after a three-dimensional

spectrofluorimetric analysis [36].

The chromatograms are established from both thardcent intensity (volts) and elution
volume (mL). Several fractions were identified 4 tinterval of elution volume (e.g.
12~18mL). The fraction area percentage calculasdrased on the ratio of the chromatogram
area of one fraction to the total chromatogram .aféss calculation was achieved using the
software package Origin 6.0. The fraction areagm@ayge is defined as follows:

F% = 100xArea of fraction/Total area of chromatogra
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3. Results and discussion

3.1. Treatment efficiency with two types of materials
The filter medium physically removed the suspensiditis retained them within the medium.
Organic carbon pollutants are removed biologictdlpugh the heterotrophic bacterial uptake.

Removal efficiency results on both TSS and CODsamvn in Figure 2.
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Fig.2. TSS and COD removal efficiencies with river san&{lRand crushed aggregate

(CA1) in 70-cm filtration reactors

The suspended solid removals stabilized after séthelays of colonization for both river
sand (RS) and crushed aggregate (CAl). Variatiome wbserved due to the feed water,
though all removals typically exceeded 95%. Theanig (COD) removals also stabilized
after 60 days of operations, although the rivedséemonstrated more stable efficiencies than
CAl. The COD abatements by river sand were gewnetstween 95%and 98%, while
crushed aggregates showed similar efficienciesitaltién greater variations (92% ~ 98%).
Similar trends were observed with the TSS removatsth filter media were sufficiently
effective for suspended solids and organic pollutamovals; moreover, the efficiencies were
in line with previous studies [3, 6, 7, 37]. TheST&movals were primarily governed by a
mechanical filtration process. During the first rtignthe reactor with river sand showed
quicker improvement of TSS removals. After 1 mormth colonization, efficiency was
optimized due to grain size fineness and regulési&g Table 1). The authors also pointed out
that grain sizes do exert a great impact on suggesdlids removal [38]. For both of these
materials, the most noteworthy change took placarat 8 weeks (50-60 days in Fig.2) when
comparing the performance before and after. Thiky dehavior was assumed to be due to
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TSS filtration, which caused pore blockage andaased the filtration area being utilized [6,
39]. COD removals by two materials indicated thisprovement with respect to TSS
removals. The elimination of organic pollutants eleged on both the hydraulic residence
time and development of a heterotrophic biomass.skarters, CAl displayed higher HRT
(93hours) than river sand (35hours); this obsesmathay be explained by the clayey fine
particles in crushed aggregate that tend to rekersolutes, which was not observed in river
sand. The river sand, on the other hand, showad efgatement above 90% after roughly 10
days of operations; this finding may be due to #ifect of filtration. The significant
improvement in COD removals at around 8 weeks d@drepation in both media could be
ascribed to biomass growth, especially in the serfayer (0~2cm), where the retentions of
both bacterial cells and the substrate were gregpted0]. Accordingly, the organic contents
inside several filter layers revealed increasedHertwo media, both of which were assessed

by VDW during operations (Fig. 3).
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Fig.3. VDW distributions along the depth of two types ittef media, i.e. river sand (RS1)
and crushed aggregate(CAl), over the entire operatriod

Throughout the operating period, the accumulatiohsorganic matter increased in all
sampling layers for both media. Higher VDW in th€c®m surface layers of both filter media
reflected higher organic accumulations compargtied/DW in deeper layers. The river sand
has shown relatively greater retention of organatter at the reactor surface, in accordance
with grain size [13]. Except for the higher accuatidns on the surface layer, the VDW
distributions below 10cm were quite homogeneous$ watspect to depth. Zhao at and

Lloréns etal. have made similar observations on both the ldaborand field scales, namely
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the accumulations of organic matter were more puoned at the surface, especially in the
presence of particulate matter [14, 41]. At theid@igg of operations, CA1 showed higher
organic accumulations with depth, unlike the rigand. This finding might also be related to
the grain size heterogeneity and higher porosityC#fl, which allows particulates or
dissolved organic substances and bacterial celisach the deeper layers [37]. Over the next
50 days, the river sand increased more substantraktvery layer than did the CA1, which
could be due to the colonization of bacterial celtgl excretion of extracellular polymers.
Small increases were found from 210 to 360 daytheénriver sand across all layers. On the
other hand, the VDW in CAlkept increasing after 289s, especially in the top 0~10cm.On
the higher parts of the reactors, organic accunauancluded matter from the feed water and
biomass growth within the filter media. At the satinee, the increases in organic degradation
efficiencies for both materials indicated the preseof biological activity in heterotrophic
bacteria under aerobic conditions [13]. With a ®an accumulated organic matter, the
evolution of biochemical fractions of top layerstwo filter media was studied from time to

time with respect to feed water characteristics.

3.2. Influence of feed water filtration on organic matte accumulation

As evidenced by the VDW value, organic accumulati@s more abundant in the top 0~5cm.
The biochemical fractions of extract from solid lbquid samples were quantified by

employing colorimetric methods. The results fronerisand extracts were compared to the
feed water (septic effluent), as displayed in Fégdir The proportions of these components vs.

time are shown in Figure 5.

140



Partll- Chapter 3: Study of biomass development in dsffiefilter materials and evolution of
biochemical compositions of total biomass and exdialar polymeric substances

160 - 30 -
_I_
140 -

@ _ 25
il =
-§ 120 - E
£ 220
8z 100 - 2 m Proteins
T o a
Q =
EE 80 £15 O HS-like
2o 38
O X = . .
o B S O Nucleic acids
2 g 60 - £
2 £10 - .
© 5 ® Polysaccharides
§ 40 8
o m 5

20 -

0 - 0 -

Day 60 Day 210 Day 360 Septic effluent

Fig.4. Biochemical compositions of biomass: (left) in tbp layer of river sand throughout

the operating period; and (right) of the septitueiit as feed water

3 - m Proteins% O HS-likes%
™ ()
§‘ _:[- gf ONucleic acids% ®Polysaccharides%
o
1 9
o a
H N—'
: . L
>IN 2 [
a g
4 (o]
=
3 g
[}
7 | I 2
0 20 40 60 80 100 0 20 40 60 80 100
Biochemical components repartition in the Biochemical components repartition in the
river sand (RS1) (%) feeding water (%)

Fig.5. Repartitions of biochemical compositions of thenh&ss in river sand (RS1)

throughout the operating period and in the feecewat

In considering that the biochemical compositiongeiad water remained relatively constant,
Figures 4 and 5 track the evolution of the biocleaincompositions of sand extracts over the
operating period. All major components, i.e. pnageihumic-like substances (HS-like) and
polysaccharides, increased in quantity terms aadtltleic acids achieved stability after 210

days. In comparison with the feed water, the fisgract around 60 days mainly reflected the
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retention of organic matter from the influent sirateéhe time; the biomass was of a relatively
small quantity. HS-like dominated the biochemicaimposition of the river sand extracts,
which were assumed to have been derived from theolsemerization of biologically or
chemically-degraded environmental organic matt@j.[®During the second extraction time
(210 days) however, the biomass evolved: an iner@aproteins as well as nucleic acids
indicated that colonization by biomass had becomenainant origin. The 360-day extraction
showed slight increases in proteins, HS-like aniggamcharides. The ratio between proteins
and polysaccharides (PN/PS) rose from 0.75 to 2s44ime and remained nearly constant
between 210 and 360 days of operating time. Thaeease in PN/PS ratio is considered an
indication of biomass strength; for ratio valuesiuerd 1, the biomass is fragile and loose [43-
45]. Figure 5 shows that the proteins and HS-l&@resent respectively about 45% (+5%) of
the major compositions for the 210 and 360-day aexivns, while the polysaccharide
fractions decreased from 30% to less than 20%. fi@salt was in agreement with several
sewer biomass studies suggesting that proteinsHSwlke were in fact the predominant
components in natural biomass [15, 18, 46]. Givest the HS-like are environmentally
generated, the evolution in protein-like compounds considered as a present indicator of
biomass: the PN/HS ratio increased from 0.47 td 1dtil 360 days of colonization [42]. A
further qualitative assessment of MW distributidmg HPSEC fingerprints between the

organic matter of the river sand extraction andféieel water could thus be described.

Figure 6 shows the protein-like SEC fingerprintdmmass from river sand extractions at 60
and 210 days and of the feed water. In compariagahults of 60-day biomass extraction and
the feed water organic composition, certain pealations in the protein-like fingerprints

overlapped, despite their peak areas not beingdhee. Four groups of peaks or four MW

fractions can be distinguished on the chromatogmisayed in Figure 6.
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Fig.6. HPSEC protein-tryptophan-like fingerprints of therhass extracted from river sand
after 60 and 210 days of operations and of the fesdr (septic effluent)

Fraction 1 (Ve <11.75mL): one earlier peak withagparent MW (aMW2>» 1000kDa;

Fraction 2 (11.75mL < Ve < 18mL): clusters of peaks well isolated and often with two
peaks shown (1000kDa > aMW > 6kDa);

Fraction 3 (18mL< Ve < 22mL): well isolated clust@f peaks (aMW < 6kDa);

Fraction 4(Ve > 22mL): one or more peaks dependingthe sample. For an elution

volume >22mL, the molecules are eluted beyonddta permeation volume of the column.

The % area of SEC fingerprints (fractions 1 throdyghat 60 and 210 days of river sand
extractions and septic effluent were calculated@edented in Figure 7.

The comparison between septic effluent and rived $aomass clearly reveals the differences
and evolution of protein-like molecular weights. eTtseptic effluent contains a high
proportion of protein-like molecules of low MW (ftson 4 > 45%), compared with the
fractions of higher MW, thus indicating the existerof heavily degraded compounds. This
high MW fraction (Fraction & 1000kDa) represented just 10% of the total ar@etibns, and
this percentage was lower than Fraction 2. Theaetttm at Day 60 from river sand showed a

different pattern than that of the septic effluean: increase in area fractions (1 and 2) with
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high MW protein-like compounds, plus a similaritythvseptic effluent, i.e. Fractionl (%) <
Fraction 2 (%). With the extraction at Day 210, fhection of very high MW (Fraction 1)
represented over 35% of the total sample; Fra@itended to stabilize at a level below that
of Fraction 1. Compared to feed water, the evofutio chromatographic fractions suggests
that these extracted protein-like molecules of @raiss of a system that has not reached
stationary phase (60 days) might be polymers, ddrlwy bacterial synthesis (Fraction 1) or
partially conveyed by septic effluent, retainedthg top layer with a similar level (Fraction 2).
The increase in Fraction 1 compared to Fractionggssts change in molecular configuration
during the biomass maturation process (from 60 10 &ays). This configuration change
could be detected due to either the analytical atethr the actual presence in the biomass of
very high MW compounds. Such compounds could besoutdr associations, e.g. polymers

found in an extracellular matrix in the biofilm thfe biomass [35].

