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Summary

The wastewater treatment plants (WWTP) in the Né&thds mainly remove (suspended)
solids, nutrients and decrease the chemical anibdial oxygen demand of the water
(WWTP effluent) before it is discharged into thefaoe water. When the biological and
chemical oxygen demand in the WWTP effluent ishagh for the receiving water, oxygen
depletion may occur. This causes death to fishdscan also cause odour problems. When
the concentration of nutrients (i.e. nitrogen ahdgphorus) is too high, eutrophication will
cause excessive growth of weeds and algae. Tteanes mainly deals with the removal of
phosphorus from WWTP effluent. One objective o tlésearch is to obtain ultra low total
phosphorus concentrations by filtration of waste@wdteatment plant (WWTP) effluent.
Ultra low total phosphorus concentrations are cotraéions meant below 0.15 mg/L.
Another related objective of this research is teestigate how these concentrations can be
attained consistently in the filtrate wat@merefore, a measurement technique has been
developed to compare different filter concepts différent process settings. The optimal
floc formation, filtration technique and mechanisraad temperature influences are
investigated.

Total phosphorus can be found in different formssimface water and WWTP effluent.
These forms can be divided into dissolved, collbiaad particulate phosphorus. These
different phosphorus forms contain a large numbfeorganic and inorganic phosphorus
components. WWTP effluent consists to a great éxaéorthophosphorus, which can be
removed by precipitation, coagulation, flocculatamd filtration when a metal salt is dosed
as the coagulant. During precipitation, colloidaterial forms. Coagulation is the process
of destabilization of colloidal particles in a wthat these particles can grow as a result of
particle collision. Precipitation and coagulati@guire a good initial mixing to maximize



the binding of the metal salt with the availabl@gbhorus and to minimize the competing
reactions. The optimal initial mixing energy is\een 500 — 1500’s

Flocculation is the process that follows afteriaitmixing and its purpose is to form flocs
and aggregates from the fine particles and de&adiparticles. The degree of flocculation
is dependent on the combination of the velocitydgmat and the retention time. Typical
velocity gradients are between 25 — 20Girs combination with a retention time of 2 — 10
minutes. The temperature has a major influencéheriloc formation. Different techniques
can be used for the filtration step, for exampleviditow depth filtration with a single of
dual media filter bed, or continuous sand filtratidn a filter bed the shear rate may be
sufficient to promote flocculation in the filter pes but, due to the accumulation of deposits,
the shear rate will increase if a constant filoatrate is applied. When the shear force in
the filter bed becomes too high, particles or floeay detach and a breakthrough of the
filter bed may occur.

Denitrification is the biological reduction of ratle to nitrogen gas. Denitrification takes
place when nitrate is used as an electron accapstead of oxygen. Denitrification
requires the presence of nitrate (or nitrite), firesence of a substrate (methanol is
frequently used) and the absence of oxygen. Nisitsonsumed at a rate twice that of the
nitrate reduction rate; therefore, the rate-lingtistep for denitrification is the reduction
from nitrate to nitrite. Nitrite accumulation dugrdenitrification can, however, be caused
by many factors. When combining nitrogen and chaimptosphorus removal in a single
sand filter, phosphorus limitation may occur. Lowhophosphorus concentrations may
affect the denitrification conversion rate by intitg the rapid growth of heterotrophic
microorganisms in response to increasing nitraaedo

Pilot-plant investigations were conducted at thersttomeer WWTP and the Leiden
Zuidwest WWTP. The pilot-plant at the Horsterme@MIWP consists of a dual media filter
and a “One Step Total Effluent Polishing filter’s(i 1-STE®), operated for denitrification
and simultaneous phosphorus removal. The pilotallagion at the Leiden Zuidwest
WWTP consists of small, full-scale installation@rfinuous sand filtration and dual media
filtration are combined to investigate separateitdéoation and phosphorus removal and
are compared for simultaneous denitrification ahdgphorus removal. At both locations
methanol is used as a carbon source. At the Harsear WWTP, poly aluminium chloride
is used and at the Leiden Zuidwest WWTP ferric¢hlpride is used as a coagulant.

Knowledge of the different phosphorus forms in WW@afRuent is essential to reach ultra

low concentrations in the WWTP effluent. Differeteichniques can be used to analyse
phosphorus, but chemical analysis is widely usdw advantage of chemical phosphorus
analysis is that it can be conducted on site anélsgieliable and accurate information about
the phosphorus content of a sample. The chemidatipte is based on the molybdenum

blue method. Different forms of phosphorus can beasnred depending on the pre-
treatment step of a sample. Interactions of compisnike silicate or arsenate can either
give an underestimation or overestimation of thehaphosphorus concentration.

Additionally, the filtration step through 0.4pm introduces an error in the measured
concentrations. This is caused by the colloidalsphorus fraction. To what extent this

overestimation or underestimation is, should bestigated per location.



The TU Delft phosphorus distribution has been dmyedl to have an easy and quick
method to determine orthophosphorus, metal-boundspitorus, dissolved “organic”
phosphorus and particulate organic phosphorus. itermiine the TU Delft phosphorus
distribution on-site, also referred to as phosphatistribution, only four measurements
need to be executed; namely, total phosphorus ghdphosphorus in an unfiltered sample,
and total phosphorus and orthophosphorus in adidtesample through 0.45um. For this
filtration step, a cellulose acetate filter is ugedilter a sample volume of 10 ml under a
limited pressure of 50 mbar. Phosphorus conceatrstare measured with Hach Lange
cuvette tests LCK349. This method uses ascorbid émi the reduction step. Total
phosphorus is analysed by a pre-treatment stegidfteydrolysis with sulphuric acid. To
determine the size of the metal-bound phosphor@8,al sample is filtered with a vacuum
of 50 mbar through filters with different pore szeéOrthophosphorus concentrations are
measured in the filtered samples and in the undittesamples. With these results the
estimated floc size can be calculated by addinghepfloc sizes proportionally, of course
without the fraction <0.45um which is dissolved phosphorus. In order to bee bl
investigate removal mechanisms in the filter bed ghosphorus removal as well as for
denitrification, profile measurements are made onregular basis. For a profile
measurement, samples are taken from the WWTP effli®m the upper water layer of
the fixed filter bed, every 10 or 20 cm in thedfiltbed and from the filtrate water of the
filter. Profile measurements can be combined whibgphorus distributions. In this case a
phosphorus distribution is made for every sampiatpo

The results of the characterisation of the WWTHuefit show that the phosphorus
distribution is site specific. Temperature, seab@ma pH influences on the phosphorus
distribution were not found. A linear relationshipetween the total phosphorus
concentration and the unfiltered orthophosphorusn(of orthophosphorus and metal-
bound phosphorus) or the filtered orthophosphorighimbe found. The initial mixing
energy has no influence on the phosphorus sizédretion and phosphorus distribution in
the upper water layer of a fixed bed filter. Thigans that the initial mixing energy of
300 s' is already sufficient. After coagulation, orthoghborus is bound to metal ions and
forms metal-bound phosphorus. The dissolved “orjamihosphorus decreases after
coagulation and the particulate organic phospharasases, which suggests that part of
the dissolved “organic” phosphorus may be colloimiahssociated with colloidal material.
The size of the formed flocs can be influencedhgydoagulant dosage and the flocculation
time. The results show that the estimated floc itk a flocculation time of 24 minutes is
approximately 7 — 1am, which is larger than the size of flocs formedhwa flocculation
time of 10 minutes, these flocs are approximately 3 um. But filtration experiments
showed that these larger flocs do not result itndigemoval efficiencies in the filter bed.
Sometimes even the opposite effect was found.

During the filtration experiments, results showdthtt an increasing total phosphorus
concentration in the feed water results in incrdaséal phosphorus concentrations in the
filtrate water. The coagulant dosage is a majoluérfce on the filter runtime. With
increasing coagulant dosage, the filter runtimereeses. For continuous sand filtration, an
increase in the total phosphorus concentratiohérféed water does not lead to higher total
phosphorus concentrations in the filtrate wateBTEF filtration reaches higher removal
efficiencies compared to dual media filtration. @oenous sand filtration reaches the
highest removal efficiencies for total phosphorosaentrations of 0.1 — 1.5 mg/L.



The temperature influence on phosphorus removal alas investigated during this
research. The results show that the rate of meudelxide precipitation (the transfer of
orthophosphorus to metal-bound phosphorus) is ngnifeantly inhibited by low
temperatures, but flocs become larger with increpsemperatures. During filtration all
tested filtration techniques contained the highetdl phosphorus concentrations in the
filtrate for water temperatures of < 13°C. For @ombus sand filtration an increasing
temperature leads to decreasing total phosphonuseotrations in the filtrate. This same
trend is found for downflow depth filtration techmies, but for higher phosphorus
concentrations (>0.8 mg/L) the optimal temperatamge is between 13°C and 18°C and
not >18°C. The turning point varies per installation andprobably influenced by the
velocity (shear rate) in the filter bed and the fitrength.

Inhibition of denitrification, probably due to ph@srus limitation, might occur for RO
P/NQO-N ratios below 0.055 mg/mg in the WWTP effluentndwly developed coagulant
dosage system decreases the risk of phosphorustioni and, in addition, a reduction in
the coagulant dosage was found.

It is to be concluded that phosphorus removal talaa low concentration can be achieved,
but knowledge about the different phosphorus formsl their behaviour is of major
importance.