Fraction 1: <11mL (aMW 1000kDa) Fraction 2: 11-18mL (1000kDa > aMW > 6kDa)
O Fraction 3: 18-22mL (aMW < 6kDa) U Fraction 4: > 22mL
50 -
X
S 40 7
S
Y % %

Septic effluent RS1 60 days RS1 210 days
Fig.7. Evolution in the fractions of major group areastiek to total chromatographic

areas of septic effluent and river sand biomassetxdn at 60 and 210 days

Based on this observation, the biomass in two edishggregates was also assessed by
comparison to the reference material: river sasthguCA1 as the primary material; and CA2

as a supplemental input (S1, S2). Their respectiagacteristics are summarized in Table 1.
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3.3. Impact of filter medium on the qualitative characteistics of biomass

As indicated by the total organic contents (VDW) Section 3.1, the CA1l showed only

slightly lower quantities at the top layer, yetsaeemained of the same scale both after 210

days of colonization (11mg/g RS1vs. 8mg/g CA1l) anthe end of the process (13 mg/g RS1
vs. 10mg/g CA1). The CA2 exhibited a slightly lowigral VDW (8mg/g aggregates, see
supplemental data, S1). A more specific analysis meeded to investigate the impact of

materials with different characteristics on biomagslity. The evolution of biochemical

compositions in CA1 was also compared to the refarenaterial. These results (using river

sand as the reference) are displayed in Figuresi®a
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The biomass extracted from CAl showed a similaramigy retention behavior at the
beginning of the process. Like for the river samitreases in protein fraction have been
observed, and the trend in biochemical fractionlgian did not deviate significantly (Fig.
9). In accordance with the VDW, the biochemical positions of CAl (Fig. 7) yielded
smaller quantities than RS1 with all componentepkéor polysaccharides. The PN/PS ratio
increased from 1.07 to 1.98 (river sand: 0.75~2.44hjle the PN/HS ratio moved from 0.54
to 1.57 (river sand: 0.47~1.44). The CA2 (see spphtal data, S2) provided a similar
percentage change (PN/PS: from 0.77 to 3.37; PN/HAS! to 1.22), yet with even lower
guantities of biochemical components. The simitend in biochemical fraction evolution
suggests that the biomass growth mechanism undetheesame process as in river sand,

despite the crushed aggregate characteristicgididfsignificantly.

However, the quantities of biochemical componehsagd a biomass stabilization in river
sand from 210 to 360 days (e.g. proteins only fosen 120 to 140 mg/kg) that was not
replicated in CALl. The latter exhibited much loveemponents around 210 days and then
significantly increased around 360 days (proteinmiging from 60 to 120mg/kg, see
supplemental data, S2), while the CA2 did not iaseenoticeably at the end of the process
(proteins moving from 60 to 90mg/kg). The lower PN/ratio in CA1 (1.98 for CA1 vs. 2.44
for RS) or smaller increases in biochemical comptef CA2 suggests that the biomass

metabolism has not equilibrated, even under theesaonditions as in river sand, and

146



Partll- Chapter 3: Study of biomass development in difiéfilter materials and evolution of
biochemical compositions of total biomass and exdialar polymeric substances

moreover has not reached stabilization by the énldeoprocess, or else colonization seems to
take more time in crushed aggregates than in aed. This difference in the biomass
dynamic in the presence of different media appéarbe dictated by aggregate size, i.e.
average diameter(0.82mm for RS, 1.36mm for CA1,mrmb for CA2) and porosity(approx.
30% for RS and 40% for CA1 and CA2). Larger aggtegmains offer less specific surface
area for bacterial adhesion, nutrient availabilyd biomass colonization [48, 49]. The
accumulation of suspended solids and biomass hedgace pore space and provides
adsorption sites for upcoming colonization. Thedgtby Wankoet al. also showed an early
increase (at 30 days) of biomass growth in rivardsand a slower growth in crushed
aggregate [26]. Another significant difference betw the two supports was the variation in
02 gas within the systems (Table 1). Results inditlaat crushed aggregate was still in an
unsaturated condition at the top layer, even atithe of batch inlet. This finding could be
explained by the greater size heterogeneity andsitgrirom CA1 and CA2. As such, the top
river sand filter layer accounted for less @as as the feed water flowed. If this process were
being continuously fed, the oxygen content couldpkdropping; however, in this study, the
filters were discontinuously fed and oxygen couddrbplenished at rest, hence no clogging
was observed during the process [38]. The temp@aiyration conditions in RS1 lead to a
more uniform distribution of nutrients and bactegells in the river sand, which resulted in

their rapid growth and early balance.

As observed in biochemical composition analyses bilbmass in crushed aggregate shows a
difference in terms of both quantity and stabiliaat time. Similarly, the protein-like
compounds in crushed aggregates (CA1 and CA2) alscestudied by the HPSEC, and four
major fractions were also recorded. The major gifoagtions were found to be comparable to
RS1. The percentage comparisons of the four frastioetween river sand and crushed
aggregate at 60 and 210 days are presented resgbgati Figures 10 and 11.
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Fig.11. Comparison of major group fractions among varioasemals at 210 days

For RS and the two CA, the trend over time is idafit an increase in Fraction 1 and a
decrease in the percentage of Fractions 3 and wetdr, the fraction partition revealed a
completely different pattern for CA2. The proteikel organic matter extracted at 60 days
from CA2 showed various peaks after the permeat@ame (22mL), as noticed in Fraction
4 in Figure 10 (>50%), with very low proportions Bfactions 1 and 2. Both crushed
aggregates presented a much lower Fraction 1 ((k)than the river sand, thus indicating
that biomass growth was relatively weaker in CAH amaybe even retarded in CA2. The
relatively greater difference between Fractions@ & (42% vs. 12%) in CALl than in RS1
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(35% vs. 27%) could be due to the lower biomasseprgproduction, which enhanced the
protein-like molecules from septic effluent, butstltould also be due to the protein-like

synthesis during biomass growth.

CA2 at 210 days showed similar proportions to CAB@& days, suggesting a more heavily
delayed biomass development in this material, whiely be due to its coarseness compared
to that of the other materials. The similar projpm$ between RS1 and CA1 were observed at
around 210 days of colonization, suggesting a am@lolution as in RS1, i.e. a period of
stabilization for these quantities, though the asmindicator (protein-like compounds) may
endure a similar process during biomass developrkHPSEC may be a suitable method for
tracking the evolution/stabilization of the protdike biomass in such processes. This method

seems to be more sensitive than the percentageaffdmical compounds.
4. Conclusion

This study has been based on comparative expesnoemducted between traditional filter
media during 360 days: river sand and two cruslyeglegates stemming from quarry output.
The characteristics, especially grain size distridms, showed marked differences among
these materials. CA1 exhibited considerable siterbgeneity and fine particle content. Even
though great differences were observed in thesermabg, the purification behavior study
suggested that both river sand and CA1 were efeend stable enough to remove the main
pollutants of septic effluent (>95% of TSS, >90%C@D) as of Day 60.

The organic accumulations in various materials ldigga their highest contents on the top
layer (0O~5cm), where the nutrients and bacteridls agere most abundant and where the
accumulations included organic substances origigdtom either feed water or biomass. The
subsequent biochemical study indicated an evolutiorihe biochemical composition of

extracted organic matter, notably the increasgwatein-like compounds and in PN/PS and
PN/HS ratios. The HPSEC protein-like fingerprinevgaled an orientation towards higher

MW compositions after 210 days of colonizationttoe RS and two CA extracted biomass.

With the crushed aggregates tested herein (namAly ahd CA2), the main difference
observed was the decrease in quantities of biodansomponents and the longer time
required to establish biomass stability, especiatyCA2. The biomass stability monitoring
tool consists of: the PN/PS and PN/HS ratios aedpircentages of >1000kDa fraction with
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SEC fingerprints. This difference should be exposgdhe various material characteristics:
increase in porosity and grain size, along witke $iezterogeneity during the process resulting

in a longer biomass stabilization period.
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3.3. (Article 3): Dynamics of extracellular polymeric sitbstances (EPS) derived from the

biofilm in on-site wastewater filtration reactors
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Loire, France
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Abstract

Extracellular polymeric substances (EPS) from k& (packed with river sand (RS) and
crushed aggregate (CA)) installed in on-site waatewtreatment systems are characterized
over 360 days of an enrichment process and wittgrbed thickness. Biochemical component
contents are monitored; moreover, humic and prdilkehcompounds are characterized by
means of Size Exclusion Chromatography (SEC) caupkgh fluorescence. During the
biomass enrichment phase, EPS biochemical comppmacrease at the top of the biofilter
(protein enrichment factor >70%). The protein-likemponents exhibit a very high MW
fraction (apparent molecular weight (aMW) >1,000kDahich may contribute to cell
aggregation. Humic-like substances show similar $iB@erprints to those of the feed water
(aMW<6kDa) and are perhaps being metabolized ainar®ay 210 (as evidenced by a lower
aMW). Only the dynamic polysaccharide partitionBRS differs between biofilters, with an
increase for CA and a decrease for RS. Within itwation bed thickness, lower biomass
with a higher EPS content is observed, and thespaolgharide fraction increases by a factor of

2. Protein-like components exhibit a very high Mk&ction of a lower magnitude.

Keywords: packed bed filtration, biofilm, EPS, proteins, humic-like substances, SEC

coupled with fluorescence.

(Sera soumis a Bioresource Technology)
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1. Introduction

On-site wastewater treatment systems (OWTS) atedalyp located in rural areas without
connections to a municipal wastewater treatmenvaoré&t The most common configuration
involves a septic tank offering pretreatment byeaobic digestion, whereby the pretreated
(septic) effluent is spread over soil infiltratidields, or more commonly, filtration beds
packed with river sands or similar materials. Bismaxits the filtration reactors in the form
of a biofilm, which protects the microbial cellsathare irreversibly attached to the substratum
by embedment in a matrix of extracellular polymesabstances (EPS) (Donlan and
Costerton, 2002). The biomass or biofilm populasenves an important role as purification
agent of organic nitrogenous pollutants. The stmattcharacteristics of biofilm (i.e. the EPS
matrix) however also take into account the envirentmof a porous medium and tend to
reduce the limited space between pores until Inoflevelopment reaches stabilization. Yet
the presence of biofilm is also considered to "tlogrous media, as provided by river sand or
other materials in filtration reactors, e.g. pobydzarides (Zhao etl., 2009; Kimetal., 2010).

The extracellular matrix of biofilm contains a "¢&ke structure and is composed of
major biochemical components either tightly or klgsbound to the cells, such as proteins,
polysaccharides, nucleic acids, humic-like substané&rglundet al, 1996; Flemming and
Wingender, 2001a), metabolic wastes, and absorbestrates and minerals (Wingenasr
al., 1999; Tsai etl., 2008; D'Abzaet al, 2011b). The roles of EPS are believed to inglude
without being limited to, the following: structurirmation and maintenance of aggregates or
biofilm; increase in substrate diffusivity; and aggate morphology in correlation with EPS
hydrophobicity. It can still be argued whether Ep®duction reflects higher or lower
microbial activity. The excretion of intracellulanaterial might be a survival mechanism
under unfavorable conditions, such as enhancedastlular enzymatic activity and/or other
mechanisms facilitating cell aggregation (leitial,2004).

EPS proteins constitute a group of molecules tedbpm critical functions in the biofilm
(Arnosti and Jgrgensen, 2003; Frglugtdal, 1996; Pell and Nyberg, 1989). Proteins also
possess a high molecular weight (45~670kDa) and rhay associated with other
macromolecules, such as polysaccharides (Gdhal., 2003; Bourveret al, 2014). The
molecular weight partition of the EPS protein chesxgepending on the state of the biofilm
(Martinezet al, 2004; Zhangpt al, 2007). The polysaccharides in an EPS matrix éxitte
form of either a capsule covalently associated witiellular membrane (lipopolysaccharides)
or slime weakly coupled with the cells (Kune&tral, 2007). Polysaccharides are hydrophilic
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molecules that tend to retain water and assistntierobial cells in retaining nutrients
(Wingenderet al, 1999; Imaiet al, 1997). The humic-like substances (HS-like) aekebved

to be exogenous compounds captured in the biofigfore undergoing repolymerization
(Franciosoet al, 2002). However, Guet al (2011) found that humic acid-like substances
detected by means of three-dimensional spectroftetry appear during aerobic granulation.
Some authors have pointed out that another patlewiays for the formation of these HS-like:
following the degradation of macromolecules (likartohydrates and proteins) under
microbial attack, the refractory compounds or bigpeers are selectively transformed to
produce the high MW precursor of humin, subseqtenthich the molecules become smaller
during the additional oxidation process (Vanlood &uffy, 2005). Nucleic acids used to be
considered as the indicator of cell lysis duringr&ction; later research however has found
that many microorganisms secrete extracellulareiaelcids (Steinberger and Holden, 2005).

Protein and polysaccharide EPS contents had beekett as a potential indicator of
biofilm state: the protein content increases wht formation and stability of aerobic granules
(Zhangetal., 2007), whereas Ahimoet al (2007) showed that the level of biofilm cohesive
energy is strongly correlated with polysaccharidetent.

Studies on EPS from bioprocess systems have beemsarely conducted in an attempt to
establish a connection between reactor performandeEPS physicochemical features. This
performance includes sludge settling and floccofatcapability (Liu and Fang, 2003),
biofilm and granular formation (Liu &fl., 2004), and membrane fouling (Hetr al, 2007).
Accordingly, the EPS study on OWTS is focused oo tapics: biofilm formation, and
clogging prevention. However, research carried owmtbiofilm extracted from filtration
reactors has mainly dealt with biological cloggitigd to biomass expansion and the
microbial community on the filter medium, i.e. tbtarganic accumulation(Campa al.,
2002; Zhaoet al, 2009), in including the main biofilm componentBroteins and
polysaccharides exhibit a linear correlation withexating time and a decreasing abundance
with depth (Regusat al, 2004). Among these organics, the loose "slinled-€xopolymers
appear to cause the drop in hydraulic conductiwvityle the cells exert no effect on clogging
(Vandevivere and Baveye, 1992; Ronner and Wong8)199one of these studies have ever
covered the evolution of EPS composition and cheratics. The aim of this work therefore
Is to provide in-depth information regarding EP&relcteristics in relation to the various
stages of the biofilter enrichment process as agetio bed thickness. For this study, two types

of packing materials, river sand and crushed aggesdpave been used.
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2. Materials and methods
2.1. Batch experiments (cylindrical filtration reactors)

Two filtration reactors, 70 cm high and 30 cm irardeter with sampling ports, were
packed with river sand and crushed aggregate, ceeply (see Fig. 1). These reactors were
then fed with septic effluent that had been stanea mixed tank with replenishment every 7
days. The reactors were fed discontinuously, aycadulic loading rate of 12 cm/day in 10
daily batches. The feed-rest condition inducesidiquassage, which may involve varying the
O level. The Q gas variations in each reactor were estimated dgns of an optical oxygen
sensor (OXROB10, Fire Sting 02, with Pyrosciencensee technology). A
saturated/unsaturated gas phase alternation wasl faith the river sand reactor, but the

reactor with crushed aggregate showed less variatioxygen gas.

10cm

15¢cm

30cm

45¢cm

Figure 1 : Filtration reactor with sampling ports

2.2. Packing material characteristics

The filter materials were analyzed before columokpeg, given that the river sand and
crushed aggregate differed in composition and wealdistinct treatment processes at the
quarries. The two materials were studied and coeapar terms of particle distribution, and
both mineralogical and physical characteristicsiihydraulic and hydrodynamic properties
were assessed using two post-packing filtratiorctoea (Liénardet al, 2001). These

characteristics are listed in Table 1.
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2.3. Feed water: Septic effluent characteristics
The feed water was collected from the septic efflusettling tank, with all main
characteristics being monitored throughout the apey period. The average and extreme

values of each characteristic are reported in Table

2.4. Total biomass and EPS extraction

Three samplings and extractions were carried ouDays 60, 210 and 360 for the top
layer of the medium. At the end of the operatingqak(i.e. 360 days), extractions were also
performed on the various layers in the two filvatireactors (5 cm, 10-15 cm and 30 cm).
The total biomass was extracted as quickly as ples¢k 24 h) both by heating to 80°C
during 30 min for the colorimetric analysis (proi®i HS-like, polysaccharides and nucleic
acids) and by sonication at 4°C during 60 min Fa 8ize Exclusion Chromatography (SEC)
fingerprint analysis (Zhangt al, 2009; Bhatiaet al, 2013). The EPS was extracted by
sonication at 4°C over 5 min for both the colorineeanalysis and SEC fingerprint analysis.
The nucleic acids were assessed with a seriegraalind extractions of increasing duration:
after 5 min, the nucleic acid contents exhibitesigmificant increase within the filter media

samples.

Table 1: Characteristics of river sand (RS) andlved aggregate (CA) as the main packing

materials
: River sand Crushed aggregate
Material (ref. RS) (CA)
Particle size distribution characteristics
Effective size [y (mm) 0.38 0.17
Average diameter P(mm) 0.82 1.36
Uniformity coefficient (Q¢/D1g) 2.8 10.0
Fine particles % (< 0.08 mm %) 0.4% 5.0%
Physical and chemical characteristics (average vads; n=5)
Real density (kg/f 2525 (+42) 2438 (+111)
Porosity (%) [min; max] [30%; 33%] (+1.5%) [38%; %] (+1.7%)
Specific surface area (fkg) 4.04 2.78
Hydraulic characteristics (average values; n=5)
Estimated hydraulrlsatignductlwty (m/s)[min, [8.25~9.53] x10 [2.79~2.88]x10
Water retention capacity after drainage (static 8.4% 12.7%
water %)
Hydraulic Residence Time (hours) (n=1) 35 93
Variation of Q gas level at 10 cm [11, 20]% [19.2, 19.8%

[min, max%o]
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Mineralogical composition (mg/kg of material)

Ca <5 795
Mg 74 1535
Na <5 295
K 1370 2356

Table 2: Feed water characteristics

Parameter Average value [min; max]
pH (5 tests) 7.1 [6.6; 7.5]
TSS (mg/L, 18 tests) 39 (x11) [20; 66]
VSS (mg/L, 1 test) 23 -
COD (mgOlL, 18 tests) 372 (x100) [231; 572]

2.5. Total biomass, feed water and EPS characterization

The biochemical components of biomass, EPS and fea®r were quantified by
employing colorimetric methods: proteins and hufike- (HS-like) substances using the
modified Lowry method in introducing Folin's reagéRrglundet al, 1996); polysaccharides
using Dubois' method; and nucleic acids using Bustmethod (Burton, 1956; Dubas al,
1956).Nucleic acids are present for the purposeR$ extraction control (Liet al.,2003).
Considering the relatively weak content of nuckeetds in the extracted EPS, it appears that
the EPS extracted during this study was not comtated by significant amounts of
intracellular materials (Comet al, 2006).

The apparent molecular weight (aMW) distributionfs bitomass proteins and humic
substances were analyzed by means of High Pressizee Exclusion Chromatography
(HPSEC) (Merck Hitachi LA Chrom Chromatograph), plaa with fluorescence detection.
The high molecular weight separation was performéith the Agilent column (BioSec,
300A, 5-1,250 kDa), while the low MW separation madgse of the BioSec 100A Agilent
column (0.1-100 kDa). All columns were placed inesfor the separation improvement step
(Bourvenet al, 2014). The mobile phase was composed of a 150Ma@| and 50-mM
phosphate buffer at pH 7.0. The MW were calibratsithg six proteins or amino acids, with
MW values of: 440000, 155000, 69323, 5777, 670, &@ 181 Da (matching respectively
ferritine (Sigma), immunoglobulin G from human serySigma), albumin from bovine

serum (Sigma), insulin from porcine pancreas (Flukiayroglobulin, thyrotropin-releasing
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hormone (Fluka), and tyrosine (Fluka)). For the snealibration curves, the logarithm of
molecular mass (Log (MW)) has been plotted as ation of the elution volume (mL), i.e.:

Log (MW) = -0.3164 Ve + 9.4676 (R= 0.982)

with MW being the molecular weight (Da), and Ve #iation volume (mL). The permeation
volume determined with Naj\equaled 22 mL. The Excitation/Emission (Ex/Em) alangth
fluorescence detection for protein-like (proteipptophan-like) substances was found to be
222/330 nm, while for humic-like substances (H®Jikhe value amounted to 350/460 nm.
These wavelengths were derived with the Shimadz&¥H PC spectrofluorometer. The two
coupled ExX/Em wavelengths corresponded to the naxifhnorescence in the protein
tryptophan-like and HS-like, as defined by Cleeml (2003).