Samenvatting

De rioolwaterzuiverinsinstallaties (rwzi's) in Natind verwijderen vooral zwevende stof
en nutriénten en verminderen het chemisch en hahgzuurstofverbruik van het
afvalwater (rwzi effluent) voordat het wordt geldosp het opperviaktewater. Wanneer het
chemisch en biologisch zuurstofverbruik van het irngffluent te hoog is voor het
ontvangende water, kan zuurstoftekort ontstaanziirstoftekort in het oppervlaktewater
veroorzaakt vissterfte en stank. Wanneer de corat@éntan nutriénten (stikstof en fosfaat)
te hoog is, kan eutrofiéring leiden tot overmatigeei van wier en algen. Dit onderzoek
gaat vooral in op fosfaatverwijdering uit rwzi ef##int, ook wel afloop nabezinktank
genoemd. Eén van de onderzoeksdoelen is om ulérdtetgal-fosfaatconcentraties in het
rwzi effluent te behalen door middel van filtratiehnieken. Ultralage totaal-
fosfaatconcentraties zijn dit geval concentratégget dan 0,15 mg/l. Een onderzoeksdoel is
om te bepalen hoe deze concentraties zo stabietlifogunnen worden behaald. Voor het
vergelijken van verschillende filterconcepten enstétlingen is een meetmethode
ontwikkeld. ~De optimale vlokvorming, filtratieteckk, mechanisme en
temperatuurinvioeden zijn onderzocht.

In het oppervlaktewater en rwzi effluent komt tdtesfaat voor in verschillende vormen.
Deze fosfaatvormen kunnen worden onderverdeeldpgelost, colloidaal en gebonden
fosfaat. De verschillende fosfaatvormen bestaan egibh groot aantal organische en
anorganische fosfaatverbindingen. Rwzi effluent tdw#s voor een groot deel uit
orthofosfaat dat met een coagulant (metaalzouty daddel van precipitatie, coagulatie,
flocculatie en filtratie kan worden verwijderd. dgns precipitatie worden colloidale
deeltjes gevormd. Coagulatie is de stabilisatiedeae colloidale deeltjes zodat de deeltjes
kunnen groeien als ze met elkaar botsen. Predeitat coagulatie vereisen een goede



initiele menging om de binding van metaalzout mghafosfaat te vergroten en om het
aandeel aan nevenreacties te minimaliseren. Dmalgtiinitiéle menging is 500 — 1500.s

Flocculatie of vlokvorming beschrijft het proced dalgt op de initiéle menging. Het doel

van vlokvorming is om viokken en aggregaten te v@mman de kleine gedestabiliseerde
deeltjes. De mate van vlokvorming hangt af van dmlzinatie van de mengenergie en
verblijftijd. Een mengenergie tussen 25 — 200rscombinatie met een verblijftijd van 2-

10 minuten wordt veel gebruikt. De temperatuurads grote invioed op de vlokvorming.

Voor de filtratiestap kunnen verschillende techeiekvorden gebruikt, bijvoorbeeld enkel-
of dubbellaags vastbedfiltratie of continue filieatin een filterbed kan de afschuifspanning
bijdragen aan een goede viokvorming in de filtelgror maar wanneer een vaste
filtratiesnelheid wordt gehanteerd zal de afscipgifming toenemen als gevolg van
accumulatie van deeltjes. Als de afschuifspannimget filterbed te hoog wordt, kunnen
deeltjes en vlokken afbreken waardoor doorslagheriilterbed kan véérkomen.

Denitrificatie is de biologische afbraak van nitrasar stikstofgas. Het vindt plaats
wanneer nitraat in plaats van zuurstof dient adktebnendonor dient. Voorwaarden voor
denitrificatie zijn de aanwezigheid van nitraat (otriet), de aanwezigheid van een
substraat (methanol is een veelgebruikt substexatje afwezigheid van zuurstof. Nitriet
wordt in vergelijking met nitraat twee keer zo saéebroken, waardoor de afbraak van
nitraat naar nitriet de bepalende factor is vootadale reactiesnelheid. Nitrietaccumulatie
kan door veel verschillende oorzaken ontstaan. \Wanrdenitrificatie en chemische
fosfaatverwijdering worden gecombineerd in één filiad kan fosfaatlimitatie ontstaan.

Lage fosfaatconcentraties kunnen de denitrificattfeid beinvioeden door de remming
van de groei van heterotrofe organismen als gevarigtoenemende nitraatconcentraties.

Onderzoek op pilotschaal is uitgevoerd op de rwaistermeer en de rwzi Leiden Zuidwest.
De proeflocatie op de rwzi Horstermeer bestonaeit Multimedia filter en een “One Step
Total Effluent Polishing filter’(1-STEP filter) die beide werden ingezet voor simultane
denitrificatie en fosfaatverwijdering. De proefltieaop de rwzi Leiden Zuidwest bestond
uit praktijkschaal installaties. Continue zandéitte en Multimedia filtratie zijn
gecombineerd om gescheiden denitrificatie en fogémavijdering te kunnen vergelijken
met simultane denitrificatie en fosfaatverwijderinQp beide locaties is methanol als
koolstofbron gebruikt. Op de rwzi Horstermeer idyptuminiumchloride als coagulant
gebruikt en op de rwzi Leiden Zuidwest is ijzercide gebruikt.