The chromatograms were established from both therdkcent intensity (volts) and
elution volume (mL). Several fractions were idartif as the elution volume interval (e.g.
12~18 mL). The fractional area percentage calandativas based on the ratio of the
chromatogram area of one fraction to the total wlatmgram area. This calculation was
performed using the Origin 6.0 software packagee Tiactional (F) area percentage is
defined as follows:

F% = 100 x Area of fraction / Total area of chroogaam

3. Results and discussion

3.1.Comparison of biochemical characteristics of orgam matters of effluent and of EPS

extracted from filter material

The feed water (effluent) was responsible for inipgra variety of organic matter, some
of which was caught by the filtration medium. Tbiganic matter will subsequently be used
as substrate; however, its presence is inevitalsld mfluences biofilm component
characterization. The EPS were extracted and thetibns of each major biochemical
component were compared to those of the feed Wwiigr 2). For this comparison with feed
water, EPS extracted from RS has been used.

Quantitative results indicate that biomass and HiRBlay a distribution of biochemical
components different from that of feed water: profgoportions in the biomass or EPS show
a rise (20% in feed water vs. approx. 40% and 588pectively in EPS and total biomass).

The EPS from river sand is composed of a simildio rhetween proteins and HS-like
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compounds at both 210 days (7 mg proteins vs. éi8dike/kg material) and 360 days (30
mg protein vs. 38 mg HS-like/kg material). Both tiécleic acids and polysaccharides are
less significant components in the EPS than in feater (Fig. 2a). The proportions of
biochemical components (Fig. 2b) also exhibit distidistributions between EPS and total
biomass, with higher proteins and lower HS-likegandions for biomass extraction, since the
total biomass includes intracellular as well agaedllular proteins. In EPS on the other hand,
the proportion of HS-like exceeds proteins at 3@9sd This increase in EPS proteins may be
due to bacterial production or protein-like molesl also, it might stem from the

environment or from cell lysis (Wingendetral, 1999; Flemming and Leis, 2001).
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&2 Nucleic acids of biomass| A 2 Polysaccharides of biomass extracted from the river sand B

Proteins of EPS 2 HS-like of EPS compared to the feeding water

® Nucleic acids of EPS & Polysaccharides of EPS

Figure 2 : Biochemical component contents (A) amhrtition (B) of EPS, biomass from the
top layer of the biofilter (RS) at both 210 and 38§'s of colonization and feed water

Other analytical tools are needed to compare thaitgtive characteristics of EPS
components. As the main extracellular matrix congmbs, the PN-like and HS-like
compounds were examined using SEC fingerprints ledupwith fluorescence detection. The

resulting chromatograms are shown in Figure 3.

In Figure 3a, the HPSEC protein-like fingerprintegent similar MW distributions between
the EPS and biomass of the river sand sample:N\tW af protein-like substances (PN-like)
spikes from < 6 kDa to > 1000 kDa, although thistritbution differs in comparison to feed

water. Several fractions can be described, namely:
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- Fraction of very high MW (VHMW) (10mL<Ve<12mL): onprior peak with an
apparent MW (aMW»1000kDa;

- Fraction of high MW (HMW) (12mL<Ve<l14mL): groups qgbeaks not well
distinguished from one another and often with tveaks shown (1000kDa>aMW>
109kDa);

- Fraction of low MW (LMW) (14mL<Ve<l16mL): groups gfeaks distinct from one
another (109kDa>aMW> 25kDa);

- Fraction of very low MW (VLMW) (18mL<Ve<22mL): oner several peaks
depending on the sample (aMW<6kDa). For an elutmome >22mL, the molecules

are eluted beyond the total permeation volume @ttiiumn.
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Figure 3: Protein-like (PN-like) (A) and Humic-liKelS-like) substances (B) HPSEC
fingerprints of EPS and biomass extracted fromilgof(RS) at 210 days compared to the
feed water
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The percentages of the fingerprint fractional aheae been calculated and displayed in

Figure 4.

Feed water - 21% 35%
B F(VHMW) (10-12mL)
Biomass (Day 210)_ 14%| 17% | BFHMW) (12-14mL)
OF(LMW) (14-16mL)

OF(VLMW) (18-22mL)

EPS (Day 210) 109% 21%

Figure 4: Protein-like SEC fingerprint fraction angercentage (%) of biomass and EPS from
the river sand (RS) on Day 210, compared to the Yester percentage

These characterizations reveal a similar distrdyubetween biomass and EPS: a higher
VHMW fraction with aMW > 1000 kDa, while the feedater contains mainly very low MW
PN-like eluted after the permeation volume (VLMVddtion). The biomass and EPS exhibit
similar proportions of VHMW fraction, which couleésult from the polymerization of PN-
like compounds due to their association with otlgpes of molecules within the extracellular
biofilm matrix (Bourvenet al, 2014). The biomass PN-like fingerprint reveatgher HMW
and LMW fractions when compared with those of EH&se fractions may be PN-like
molecules located in cells (intracellular protake).

In contrast, compared to proteins, the HS-like @rmmarily molecules with a weak MW
(Ve > 18 mL: aMW < 6 kDa) (Fig. 3b). Bhat&t al. found that the HS-like in EPS of an
aerobic granule was less than 6 kDa in the MW imac{Bhatiaet al, 2013). The HS-like
also present similar fingerprints between EPS andchass extracted from river sand. Since
humic compounds are not produced by biofilm celist bather captured from the
environment, the presence of HS-like compounds lghbae extracellular. The similarity
between EPS and biomass HS-like fingerprints, alentp the differences in PN-like
fingerprints of EPS and biomass, has confirmed thatbiomass extraction includes both
intracellular and extracellular components. Thepshand peak maxima of the HS-like
fingerprints of EPS and biomass on Day 210 howeléer from those of feed water (feed
water: Venaximum peak= 20 mL; EPS and biomass: ¥&imum pea= 21 mL). The hypothesis may
thus be forwarded that the river sand biofilm silety adsorbed humic-like compounds
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from the feed water at a different developmentakestand/or the HS-like modification
(metabolism) took place in the biofilm due to delgt@on (catabolism) (Volket al, 1999;
Vanloon and Duffy, 2005).

The above findings show that the biochemical corepts of total biomass and EPS
differ from those of feed water, with a higher Pdhtent, in particular very high MW PN-like
compound (> 1000 kDa) percentages. Furthermoretafa biomass contains two slightly
higher MW fraction percentages (HMW fraction: 10kIDa ~ 109 kDa and LMW fraction:
109 kDa ~ 25 kDa) than the corresponding EPS ptages. These fractions could
correspond to intracellular proteins.

The evolution in EPS has resulted from the filbatreactors at two scales, i.e.: evolution
during process implementation, and evolution asration of the vertical profile (depth) of
the reactors. Two materials from validated biofilieatment processes (river sand (RS) and
crushed aggregate (CA)) can yield observationdaffitm evolution, due to the fact that EPS

is essential to biofilm survival.

3.2.Evolution of the biochemical characteristics of EP¥s. operating time

1. Biochemical composition:

The evolution of EPS percentages in the biomasa&ed from the top layer of each
filtration reactor on Days 60, 210 and 360 (aswated from the data available in Fig. 5) is
presented in Table 4. During the implementatiorcess, total biomass increased in the two
materials, by factors of 3 and 2 for RS and CA ee8ipely. This biomass increase
corresponds to the protein content evolution (95861 1% factors for RS and CA,
respectively), which serves as the biomass actiadycator (Di laconiet al, 2006) (Fig. 4).
Biomass implementation seems to reach stabilizdtofRS with a growth factor of 1.3 and
1.8 respectively for biomass and especially fotgiro This same trend is observed in the two
materials with an increase of EPS percentage ibittraass, from approx. 16% to 30% in RS
and from 21% to 32% in CA. It is still open to debahether EPS production reflects higher
or lower microbial activity, though it is usuallgported that during the exponential growth
phase, EPS content increases with time yet deeasee the stationary phase has been
reached (Jiat al,1996). Both EPS percentages exhibit a slight dseréetween Days 60 and
210 (Table 4).This decrease is simply due to tlog dn HS-like substances (Fig. 4) from 7.1
to 5.9mg/kg material in RS and from 15.1 to 7.1lmggtkaterial in CA. As explained in the
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previous section, humic substances, which are gagfrom effluent, do not get synthesized
but might be metabolized by biofilm cells aroundy[24.0 (Volkset al., 1999).

The EPS percentage in the biomass however remainsvghat higher for CA, especially
at the beginning of the implementation step; & #ame time, a higher biomass increase for
RS than for CA is revealed. The biomass contenluéen could be due to a higher specific
surface area for RS than for CA (Table 1) or taghér speed of development. As observed
from the material characteristics (Table 1), the f@actor displays an extended hydraulic
residence time and water retention capacity, bdthvlich may due to the fine particle
content. The static liquid phase may lead to mmvoenments with a weak renewal of
nutrients and/or accumulated residues. The hydraadid hydrodynamic variations could
result in low biomass activity (i.e. total protaiantent in CA) but a high proportion of EPS in
the reduced biomass (as is the case with CA). [bussubstrate content could favor EPS
synthesis (Gacet al, 2008; Nicholset al, 2004). Starvation would be the preferred
hypothesis over hydrodynamic influence for the éase in EPS content from aerobic
granules growing on a zeolite material biofilteii (Bconiet al, 2006). Moreover, changes in
environmental conditions could induce a shift incrabial community and, subsequently,
more EPS-producing content (Gabal, 2008; Liuet al, 2004). Throughout all days of the
process, total -N removal (%) is greater (by adaof 1.5) for RS than for CA, which means

that denitrifying bacteria are less active or lggssent in the CA biofilter.

Table 4: Biomass evolution and EPS percentageeiittmass extracted from
the top layer of each filtration reactor on Days 500 and 360

Material River sand (RS) - top layer Crushed aggiedCA) - top layer
Time 60 days 210 days 360 days 60 days 210 days da&60
Biomass
96 238 303 123 141 251
(mg/kg)
EPS% 16 9 30 21 17 32

The biochemical contents of EPS and biomass ertidobm the top layer of the two reactors
on Days 60, 210 and 360 are presented in Figuaesl B:
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Figure 6: Evolution in biochemical component repiar of extracted EPS and biomass
over time in both river sand (RS) and crushed agee(CA)

The evolution in biochemical component quantitieextracted EPS and biomass over
time in both river sand (RS) and crushed aggre@a®g (Fig. 5) suggests that the evolution
in extracellular biochemical components undergdes same process for both materials.
Enrichments have been indicated in: PN-like (witbvgh factors of 19 and 3 for RS and CA
respectively), HS-like (by factors of 5 and 2 fd8 Bnd CA respectively), and PS (factors of 3

and 5 respectively) (Fig. 5). The majority of orgamatter in an extracellular matrix is
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composed of proteins and humic compounds (FigwBich are found in greater proportions
in active sludge (Frglundt al, 1996). Zhanget al (2007) observed that the stability of
aerobic granules during biofilm granulation is na€eld by PN, while for Ahimowet al
(2007) cohesiveness is correlated with PS.

When comparing the evolution of proportions in lbiemical components (Fig. 5), this
same trend is identified with increasing PN perages (RS: 10~33%; CA: 24~31%) and
decreasing HS-like (RS: 47~43%; CA: 50~33%). Zhastgal (2007) described such
enrichment in PN content of EPS during aerobic gie@riormation and proposed that an
increase in PN might enhance neighboring micrateds and form a cross-linked network by
attracting organic and inorganic material (latial, 2004). The percentage of PS however
becomes inverted, with an increase (18~33%) andedse (30~18%) for CA and RS,
respectively. Hence, EPS in biofilm does not nem@gsdevelop in the same way on the two
filter materials. The difference in EPS biochemicamposition may be explained by the
differing conditions generated in the materials, porosity (both external and internal), fine
particle contents and reactor hydrodynamics. Moeeahie mineralogical composition (Table
1) differs substantially with crushed aggregateghbr calcium content leads to a greater
presence of divalent cations at the material sarfagth the possibility that divalent cations
bind with extracellular PS-alginate-like via an iotink, thus resulting in a complex "egg-
box" configuration (Sobeck and Higgins, 2002; leh al, 2010). Stabilized PS are less

influenced by effluent and/or less metabolized.

In light of the above discussion, similar trends t& observed for PN- and HS-like, as
recorded in both materials. A follow-up qualitatieemparison of PN-like and HS-like

substances was conducted by examining the MW loligioin.

2. Protein and HS-like HPSEC fingerprints:

In examining the major biofilm components, a furtlpialitative study on the MW
distribution by HPSEC fingerprints of protein-likebstances between filter materials will be
described and the chromatogram displayed in supgpltary data. Moreover, Figure 7will

present the fractional area percentages.

As observed in the PN-like fingerprints (S1, suppdatary data), their peak number and

elution volume differ with incubation time. Thisnfling indicates that diverse molecular
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structures have occurred as a result of biomasshenent. Similarly, in Figure 7, the increase
in the VHMW fraction and decrease in the VLMW fiact of PN-like fingerprints were
noted in both filter materials after 60 days of @bens. This MW distribution shift may be
due to the production of new PN-like and their padyization with other organic molecules
during the enrichment step. Since extracellulatging contain a considerable amount of
enzyme, it is assumed that the extracellular enggmectivity might change with the
increased biofilm implementation activity. This iease in the VHMW fraction may be

correlated with the aggregation of bacteria inibiotluring biomass enrichment.

The RS showed a relatively stable evolution intfoaral area percentages from Day 60
to Day 210. A decrease in the VHMW fractional prdjmm coupled with an increase in the
LMW fractional proportion could be noticed on Dag(3 The decrease in the VHMW
fractional proportions may be explained by a degtiad in existing compounds at the mature
biofilm state (Nielsonet al, 1996). For CA on the other hand, the VHMW frawtiis
increasing during all 360 days of biomass enrichm#ius suggesting a late increase in
molecular polymerization. This late evolution inettMW shift distribution of PN-like
molecules in CA may be caused by somewhat delaigdithi development in such material;
this pattern was also observed in the biochemimadponent evolution for total biomass (Fig.
4). Let's notice that between Days 210 and 360bdth materials, the HMW fractional
distributions became smaller, which may be dueh® degradation of PN-like for cell
catabolism.

BF(VHMW) (10-12mL)  BF(HMW) (12-14mL) ©F(LMW) (14-16mL)  OF(VLMW) (18-22mL)

9% 36% 30% Day 360 - 31% 20%

17% 10% 21% Day 210 - 37% 17%

Day 5 _ IR _
RS

S CA

Day 360

3

Day 210

Figure 7: Percentage of areas for PN-like fingetriactions of the EPS extracted from RS
and CA during the operating period
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The HS-like fingerprints of the EPS extracted frtime two materials have also been

described from Day 60 to Day 360. These resultpaesented in Figure 8.

As mentioned in the previous section, HS-like wasefirmed to possess weak MW (< 6
kDa) on Day 360 in both materials. The majorite.(imajor peak) fraction varied similarly
between the two filter materials over the operapegod. The small peaks located between
20 and 22 mL on Day 60 had moved to between 2024nchL by Day 210 and wound up
being positioned at 20 mL on Day 360. Let's notg,tfor CA especially, the area under peak
evolution exhibits the same trend as the HS-liket&at observed in Figure 4 over time;
during this process, the aMW of HS-like increasgslmentioned in the previous section, the
HS-like first absorbed in the biofilm might thus the humic compounds of very weak MW
or the HS-like modified by the biofilm; furthermorthe HS-like fingerprints of EPS in the
two materials were similar to those of the feedenaduring the first process interval, either:
i) in considering the hypothesis of selective aggon of HS-like from the effluent, smaller
molecules are perhaps more easily and quickly &dsoonto the biofilm; or ii) in considering
the hypothesis of metabolism of HS-like by cell§-kke from the environment are no longer

used after implementation (hence no longer beiggatked).
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Figure 8: Evolution in HS-like fingerprints of eatited EPS and biomass over time in both
river sand (RS) and crushed aggregate (CA)

3.3.  Evolution of EPS biochemical composition with bedhickness

To observe the impact of packing materials on liogvolution in the deeper part of the
filtration reactors, i.e. where the environmentfet from that of the top layer (less rich in
substrates), a follow-up study of the vertical ESribution in filtration beds with different

filter materials was conducted after 360 days @rapons using the same analytical tools.
1. Biochemical composition:

The evolution of biomass and EPS percentages ibitneass extracted from layers 0-2
cm, 5 cm, 10-15 cm and 30 cm in each biofilter cay 360 (as calculated from the data
available in Fig. 9) is shown in Table 5. The bies @ both materials decreased with filter

medium depth; moreover, a higher biomass in RS fiteentop to the 10-15 cm layer and a
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lower biomass at 30 cm compared to CA were obserifeid same trend had been identified
for both types of material packing: increasing Eifcentage in biomass, coupled with a
declining biomass over the depth. The EPS percentagained constant in the same layer
and on the same order of magnitude for both madgeahout 30% for the top, and increasing
with depth (up to 38%).

Table 5: Evolution of biomass and EPS% from bioneegsacted
over the depth of each reactor

Material River sand (RS) on Day 360 Crushed agdee2A) on Day 360
Depth 0-2cm | 5cm 10-15 30cm | 0-2cm| 5cm 10-15 30 cm
(cm) cm cm

Blomass | - 555 | 159 | 125 45 251 | 166 71 63

(mg/kg)

EPS% 30 25 27 39 32 30 44 37

The biomass also decreased with depth due to fegllsr when less of the substrate had
penetrated into the depth. Like for the previouslgt(EPS vs. time of evolution process),
total biomass components appear in higher contemts the top to the 10-15 cm layer in RS
than in CA. EPS components show a similar scaleg@xwith slightly more polysaccharides
in CA. The increase in EPS percentage above the,leompared to its total biomass over
the filter medium depth, could be due to: i) thevdward shift through the depth of the
weakly bound soluble EPS; ii) less substrate anaoteria community shift (more nitrifying
bacteria, which are autotrophic); and iii) a new Catio over the deeper part of the beds. Gao
et al. (2008) also described how nitrifiers (which appdae to the new C/N ratio) tend to
produce more EPS than heterotrophs within the uppedia of an aerobic biofilter.
Moreover, a low C/N ratio (as is expected with theptour study) was reported by Durnmetz
al. (2001) to induce a low EPS content when compasitda ratio of 40. The fine particles in
CA should be more noticeable over the depth thahentop layer, which may also lead to a

higher EPS percentage by structurally influenchghtiofilm (Vieira and Melo, 1995).

The proportions of biochemical components have gbdnin the deeper part of the
filtration beds (Fig. 10, 30 cm). CA reveals loweuantities in proteins than in
polysaccharides of EPS (in both the absolute atadive fractions), with the PN/PS ratio
decreasing from 1 in the top layer to 0.1 at 30 Eor. the RS material, PN/PS ratios were

typically higher, with a value of 2 in the top layaround 1 from 5 to 15 cm and 0.5 at 30 cm.
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In deeper parts, bacteria feature less substratethdfmore, the proportions of

polysaccharides in EPS, which increase with medi@pth in CA and RS, might be due to
the lower accessibility of nutrients or change atterial community, or a new C/N ratio, or
various physical environments. Durmetzal (2001) however showed that a lower C/N ratio

induces an increase in PN content and a decreds® aontent.
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Figure 9: Biochemical composition of the biomasg BRS extracted from RS and CA in
different filtration bed layers
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Figure 10 : Biochemical component proportions ef BPS extracted from RS and CA in
different filtration bed layers
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2. Vertical evolution of proteins and HS-like fingeinus:

The MW evolution of PN-like compounds in the 10-d% and 30 cm depths was also
studied by means of HPSEC fingerprints. These t&qulesented in S2 (supplementary data),
show similar fractions of PN-like EPS to those lre top layer; moreover, the four major
fractions were identified as in Figure 3. The cep@nding fractional percentage calculations

are shown in Fig. 11.

BF(VHMW) (10-12mL)  BF(HMW) (12-14mL) ©F(LMW) (14-16mL)  OF(VLMW) (18-22mL)

30cm hS“/ 59% 24% 30cm i 64% 18%

10-15cm l°o 63% 23% 10-15cm - 46% 23%

0-2cm 9% 36% 30% 0-2cm _ 31% 20%
RS CA

Figure 11: Percentage of areas of PN-like fingetgdractions of the EPS,
extracted from RS and CA over the different filivatbed depths

For both materials, the 10-15 cm and 30 cm layetsbded a lower percentage of
VHMW and HMW fractions yet a higher percentage &iW and VLMW fractions, thus
indicating that fewer high MW PN-like polymers wdogmed in the lower part of the filters.
These low aMW compounds (<6kDa) may be amino adigsor small peptides-like or
molecules of similar configurations conveyed by ted water, then transported and sorbed
onto the deep medium. The LMW and VLMW fractionsynaéso be associated with low MW
PN-like molecules, resulting from the degradatidrsabstrate by means of microorganism
metabolism (Net al, 2011).