Kennis over de verschillende fosfaatvormen die angvzijn in het rwzi effluent, is
essentieel voor het behalen van ultralage cond@dra/oor de analyse van fosfaat zijn
verschillende technieken beschikbaar, maar chemisghalyse is veelgebruikt. Het
voordeel van chemische fosfaatanalyses is dathébaatie kan worden toegepast en het
direct betrouwbare informatie over het fosfaatgehath het monster geeft. Chemische
fosfaatanalyses zijn veelal gebaseerd op de modyidauw methode. Verschillende
fosfaatvormen kunnen worden gemeten afhankelijkdetoegepaste voorbehandeling van
het monster. Silicaat en arsenaat kunnen intedarenet de fosfaatmeting, hierdoor kan
een over- of onderschatting van de fosfaatconcemtveorden veroorzaakt. Ook filtratie
door 0,45um introduceert een meetfout in de gemeten fosfaatmratie. Dit wordt
veroorzaakt door de colloidale fosfaatfractie. Datanwaarin een over- of onderschatting
ontstaat, zal per locatie moeten worden bepaald.
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De TU Delft fosfaatverdelingsmethode is ontwikketbdat er een eenvoudige en snelle
methode beschikbaar is voor de bepaling van ortffiaét, metaalgebonden fosfaat,
opgelost “organisch” fosfaat en gebonden organiedfaat. Voor het bepalen van de
fosfaatverdeling zijn vier metingen nodig. Dit zijotaal-fosfaat en orthofosfaat in een
ongefiltreerd monster en in een monster gefiltreerdr 0,45um. Voor deze filtratiestap is
een filter van celluloseacetaat gebruikt om 10 ndnster met behulp van 50 mbar
onderdruk te filtreren. De fosfaatconcentratie &t imehulp van Hach Lange kuvettentesten
LCK349 gemeten. Deze methode gebruikt ascorbinealisureductiestap. Totaal-fosfaat is
gemeten door toepassing van een hydrolysestap wastelzuur. Voor de bepaling van de
vlokgrootte van het metaalgebonden fosfaat is std€dml monster gefiltreerd met een
onderdruk van 50 mbar door filters met verschilkengoriegroottes. Orthofosfaat is
gemeten in de ongefiltreerde en gefiltreerde mosst@oor de resultaten proportioneel op
te tellen kan een schatting worden gemaakt van ldkgrootte. Natuurlijk wordt het
opgeloste orthofosfaat niet meegenomen in de beimde Voor de bepaling van de
mechanismen voor de fosfaatverwijdering en de décitie in het filterbed zijn
profielmetingen gemaakt. Voor een profielmeting et monsters genomen in de afloop
nabezinktank, de bovenwaterstand van het filtdee &0 — 20 cm in het filterbed en in het
filtraat. Profielmetingen kunnen worden gecombidemet fosfaatverdelingen. In dit geval
kan een fosfaatverdeling voor ieder monsterpuntieoigemaakt.

Analyse van fosfaat, aanwezig in het rwzi effluelatat zien dat de fosfaatverdeling
locatiespecifiek is. Invioeden van temperatuurzaen en pH op de fosfaatverdeling zijn
niet gevonden. Een lineaire relatie tussen de ltdbagaatconcentratie en de gefiltreerde of
ongefiltreerde (som orthofosfaat en metaalgeborfdsfaat) orthofosfaatconcentratie kan
per locatie mogelijk worden gevonden. De initiélenging heeft geen invioed op de
fosfaatfractionering en ook niet op de fosfaatvindein de bovenwaterstand van een
Multimedia filter. Dit betekent dat een initiéle ngng van 300 § voldoende is. Na
coagulatie is het orthofosfaat gebonden aan metwali en vormt zo metaalgebonden
fosfaat. Na coagulatie neemt de concentratie opgelorganisch” fosfaat af en de
concentratie gebonden organisch fosfaat toe, digemeert dat een gedeelte van het
opgeloste “organische” fosfaat colloidaal is of getlen aan colloidaal materiaal. De
grootte van de gevormde viokken kan worden beimvid@or de coagulantdosering en de
flocculatietijd. Resultaten laten zien dat de gasiehviokgrootte bij een flocculatietijd van
24 minuten gemiddeld 7 — 1in is, dit is groter vergeleken met de geschatt&griootte
van vliokken gevormd bij een flocculatietijd van Gnoten, deze zijn namelijk 2 — jom.
Filtratie-experimenten laten zien dat grotere viakigeen grotere verwijdering geven in het
filterbed.

De resultaten van de filtratie-experimenten lateaanzdat een toenemende totaal-
fosfaatconcentratie in het voedingswater leidt ®én toename van de totaal-
fosfaatconcentratie in het filtraat. De coagulas&ting is van grote invioed op de looptijd
van het filter. Een toenemende coagulantdoserisglteert in een afnemende looptijd.
Voor continue filtratie leidt een toename van ddaabfosfaatconcentratie in het
voedingswater niet tot een hogere totaal-fosfaatenimatie in het filtraat. 1-STEHiltratie
geeft een groter verwijderingsrendement vergelek®st multimedia filtratie. Continue
filtratie geeft het hoogste verwijderingsrendeméinen het totaal-fosfaatconcentratie
bereik van 0,1 — 1,5 mg P-totaal/l.
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De temperatuursinvioed op de fosfaatverwijderingriderzocht. De resultaten geven weer
dat de snelheid waarmee metaal-hydroxide neeréiabvergang van orthofosfaat naar
metaalgebonden fosfaat) niet significant wordt getedoor de lage temperaturen, maar
viokken worden groter bij een toenemende temperatiille geteste filtratietechnieken
geven de hoogste fosfaatconcentraties in hetdlitvmor temperaturen <13°C. Continue
filtratie geeft bij toenemende temperaturen afneteetotaal-fosfaatconcentraties in het
filtraat. Dezelfde trend is gevonden voor vasthezii, maar voor hogere totaal-
fosfaatconcentraties (>0,8 mg/l) is het optimategeratuursbereik tussen de 13°C en 18°C
en niet langer>18°C. Dit omslagpunt varieert per installatie enratowaarschijnlijk
veroorzaakt door de afschuifspanning van het fikdrin combinatie met de vloksterkte.