The HS-like fingerprint evolution over the depthteb materials has also been compared
and summarized in Figure 12. These fingerprint ctatmgrams reveal similar shapes to the
two filter materials and feed water, which suggebktt HS-like compounds stem from the
retention of exogenic organic matter. The HS-likegyérprints also display overlapping peaks
with the 10-15 cm and 30 cm samples of both mdseaad moreover indicate that HS-like

may be captured from the feed water and distribuétatively homogeneously inside the
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filter medium, despite the fact that the types itiéf materials and these exogenic HS-like

compounds possess similar and low MW (< 6 kDa).
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Figure 12: Evolution in HS-like fingerprints of eatted EPS and biomass over time in both
river sand (RS) and crushed aggregate (CA)

4. Conclusion

This paper has sought to provide in-depth inforarategarding the EPS extracted from a
biofilter at various enrichment stages during a -8@&@period and for different bed
thicknesses. Two types of packing materials, rsard and crushed aggregate, were used and
a series of quantitative and qualitative analysisdeicted to investigate the differences in
EPS characteristics. The following conclusions ddaé drawn:

Overall, the percentages of EPS in biomass incredtbebiomass enrichment despite a
decrease due to humic-like substances as of Day@irfihg biomass enrichment, the humic-
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like substance/protein ratio decreases. Meanwhigthin the bed thickness, the
polysaccharide/protein ratio rises by Day 360. Meex, a correlation between the higher
percentage of polysaccharide in EPS and less falomnvironment for microorganisms
potentially found in the CA biofilter has been pogpd. The packing material mineral
characteristic does affect polysaccharide impleatent in EPS, in considering the divalent
cations possibly released with CA.

A clear difference in the SEC protein-like fingerps during biomass enrichment, in
terms of both intensity and number of peaks, wdgew. This finding indicates that diverse
molecular structures have occurred as a resulhefenrichment; a variation in the four
fractional distributions (i.e. very high, high, loand very low MW) was also shown. When
decreasing, the high MW fraction can reveal baatenowth and aggregation in the biofilm.
An increase in the very high MW fraction may beretated with bacterial aggregation.
Within the bed depths, the very high MW fractiortidases, thus suggesting less aggregation.
This fraction decreases after Day 210, but only tfie RS material, which is perhaps
connected to a more mature biofilm.

The SEC fingerprint applied with detection for Hisel also provided valuable
information. It was shown that the HS-like from ER&e weak MW and result from the
adsorption of feed water, perhaps initiated eitbgrthe preference for smaller humic
molecules (aMW<720 Da) or by an HS-like moleculenbemetabolized by biofilm cells at
the beginning of the process (up to 210 days). @pn 860, HS-like SEC fingerprints are the
same as those from the feed water (aMW<6kDa) irbibidter.
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Conclusion:

Les études montrent clairement que la matiere aqgandu biofiltre n'est pas une
accumulation de la matiere organique de l'efflueratis bien une production par le biofilm
(pour la biomasse totale et 'EPS). La teneur enémes est ainsi beaucoup plus faible pour
I'effluent ainsi que la fraction de protéine-like tbrte masse moléculaire (MM).

Au cours de la mise en place du procédé, la bicentsale et les EPS augmentent et en
particulier les teneurs en protéines de la biomass

Les résultats montrent une augmentation plus fitet&a biomasse pour RS1 mais aussi une
stabilisation pour RS1. Pour le réacteur conter@@hl, le développement de la biomasse
semble plus long et semble encore en pleine enoéssa I'issu des 360 jours de procédé. Le
% d’EPS augmente dans le temps avec une teneueidgegt plus importante tout le long du
procédé pour CALl. La répartition protéine/sucre @iffierente en fonction du type de

matériaux ; le ratio augmente au cours du temps R8U alors qu’il diminue pour CAL.

L’étude par une méthode de chromatographie d’eiaiustéarique tend a démontrer que
les substances humiques présentes majoritairena@stld biomasse et 'EPS seraient issues
d’'une accumulation de l'effluent au niveau de latrmea extracellulaire, bien que des
empreintes de substance humique-like soient igieesi entre I'effluent et les EPS aprés 210

jours de fonctionnement.

Les empreintes SEC des protéines-like de la bioenasmtrent au bout de 210 jours une
tendance vers une augmentation des fractions desfonasses molaires (MM) méme si la
répartition est un peu différente pour RS1 et I8s Bour les EPS, 'évolution des fractions
des protéines like est par contre opposeée : aloeslg fraction de tres haute MM tend a

diminuer au cours du temps pour RS1, cette fraciagment pour CAL.

A 360 jours le rapport protéines/sucres diminudagrction de la profondeur du biofilm
et ce d’autant plus pour le biofiltre contenant CA4 fraction de forte MM des protéines like

tend a diminuer avec la profondeur dans le biefilat ceci pour les deux types de matériaux.

Ces résultats montrent que la caractérisation deatere organique de la biomasse et des
EPS est un critére potentiel de choix pour différenles deux types de matériaux dans les
biofiltres, mais plus d'études sont nécessaires iutures études devront notamment se
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focaliser sur les protéines et le rapport protémese ainsi que sur I'évolution au cours du

temps des empreintes SEC des protéines-like.
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Part III: Conclusion générale

Dans les systemes d’assainissement autonome, ape €k filtration biologique
intervient apres le traitement anaérobie de I'effil L’'environnement du lit filtrant avec ses
conditions de milieu insaturé est un milieu compleat hétérogene qu’il est difficile
d’appréhender. Des mécanismes tres différents pnmb&’éliminer des compartiments trés
différents de la contamination des eaux uséesatfitn physique des solides en suspension
et de microorganismes, précipitation chimique deémaux, dégradation biologique et
conversion de contaminants du carbone et de l'azdies processus biologiques sont le
moins bien connus car ils impliquent aussi biesdimilation/dégradation de la matiere

organique que le développement de la biomassdfiofi

Le sable de riviere est généralement utilisé commatriau de garnissage et comme support
de biomasse dans les filtres. L’exploitation impote du sable de riviere rend la ressource
fragile et nécessite la recherche de matériaux udsstisution. Les agrégats concassés
disponibles et économiquement avantageux sontaggssen substitution du sable. Quelques
études ont montré la possibilité d'utiliser des pups concassés comme matériaux de
garnissage dans les lits filtrants mais les coresécps de cette substitution sur I'épuration des
eaux ne semblent pas bien maitrisées. Une étlemgmcts de la nature des matériaux de
garnissage et de leurs caractéristiques physidudsreiques sur le fonctionnement des filtres

est donc nécessaire. Notre approche a consigéharcher des éléments de différenciation
du comportement des filtres. En plus de l'efficdoffpuratoire des filtres sur le carbone,

I'azote et le phosphore, le développement et lilsgation de la quantité et de la qualité du

biofilm ont été suivis au cours du temps. Une éuuéonctionnement de différents filtres sur

une longue période (360 jours) a été adoptée divsdrver des difféerences de comportement
de la phase de colonisation a I'état stationnaieetravail a consisté a caractériser au mieux
les matériaux, puis a observer I'impact des maig&risur les différents rendements et sur le
développement de la biomasse avec un focus paeticslir les substances polymériques
extracellulaires. Une interprétation du fonctionestndes filtres en fonction de la nature des

matériaux est proposée.
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I11.1. Différentiation des matériaux

Une méthodologie concernant la mise en ceuvre detrimax filtrants et une

caractérisation de ces matériaux granulaires énpréiposées :
Définition d’'un proces expérimental :

Pour répondre aux objectifs, la premiére étape resist® a définir et a construire un
dispositif expérimental a I'échelle du laboratoiré. cet effet, le pilote de filtration a été
composé de 12 réacteurs de filtration de 30 cmiamétre et de 3 hauteurs différentes de
garnissage : 15, 30 et 70 cm. La hauteur de 70ant & hauteur de matériau recommandée
par la norme NF, DTU 64.1 (AFNOR, 2011) alors geg thauteurs de 15cm et 30cm sont
considérés comme les couches actives du processifilgration. Un apercu de l'unité pilote

de filtration est proposé sur la Figure 3.1.

Heightsortthe
15,3070cm

Samplingports:5;10;15;30;45cm;
ding:hydrauliccharge:12cm/dayby
10batches.

14

e

Figure 3.1:vue d’ensemble des pilotes de filtration

Caractérisation des matériaux de filtration :

Deux sables de riviere (RS1, RS2) et deux granglatsassés en carriere (CAl, CA2)
ont été choisis pour cette étude. Des différenadasété observées dans la taille (analyse
granulométrique), la forme de particules (analysaabes) et la composition minéralogique
(analyse chimique des lixiviats). Parmi les gratsulzoncassés, CA1 a montré la plus forte
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hétérogénéité dans la taille, avec un contenu diécpias fines plus élevée et une surface
spécifique plus faible (4.04 #kg pour RS1 vs 2.78 ftkg pour CAl et 2.88 fikg pour

CA2). Le sable RS1 est par sa taille le plus pratdnéa norme NFDTUG64.1 et est considéré
comme référence pour I'étude. Au contraire, RS2 p&re considéré comme un sable grossier
et doit permettre de différencier I'effet de taillBA2 ne présentait pas de caractéristiques
extrémes comme CAL, mais une minéralogie tres dgdée a été observée. Les principales

caractéristiques de ces matériaux sont réesumésdealdaableau 3.1.

Table 3.1: Principales caractéristiques chimiquemhgsiques des matériaux de filtration
choisis

Matériel RS1 RS2 CAl CA2

Nature La Loire La Loire carriere carriere

Photo de I'échantillon

Effectivesize:Ro(mm) 0.38 1.60 0.17 0.44
diametre moyen : mm) 0.82 2.26 1.36 1.6
Coefficient d’'uniformité ([3¢/Dao) 2.78 1.75 10 5
Particule fines (<0.08mm)9 0.4% 0.5% 5% 2.4%
Rondeur (-) 0.74 (x0.11)  0.76 (x0.10) 0.73 (x0.15) 0.67 (£0.15)
Ca relargué (mg/kg) 4.30 2.28 10.43 28.72

[11.2. Impact des matériaux sur le fonctionnement du réaeur : hydrodynamique et

transfert de 'O »

Plus le temps de séjour moyen dans les colonnditrdéon est important (HRT) (93h
pour CA1 vs. 38h pour RS1) et plus le volume dentidtn d’eau est fort (13% for CA1 and
8% for RS1). Cette rétention réduit également Iadoativité hydraulique (coefficient de
perméabilité) avec des valeurs tres différenciéeeeCALl et RS1 (CAl: 3.25%x10-4 m/s et
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RS1:. 8.95x10-4m/s). La présence de particules fidass CAl est donc susceptible

d’'impacter fortement le fonctionnement d’un filtre.

La mesure de la distribution de I'oxygene dansdiesx filtres précédent a montré un niveau
relativement constant d’O(environ 19% v/v) et apparait dans tous les cagyéé de la
saturation. Pour RS1, lintroduction des béachéeisame une baisse transitoire du taux
d’oxygene (11 a 20%).

Les facteurs de forme trés différents (rondeur gg@mple) comme pour le matériau CA2
laisse présager par sa configuration anguleuseélsepce de microenvironnements avec des
chemins préférentiels de lI'eau ou des transfertsaiendifférent. La diminution de la
conductivité hydraulique réduit l'infiltration etugmente les zones de saturation en eau. La
Figure 3.2 propose une représentation conceptdeltette différence de comportement entre

les deux classes de matériaux.