Remming van de denitrificatie, waarschijnlijk verpamakt door fosfaatlimitatie, kan
voorkomen bij P@QP/NQ-N verhoudingen in de afloop nabezinktank lager 02065

mg/mg. Een nieuw ontwikkeld coagulant doseersysteemmindert het risico op
fosfaatlimitatie en vermindert de benodigde coagdesering.

Er kan worden geconcludeerd dat fosfaatverwijderaty ultralage concentraties kan

worden bereikt, maar daarbij is kennis van de Vellsode fosfaatvormen van essentieel
belang.
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1 Introduction

1.1 Wastewater treatment in the Netherlands

Wastewater is, according to the Oxford dictionaPp10), defined as used water that
contains waste substances from homes, factoriesaamd. Tchobanoglous (2003) defines
wastewater as a combination of the liquid or wageried wastes removed from residences,
institutes and commercial and industrial establishts, together with groundwater, surface
water and storm water as may be present. Readioge tiwo definitions it may be
concluded that wastewater is used water which amfzollutants and therefore needs to be
treated at a wastewater treatment plant (WWTP). Ml goals of wastewater treatment
are to protect public health and to prevent envitetal damage. The Netherlands had 352
wastewater treatment plants in 2008 (CBS, 2010¢sg&lplants mainly remove (suspended)
solids and nutrients, and reduce the chemical amiddical oxygen demand of the water
(WWTP effluent) before it is discharged into thefaoe water. When the biological and
chemical oxygen demand in the WWTP effluent ishagh for the receiving water, oxygen
depletion may occur. This causes death to fishdscan also cause odour problems. When
the concentration of nutrients (i.e. nitrogen ahdgphorus) is too high, eutrophication will
cause excessive growth of weeds and algae.

This research mainly focuses on the removal of phosis from WWTP effluent. Figure

1.1 shows the yearly average phosphorus load pmrgtion equivalent for the Netherlands.
The graph shows a decline in the total phospharad in the feed water between 1985 and
1990, this is due to the detergents, which no lorgatain phosphorus. The graph also



shows a slightly increasing total phosphorus loadhe feed water of the wastewater
treatment plants (WWTPs) for the last decade. Butspite of this increase, the total
phosphorus load has a decreasing tendency. Thisolsably the result of the increased
knowledge about phosphorus removal and the apiglicaf specific treatment techniques,
such as biological and chemical phosphorus removal.
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Figure 1-1 — Yearly average total phosphorus load in the WVi§dl water and WWTP
effluent per p.e. (CBS, 2010)

The average quality of the effluent of the WWTPg¢ha Netherlands in 2008 is displayed
in Table 1-1.

Table 1-1 - Average quality of the effluent of the WWTPs hetNetherlands in 2008
(CBS, 2010)

Parameter Unit Average concentration
Biochemocal oxygen demand mg/L 4
Chemical oxygen demand mg/L 39

Total phosphorus mg/L 1

Total nitrogen mg/L 9

The current discharge limits for WWTPs in the Nelfieds are displayed in Table 1-2. A
comparison of the discharge limits with the averagecentrations in the WWTP effluent
shows that the average concentrations are welirbtdle discharge limits.
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Table 1-2— Current discharge limits for WWTPs in the Nethads (WVO, 2010)

Parameter Unit Discharge limit Remark
Biochemical oxygen demand mg/L 20
Chemical oxygen demand mg/L 125
Suspended solids mg/L 30
Total phosphorus mg/L 1 > 100,000 p.e.
mg/L 2 2,000 - 100,000 p.e.
Total nitrogen mg/L 10 >20,000 p.e.
mg/L 15 2,000 - 20,000 p.e.

1.2 Future changes in the legislation

In 1998 the Ministry of Transport and Water Managemn introduced the fourth
Memorandum on Water Management (in Duteherde Nota Waterhuishouding or NW4)
which contains the water policy for the Netherlandsl 2006 (Van der Beesen, 1998). In
the NW4, the norms for water quality are defined discharge points, which need to be
improved, are set out. The NW4 contains norms faxishum Permissible Risk (MPR) (in
Dutch: MTR, Maximaal Toelaatbaar Risiconiveau) and target values. The MPR values
relate to the minimum water quality which needdé&reached by the end of 2015. The
MPR values are preliminary and it is not known wéiich final values will become
effective. The target values are set as a nornrdeent negative ecological effects over a
longer time scale (Scherrenberg, 2006).

In 2000 the European Union (European Commissiom)OR0Ointroduced the Water
Framework Directive (WFD). The aim of the WFD is &shieve an ecological and
biological balance for all surface waters, coastedters, transitional waters and
groundwaters in Europe by 2015. The ecologicaliustatus of water bodies is based on
the status of biological, hydromorphological ang/gibochemicahuality elements (Borja,
2005). The European Commission identified 33 piyosubstances (European Commission,
2008) and their maximum allowable concentrationbll-¥alues (Fraunhofer Institute)
which are specified in the Annex of the WFD.

Since the introduction of the Dutch NW4 in 1998 dhd European WFD in 2000, water
authorities have been required to comply with ngirsgent discharge limits. To meet the
deadline of 2015, water authorities in all riversimadistricts throughout Europe are
obligated to adopt a coherent program of measwe®0B9. In case a river basin district
includes more than one member state, a trans-bound@nagement plan must be
developed. The Netherlands is involved in managémpians for four trans-boundary river
basin districts: the Rhine, Meuse, Scheldt and Emthe meanwhile, the values identified
in the NW4, the MPR values, are still being usesiwa&ll as the European guidelines for
Swimming Water Quality and Dangerous Substances.
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1.3 Objective of the research

The objective of this research is to find a waydintain ultra low total phosphorus
concentrations by filtration of wastewater treatimgant (WWTP) effluent. Ultra low total
phosphorus concentrations are concentrations b@lb%mg/L. The goal of this research is
not only to reach these concentrations but to inyate how these concentrations can be
reached consistently in the filtrate water. Fos ti@isearch, chemical phosphorus removal is
generally combined with biological nitrogen remov&uring this research only the
phosphorus removal in the polishing step is ingaséd.

The following are the research objectives :

e developing a measurement technique to be able topa different filter
concepts and different process settings,

- finding the optimal floc formation (therefore intigmtion of the optimal
coagulant dosage, the optimal initial mixing eneepd the use of flocculation
zones is required),

» investigating which filtration technique is besthéefefore investigating which
filtration technique is required to reach ultra leatal phosphorus concentrations
in the filtrate water and whether phosphorus andogén can be removed
simultaneously,

* investigating the temperature influences on codguiaflocculation and filtration,

» investigating how phosphorus is removed in a filed. Investigating the
influence of a single layer filter bed like 1-STERItration or a two layers filter
bed like dual media filtration,

« finding the boundary conditions required for reachultra low total phosphorus
concentrations in the filtrate water.

In order to investigate how these low total phosphaoncentrations in the filtrate water
can be reached, pilot-plant investigations werdiateid at two locations, namely the
Horstermeer WWTP and the Leiden Zuidwest WWTP. Tgilot research at the
Horstermeer WWTP started in March 2005 in coopenatiith Witteveen+Bos Consulting
Engineers, Waternet and Delft University of Teclwggl The research continued until the
end of 2009. The demonstration research at theehefdiidwest WWTP started in October
2006 in cooperation with Witteveen+Bos ConsultinggiBeers, The Rijnland District
Water Control Board and Delft University of Techogy. This research ended in January
2009. The STOWA (Dutch Foundation for Applied WaResearch) participated in this
demonstration project. The project was financiallpported by the LIFE program of the
European Union. In May 2010 the project at the eaiduidwest WWTP was announced
as one of the five “Best of the Best” LIFE Enviroamh projects of 2009.

1.4 Outline of the thesis

Chapter 2 starts with a description of the phosphdorms that are present in the WWTP
effluent. After this, the fundamentals of precipida, coagulation, flocculation and
filtration are presented. The principles of defigation are considered because the
experiments were mainly conducted during simultaseuotrogen and phosphorus removal.
The chapter ends with the experiences on granak@wated carbon filtration. Chapter 3
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introduces the pilot installations at the Horsteem@&/WTP and at the Leiden Zuidwest
WWTP. This chapter provides information about thalgses, the back wash programmes
and chemical dosings. Chapter 4 describes in déi@aiv the TU Delft Phosphorus
distribution method was developed and what theieaibns of the method are. Chapter 5
is the first of four chapters that present reslisapter 5 starts with a characterisation of
the WWTP effluent phosphorus, followed by the reswf conducted coagulation and
flocculation experiments. Chapter 6 describes #wults of the filtration experiments.
During the experiments which are described in Girapt and Chapter 6, temperature
influences were found. These influences are predeint Chapter 7. During denitrifying
phosphorus removal and sometimes nitrate removalesr decreased and nitrite
accumulation occurred. This was possibly due tasphorus limitation. This is investigated
and the results are shown in Chapter 8. The evaluand discussion are presented in
Chapter 9, followed by Chapter 10 which contairesfthal conclusions of this research.
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2 EXxperiences