Water movement

I -
Airjphase

~
~

Round sand grains Angular crushed grains

Figure 3.2: Proposition d’un schéma conceptueleregmt les deux structures de grains (sable
de riviere et agrégats concassés) et la distributél’'air et de I'eau dans le lit.

[11.3. Impact des matériaux sur I'épuration des eaux

L'objectif d'un réacteur de filtration dans le teanent in situ des eaux usées est de
réduire autant que possible la quantité de matieobdes, la matiere organique, l'azote, les
micro-organismes et éventuellement le phosphors.difecacités similaires ont été observées
pour I'abattement des matiéres en suspension & deatiére carbonée par le sable fin de

riviere (RS1) et par les deux granulats concasség ,(CA2).

187



PartIIl: Conclusion générale

Avec des tailles efficaces similaires, RS1 (maté&teréférence) et CA1 (trés hétérogéne en
taille avec de fines particules) ont montré desacd@s de rétention mécanique identique vis-
a-vis des particules et des matiéres organiques différences entre ces deux matériaux sont
par contre observées dans le suivi de I'éliminatierfazote total : I'élimination de I'azote par
dénitrification est meilleure avec le sable fin dgiere. Comme nous l'avons vu
précédemment, la distribution de l'oxygene dans réacteur est influencée par la
configuration du filtre : dans RS1, I'alternancdreres phases aérobie et anoxique pourrait
étre atteinte avec la finesse et 'homogénéit@daille des grains. Le fluide dispersé dans le
milieu pourrait chasser I'air au moment de l'alirtegion du filtre ; dans CA1l, en raison de
I'hétérogénéité de la taille des grains, surtoutladgrésence des fines particules et de
l'angularité des grains, des micro-environnemetsrrpient étre différents par rapport au
matériau de forme réguliere. Cette hypothese repleconcept de microsites du sol proposé
par Parkin (1987) et Gikt al, (2009). Le concept de micro-environnements pesirdeux
types de matériau est proposé sur la Figure 3.3.

Crushed aggregates

River Sand Fine particles

Internal pores

Transfer of (,)xygen

Figure 3.3: Concept de micro-environnements audesfiltres garnis de sable ou d’agrégats

concassés

L’évaluation de la biomasse a également indiqguéfamément aux attentes, une
distribution verticale des différents types de Beet avec la profondeur du lit de filtration.
La distribution de la flore hétérotrophe et autptre semble étre gouvernée par l'accessibilité
des substrats et par la taille des grains. Par pbegron observe que la flore hétérotrophe
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diminue de facon significative avec la profondeansiRS1 (4,7 x TQJFC/100 ml en haut et

5 x 1¢ UFC/100 ml & 30cm). La flore autotrophe est platdservée au niveau des couches
de 10-15cm (6 x TOet 1,8 x 16 UFC/100 ml pour RS1 et CA1) et 30cm (6 ¥ LIFC/100

ml pour CA2).

Les rendements d'élimination en phosphate sortivetaent instables dans les systemes
de filtration, cependant les granulats concasséstre@ une meilleure élimination des
phosphates. De plus, les rendements diminuent ansmde 60% apres 120 jours de
fonctionnement. La minéralogie du support qui @ étimée par lixiviation du support,
pourrait expliquer cette élimination des phosphates précipitation ainsi que le
comportement des filtres dans le temps avec unéndiion de la concentration en cations
(Zaniniet al, 1998).

Les résultats précédents montrent que des élémepsirs peuvent impacter les rendements
épuratoires sur des filtres biologiques: la tailks grains (moyenne et distribution) est un
parametre essentiel dans le choix des matériagadessage; la présence de particules fines

dans les granulats concassés est un facteur dafde@a@u bon fonctionnement du filtre.

Si les premiers bilans effectués sur les rendenggmigatoires ont montré un comportement
différent selon les matériaux, une meilleure cormension de I'impact de la nature des
matériaux notamment les agrégats concasses s&@gteanécessaire. Nous nous sommes donc
intéressés au comportement interne des réacteeicsuae approche quantitative et qualitative
concernant la biomasse/ biofilm et les EPS. Polar, deux filtres respectivement garnis avec
le sable de riviere RS1 et de I'agrégat écrasé OAtLété comparés pour des conditions
d’effluent standard et avec une charge volumiquariur. Ces conditions ont été choisies
car les rendements épuratoires sur les deux matéapparaissaient comparables pour des
caractéristiques de matériaux trés différentes. CéA2été utilisé comme matériel

supplémentaire en raison de ses caractéristiqtezsiédiaires entre RS1 et CAL.
[1l.4. Biomasse et matériaux du massif filtrant

La biomasse développée sur les couches supéridgesedeux types de matériaux (RS1 et
CAl, CA2) a été suivie en termes de quantités etagactéristiques. L'évolution du rapport
protéines (PN) /polysaccharides (PS) (les protéitast considérées comme un indicateur de

biomasse récente), I'évolution des masses moléesldies protéines (ou assimilées — like en
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anglais) par HPSEC couplée a une détection patrsflaocrescence. En comparaison avec la
qualité de l'eau d'alimentation, la biomasse tothlefiltre montre a travers les différents

indicateurs une augmentation de la biomasse récamgenentation des protéines (a la fois la
quantité et les proportions de la biomasse) eagpart PN/PS ; via les chromatogrammes de
HPSEC, l'augmentation de la fraction des composé®ipiques (PN-like) de haute PM (>

1000kDa) est aussi observée. Les difféerents maténa semble pas modifier la nature de la
biomasse, mais par contre modifie les quantitédastde biomasse (plus faibles quantités de
biomasse avec les granulats concasseés) ainsi gemnps de stabilisation (pas de stabilisation

en fin de I'étude dans les colonnes garnies daulanconcassés).

Il semble que la surface spécifique joue un rélpdrtant dans I'établissement de la biomasse
et une surface spécifiqgue plus faible conduiraiiraralentissement de la production de
biomasse. Plus le temps de séjour moyen et la ipdrasnt importants et plus l'organisation

structurelle de la biomasse sera modifiée.

La biomasse totale (biofilm) comprend non seulents# cellules bactériennes avec leurs
composants intracellulaires, mais aussi la magiteacellulaire qui contribue a l'organisation
structurelle du biofilm. Ainsi, I'étude ciblée d&S peut compléter cette premiére approche
avec une production et une composition en EPS pget plus sensible a la nature de

I'environnement du biofilm.

[11.5. Evolution des EPS en fonction des matériaux de gaissage

EPS du matériau de référence, RS1 et effluent :

Le pourcentage d’EPS augmente en fonction du techpgprocédé: RS1: 9~30%. Les
protéines extracellulaires augmentent aussi emtrgur 60 et le jour 360 (<20mg/kg a
60mg/kg), et représentent environ 40% des EPS.ollu 360, les empreintes HPSEC des
protéines-like montrent des évolutions similairesre la biomasse et les EPS et se
différencient progressivement des empreintes SEQ'alfluent via la diminution de la
fraction de faible masse moléculaire (MM apparentdMa<6kDa) et 'augmentation de la
fraction de tres forte masse (>1000kDa). De 601L@ @urs la proportion de forte MM
augmente de 30% a 40% sur I'empreinte SEC deipestike. Ces résultats confirment que
la matiere organique présente dans le biofiltrestnfas liée a une accumulation d’effluent

mais en partie au moins a une production microlemes HS-like (substance humiques-
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like) seraient d’origine exogéne a I'EPS. Or, mésnhau jour 250 la majorité des HS-like
présente une MM légerement inférieure a celle eilWent (Mma<6000Da) leur empreinte
SEC est identique a I'empreinte HPSEC des substamaoeiques (HS-like) de l'effluent au
jour 360. Ces résultats confirmeraient que les tamoes humiques des EPS sont des

molécules venant de I'environnement dans le cas pfacédé biofiltre.
Comparaison des EPS pour différents temps de péoegdonction du matériau :

Certaines évolutions de la matiere organique de3 &t similaires entre RS1 et CAl, ainsi,
la proportion de protéines augmente au cours duoéepkd (20% au jour 60 et 30% au jour
360). Les empreintes SEC des protéines-like onté&dedutions similaires entre les deux
matériaux mais la fraction de trés forte MM appananins rapidement pour CA1 comparé a
RS1. La biomasse est moins présente et moins agtivas de protéine dans la biomasse
totale) dans le réacteur avec CAl. Ce déficit seganéré par I'environnement moins
homogene et la présence de zones de courts-cirdaits I'origine serait la teneur plus
importante en particules fines (Figure 3.3). Cetiremnement pourrait induire un stress
responsable d’'une plus forte production d’EPS gaitune flore microbienne similaire a celle
trouvé dans RS1, soit parce que ces nouvelles timmsliinduisent un changement de
communautés microbiennes, a l'origine d’'un autpetg’EPS. Le pourcentage d’EPS dans le
CA1 augmente en effet légerement par rapport a&Sdours du temps (20 a 32% aux jours
60 et 360 pour CAl). Les EPS présentent aussi lusefgrte proportion en polysaccharides
avec CA1 (18 a 33% pour CA1 contre 30 a 17 pour &Sjbur 60 au jour 360). Les SH-like
ne sont pas impactées par le type de matériau.ihérahogie du support peut aussi influencer
les caractéristiques des surfaces des grains tvient dans le mécanisme d’adhésion des
bactéries (Rose atl., 1993), ou spécifiquement avec les EPS (Higginsa&a¥, 1997). Les
cations divalents relargués (Gapar les agrégats concassés sont peut étre gitterde la
variation de la composition biochimique des EPS.Q#" permet ainsi de former des
complexes appelés « boite & ceuf » qui sont compiespslysaccharides et de’C&Sobeck

& Higgins 2002).

Comparaison des EPS en fonction de la profondeugdateur en fonction du matériau :

La concentration en substrat de I'effluent dimiravec la profondeur puisque les substrats
commencent a étre dégradés dés la couche supéefidie biofiltre. La distribution de la

biomasse totale correspond au profil décroissardigponibilité de substrats pour les deux
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matériaux. La masse d’EPS diminue aussi mais uapoption plus importante d’'EPS est
observée dans les couches profonde (RS1: 30% ametons. 39% a 30cm et CAL: 32% vs.
37%). Le stress généreé par la diminution de subdisponible en profondeur peut expliquer
'augmentation de la proportion en EPS, de mémelgebangement de la flore microbienne.
En Effet, en profondeur, les bactéries nitrifiantegotrophes sont plus favorisées que les
autotrophes des couches superficielles, la natueequantité des EPS produits par une autre

communauté microbienne peuvent alors varier.