This chapter contains a general exploration of phecesses used for phosphorus and
nitrogen removal. This chapter is divided into faubjects, namely chemical phosphorus
removal, biological nitrogen removal (denitrifiaati), biological activated carbon and the
experiences of other research. At first chemicalsphorus removal is described for the
different dissolved, colloidal and particulate pplesrus forms present in WWTP effluent
(Section 2.1). Secondly, the binding of dissolvémgphorus to metal ions (coagulation)
and the formation of particulate phosphorus (fldatan) are described in Sections 2.2 and
2.3. This is followed by the removal of particulgleosphorus by filtration in Section 2.4.
The part about biological nitrogen removal, defigation, which is described in Section
2.5, deals with the principles of denitrificatiangthanol dosage as a carbon source, nitrite
accumulation and phosphorus uptake by denitrifjgagteria. Biological activated carbon
is described in Section 2.6. The experiences adratisearch are described in Section 2.7.

2.1 Phosphorus compounds in WWTP effluent

Phosphorus can be found in different forms in sigfavater and WWTP effluent. These
forms can be divided into dissolved, colloidal gratticulate phosphorus, see Figure 2-1.
Colloidal phosphorus is within the size range @10- 1.0um (Tchobanoglous et al., 2003).
The different phosphorus forms contain a large remah different components which may
even change between dissolved status and pardcstatus (Spivakov et al., 1999). For



example, bacteria can mineralize dissolved andicpdate organic phosphorus into
dissolved orthophosphorus which can precipitaté wietal salts and become particulate.

0.01pm 1.0 pm

Dissolved Colloidal Particulate

Figure 2-1— Distribution of dissolved, colloidal and partiaté material

This section is divided into two subsections, thiet fsubsection describes the dissolved
phosphorus forms which may be present in WWTP effif(Section 2.1.1) and the second
subsection describes the particulate phosphorusisfancluding colloidal phosphorus
(Section 2.1.2).

2.1.1 Dissolved phosphorus

Soluble or dissolved phosphorus can be divided idigsolved reactive phosphorus
(orthophosphorus), dissolved acid hydrolysable phosus and dissolved organic
phosphorus. These three forms are shown schenmaticaFigure 2-2. Dissolved acid
hydrolysable phosphorus can be polyphosphorus, pbwsphorus, metaphosphorus
(Stevens and Stewart, 1982a; Spivakov et al., 1¥@tby, 2006). Dissolved acid
hydrolysable phosphorus is converted into orthophogrus by acid hydrolysis at 100°C.

Dissolved Reactive
— Phosphorus

QOrthophosphorus

Dissolved Acid-Hydrolysable
Phosphorus

Polyphosphorus, Pyrophosphorus,
Metaphospharus

Total Dissolved
Phosphorus

Dissolved Organic
— Phosphorus

Figure 2-2 -Forms of dissolved phosphorus
These three forms of dissolved phosphorus are itbescseparately. The next subsections

contain molecule structures of the different phaspk forms. In these molecule structures
O stands for an Oxygen atom, P for a Phosphorums atwl H for a Hydrogen atom.
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2.1.1.1 Dissolved reactive phosphorus

Dissolved reactive phosphorus or orthophosphomis.ekample PG, HPQ?, H,PO,,
HsPQ,, is available for biological metabolism withoutrteer breakdown and is the end
product of many decomposition reactions (Ahlgred0&). A general molecule structure is
given in Figure 2-3. From chemical precipitationttwidivalent or trivalent metals,
orthophosphates will become particulate (STOWA,2t &pivakov et al., 1999).

Figure 2-3 -General molecular structure orthophosphorus (AnlgP@06)

Orthophosphorus is the only phosphorus form whishnot considered completely
biological because a large part of the sedimentaityophosphorus has other sources than
biological transformations (Ahlgren, 2006). The lbgical orthophosphorus is a
decomposition product of larger organic phosphoamspounds.

2.1.1.2 Dissolved acid hydrolysable phosphorus

Dissolved acid hydrolysable phosphorus can be ddvishto four components (see Figure
2-4), namely polyphosphorus, pyrophosphorus, mesgiorus and lower oxidation states.

— Polyphosphorus
— Pyrophosphorus
Dissolved Acid
Hydrolysable —
Phosphorus
— Metaphosphorus
— Lower Oxidation States

Figure 2-4 —Forms of dissolved acid-hydrolysable phosphorus
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Polyphosphorus

Polyphosphorus is a generic name for a series wipoands which can be inorganic and
organic. In this paragraph only the inorganic fasniscussed. In Section 2.1.1.3, organic
polyphosphorus is described.

Polyphosphates are linear condensed inorganic phatsp and complex molecules
consisting of two or more phosphorus atoms, oxygeams and sometimes hydrogen
atoms. A general molecular structure is shown gufé 2-5; the amount of P groups can
vary. Examples are (Spivakov et al., 1999) diphaspl{HP,0), triphosphate (EP;O;0)
and tetraphosphate {PtO;3). Polyphosphates can hydrolyse in aqueous sohkititon
orthophosphate forms. This hydrolysis is very slo@chobanoglous, 2003).
Polyphosphates can take part in precipitation r@astor can adsorb to particles (Bratby,
2006).