[11.6. Conclusion technique

L’étude de la matieres organique du biofilm et artipulier celle de 'EPS a permis de
différencier clairement deux matériaux (RS1 et CAl) avaient pourtant montré sur 360
jours de procédé des capacités épuratoire sinsldiee suivi, en particulier dans le temps des
protéines (MM) ou plus simplement de rapport PragiPolysaccharide des EPS semble

assez pertinent pour différencier les matériaux.

Cette étude dans ses aspects techniques a perenimeileure compréhension du role des
matériaux de garnissage dans des réacteurs datidiltrinsaturés a travers deux aspects
dépendants l'un de l'autre: l'efficacité d'épuratiet les évolutions de la biomasse/des
biofilms avec le temps et la profondeur. Les ppacix facteurs d'influence qui ont été mis en

évidence sont :

- la distribution granulométrique: la taille des gaiest le principal parameétre qui
régule I'élimination de la matiere particulaire ddteffluent septique, y compris les
minéraux et les particules organiques. Une granéioenfine augmente également la
colonisation de la couche supérieure des lits Ithatfon par la biomasse et accélere
'obtention d’'un état stationnaire avec une faipteduction d'EPS, en particulier en
polysaccharides. Cette influence est observée anas d’'un sable de riviere fin
(RS1) (BDo=0,38 mm);

- la taille moyenne des grains: une taille moyenngoiante comme le RS2 (Dm > 2.0
mm) réduit la surface spécifique et doit étre @viedh raison de la réduction trop
importante du mécanisme de filtration mécaniquehétérogénéité plus élevé
observée avec les granulats concassés réduiifidariayenne calculée mais avec un
pourcentage de grosse particule non négligeableprésence des petites particules

rend I'environnement de filtration plus compliqudimite I'interprétation de I'effet
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de la taille moyenne (canaux d'écoulement tortuughemin préférentiel des phases
air ou liquide);

- le facteur de forme des particules: comme suppesélepconcept proposé sur la
Figure 3.2, les formes des particules doivent jouar role important sur le
comportement de la phase liquide et I'hydrodynamidu systéme, ainsi que sur la
distribution de la phase gazeuse. La distributigggale des substrats ou de l'air peut
créer une accumulation hétérogene de la biomasksetbturations locales du lit;

- les particules fines : comme proposeé sur la FiguBela présence de particules fines
est un parameétre majeur qui influence les prowibi@rauliques et hydrodynamiques
des lits de filtration. Les particules fines jouant réle "d’éponge” en créant un
milieu favorable au développement du biofilm) maéduit également le taux
d'infiltration et provoque un risque de colmatage,;

- la composition minéralogique: elle est impliquéasiée processus d'élimination des
anions (tels que les phosphates) par productiozatiens complexants. Elle pourrait

influencer la mise en place du biofilm.

Ainsi, dans le cadre de lintérét croissant pow @ganulats concassés, cette étude
comparative pendant 360 jours des rendements épesaet du développement du biofilm
entre des réacteurs de filtration garnis de graswancassés et de sables de riviere, apporte
des éléments essentiels concernant les limites sulbstitution des sables. Ce travail a
contribué a la compréhension fondamentale acanudes mécanismes de filtration et en
particulier sur l'impact des matériaux de filtraticsur le processus de développement de la
biomasse / des biofilms. Il permet de valider detons de taille moyenne nécessaire au
compromis entre rétention mécanique, développerdenbiofiim. Il met en évidence les
risques associés a une distribution trop importdetéa taille des grains et les difficultés de
prévision de fonctionnement en présence de finesigac éventuellement de matériaux

friables).

[11.7. Perspectives

Les matériaux de garnissage doivent étre parfaiteétediés avant leur utilisation et des
recherches seront toujours nécessaires notammemd guoduction d’'EPS et les éléments
colmatant comme les polysaccharides. Pour compgeiadformation et la distribution du

biofilm sur les difféerents matériaux, des étudegpédmentaires doivent étre menées afin de
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parfaitement maitriser le comportement des filtsas le long terme (5 a 10 années) avec

notamment les aspects :

- Microbiologique: I'étude de la répartition des coommautés bactériennes et de leur
diversité au sein et dans la profondeur des litdilttation est nécessaire afin de
parfaitement appréhender la production des diftéreonstituants EPS;

- Biochimique: en considérant les polysaccharidesaegtlulaires comme un indicateur
du risque de colmatage une étude portant sur actarsation plus précise de ce
groupe d'EPS peut aider a mieux comprendre le ¢alieapotentiel des différents
matériaux et permettrait de mieux répondre auxetast d'influence qui gouvernent
I'excrétion;

- Hydrodynamique: dans notre étude, différents aearepts entre les particules
minérales ont été proposés avec un comportemenptéada chacune de ces
configurations (Figure 3.2). Des études plus amprdies doivent étre réalisées pour
décrire les mécanismes et I'hydrodynamique a l'dieléraceurs spécifiques (tels que

des traceurs radioactifs ou colorant) et valid¢iegaroposition.

Des études plus approfondies doivent étre réaliggms décrire les mécanismes et
I'hydrodynamique a l'aide de traceurs spécifiqueds (que des traceurs radioactifs ou

colorant) et valider cette proposition.
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Résumé francais :

L'assainissement non collectif concerne 12 a 15amd de personnes en France.
La filiere classiqgue de ce mode d’assainissementosapose généralement d'un
prétraitement anaérobie par une fosse septiqueaecéensemble des eaux usées
domestiques suivi d’'un systeme d'infiltration ddassol ou d'un filtre a sable. Le
filtre a sable vertical drainé met a profit le panir épuratoire qui est principalement
lié a la présence d'une biomasse sous forme d'ofilrhi Cette dynamique de la
croissance de la biomasse ou du biofilm est soumisénpact de la nature de
matériaux filtrants. L'écoulement insaturé dans sgstémes conditionne également
cette croissance du biofilm.

Dans ce contexte, l'objectif du travail de la thésst d’appréhender les
mécanismes mis en jeu et particulierement l'impdets matériaux dans le
fonctionnement des filtres en comparant notammenix dypes de matériaux: les
sables de riviére et les agrégats concassés. Bajrune étude expérimental sur une
unité pilote composé des réacteurs de filtrationddamétre de 30cm et différents
épaisseurs de garnissage (15, 30 et 70cm) a ésfruibm Les réacteurs garnis de
deux sables roulés et deux agrégats concassésalsorntés en effluent septique
avec une charge volumique 12cm/jour par 10 bachégoprr. Suite des matériaux,
une étude de la performance épuratoire avec leé des/composants biochimiques de
la biomasse totale et de la matrice extracelluldirdiofilm est réalisée en comparant
notamment les deux types de matériaux filtrants.

L'étude des matériaux et des propriétés des réacfimants ont montré que les
agrégats concasses présentaient une hétérogéegitailtes et des formes des grains,
ainsi qu’une teneur élevée en particules finesO8®m). L'hydrodynamique dans le
réacteur garnis avec l'agrégat concassé posséisendur en particules fines le plus
élevée est caractérisé par un temps de séjour nmbysimportant. A la différence du
sable roulé qui forme un environnement trés umfgries agrégats concassés avec
la présence des particules fines et des grains angmileux peuvent créer des
microenvironnements avec de plus forte turbulenacesnversement des endroits peu
accessibles a I'air ou au liquide.

La capacité épuratoire des matériaux filtrantggestvernée principalement par la
taille des grains, surtout pour la pollution parkigres et organiques, ainsi que pour
I'élimination des ions ammoniacs. Un meilleur remeéat de I'élimination de 'azote
total est observé dans le réacteur garnis de 7Qcisadle roulé fin, sous la charge
hydrauliqgue 12cm/jour. Une alternance de la phasebée/anoxique apportée par les
bachés dans ce fin médium favorise la dénitrifigati Leffet des
microenvironnements provoqué par I'agrégat concdasé un massif filtrant diminue
également la dénitrification. Une augmentation aleHarge hydraulique réduit cette
condition par une diminution en temps de séjours.



Les évolutions de la biomasse totale et de la opwtextracellulaire se
différentient également entre le sable roulé eatgggats concassés lors du suivie des
composants biochimiques (protéines, humic-like wrz®s, polysaccharides and
acides nucléiques) et les empreintes HPSEC de8ipestlike. Le sable roulé fin a
présenté une stabilisation de la croissance endssentotale le plus tdét avec une
production des composants extracellulaires paéutstla biomasse moins forte que
les agrégats concassés. La teneur en particules fians les agrégats concassés
peut-étre a l'origine de microenvironnements pasiae substrat ou en oxygene, ou
des différentes propriétés de surface de grainsadtéps par la composition
minéralogique modifiant la production des compaosattracellulaires, surtout les
polysaccharides.

Limpact des différents matériaux filtrants estngipalement lié a la taille de
grains qui gouverne la rétention mécanique desuaols et en méme temps gére
I'établissement de la biomasse. Leffet des palegdines dans I'agrégat concassé en
réduisant le temps de séjour et en créant des emeim@nnements hétérogenes, peut
provoquer le colmatage du filtre sur le long tere.plus, les agrégats concassés ont
montré des formes des grains anguleuses et iréégsgjiavec pour conséquence un
comportement hydrodynamique moins homogéne et ramane distribution en
nutriment et en air non uniforme dans la massivasiAl’évolution de la biomasse et
surtout la composition en exsudats extracellulasas particulierement différenciée
entre un sable roulé et un agrégat concassé. Lapasition minéralogique d’agrégats
impacte [I'élimination des phosphates et modifie |é&gant I'excrétion des
composants extracellulaires: la proportion des gaadgharides dans les EPS est plus
élevés dans I'agrégat concassé qui montre une citiggoplus riche en calcium.

Cette étude, en comparant deux types de matériaurature trés différente,
contribue par deux aspects a une meilleure compséde du fonctionnement des
réacteurs de filtration: le pouvoir épuratoire at domposition biochimique des
composants de la biomasse totale et de la matxicacellulaire. De cette étude, des
éléments techniques peuvent étre retirés poulidation alternative de matériaux non
traditionnels. De bonnes conditions de fonctionnanpeuvent étre attendues avec
une granulométrie similaire a celle des sablesérduine taille effective inférieure a
0.4mm et un coefficient d’uniformité le plus failpgessible.

Des études plus spécifiques sur une période dest@tog longue permettraient
d’approfondir les connaissances sur certains aspgir exemple, la distribution des
communautés bactériennes dans le temps et dansofiangeur des réacteurs, la
répartition des phases et I'hydrodynamique du tlguet de l'air & lintérieure du
massif filtrant de grains anguleux avec l'utiligatide traceurs. Lintérét d’'une étude
sur une échelle de temps tres longue est la compsén des dysfonctionnements
d’un filtre réel, par exemple, le colmatage.