T
| |

HO—P — @— P — @ — Pr— g —P — OH
I | | |
OH OH OH OH

Figure 2-5 -General molecular structure polyphosphorus (Ahlg2&96)

A part of the polyphosphorus accumulated by aaidasludge is located outside the
cytoplasmic membrane and forms complexes with medtibns (Hill et al., 1989). A
portion of the inorganic phosphorus which is reéghthrough enzymatic degradation of
polyphosphorus may be involved in the transporteafdily degradable organic material
across the cytoplasmic membrane (Hill et al., 1989)

Pyrophosphorus

Pyrophosphorus (Ahlgren, 2006) is an inorganic ke which consists of two
phosphorus groups (A,0-), as shown in Figure 2-6. Pyrophosphorus is thallest form

of polyphosphorus, but a distinction between the isvmade because pyrophosphorus is a
single inorganic compound and polyphosphorus, endther hand, represents a group of
compounds which is inorganic but might occur asoeganic compound. Pyrophosphates
can take part in precipitation reactions or carodu$o particles (Bratby, 2006).

| |
HO—P — O — P — OH
I |

OH OH
Figure 2-6 -General molecular structure of pyrophosphorus (fdrig2006)

Metaphosphorus

Metaphosphorus consists of cyclic condensed phosph&Bxamples are trimetaphosphate
(H3PsOg) and tetrametaphosphate 4840,5) (Spivakov et al., 1999). In Figure 2-7 the
molecule structure of trimetaphosphorus is shownmdtaphosphorus was used in
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detergents until the negative effect on surfaceewatas known (nowadays in many
countries it has been replaced by sodium nitrécttate).

0. O
".,'h.l"

.-"P"H-\.

o 0

Figure 2-7 -Molecular structure of trimetaphosphorus

Lower oxidation states

The lower oxidation states of phosphorus contaimudecules are detected in wastewater
(Spivakov et al., 1999). These compounds are, faample, phosphinate ¢RO,),
phosphonate  (¥P0O;), hypophosphate (.O¢), diphosphate (HP,O;) and
isohypophosphate (R,Og).

2.1.1.3 Dissolved organic phosphorus

Dissolved organic phosphorus can include phosplebsaicles (adenosine monophosphate,
adenosine diphosphate, adenosine triphosphate)gituacids, phospholipids, inosit-
hexaphosphate (phytin) and organic phosphorus,hwkibound to metal ions (Uhlmann et
al., 1990). The characterisation, with nuclear nedigiresonance spectroscopy, of leachate
from grassland soils (Toor et al., 2003) shows 88 of the phosphorus is organic and
12% is inorganic. Further investigation of the arngaphosphorus shows that it mainly
consists of monoesters (67.4%) and diesters (20.2%)

Phosphorus can be an integral part of colourednicgaatter, for example humic acids and
fulvic acids (Stevens and Stewart, 1982a). The phoasis content in humic acids is 0.9%;
in fulvic acids the phosphorus content is highd¢ey8ns and Stewart, 1982b). Phosphorus
may also be associated with humic acids by the dtion of humic acid-metal-phosphorus
complexes. Stevens and Stewart (1982a) showedtlieatoloured material contained
organic phosphorus and that also the phosphorugsmoof the organic material decreased
as the mol weight decreased.

If dissolved organic phosphorus takes part in @ipitation reaction, it may suggest that it
is colloidal or associated with colloidal matei{8tevens and Stewart, 1982a).

27



— Organic polyphosphorus

Amino TriPhosphorus (ATP)

——  Phosphonic Compounds

Aminophosphorus

Dissolved organic
Phosphorus

+—— Orthophosphate Monoesters

Inositol

—— Orthophosphate Diesters

Deoxyribonuclein-Phosphorus
(DNA)

Figure 2-8 -Forms of dissolved organic phosphorus

The next paragraphs will explain that dissolvedaoig phosphorus is divided into four
groups (see Figure 2-8) of compounds, namely ocgqlyphosphorus, phosphonic
compounds, orthophosphate monoesters and orthopdtesgiesters.

Organic polyphosphorus

Organic polyphosphorus is, for example, adenosiighdsphate (ATP). ATP plays an
important role in the energy transfer in all orgam$ (Ahlgren, 2006). The presence of
polyphosphorus in sediment can be an indicatiorbiofogical and microbial activity
(Ahlgren, 2006). This is due to bacteria which caccumulate orthophosphorus as
polyphosphorus during aerobic conditions. The aadatad polyphosphorus is hydrolysed
during oxic conditions to orthophosphorus and theleased. In a WWTP the process of
accumulation and release of orthophosphorus byehacis called biological phosphorus
removal. Activated sludge mainly contains polyphHwps; under anaerobic conditions
these polyphosphates are hydrolysed to orthophesphwithin 8 hours (Réske and
Schénborn, 1993).

Phosphonic compounds

Phosphonic compounds or phosphonates occur widelpature (Ingall et al., 1990;
Ahlgren, 2006). Phosphonic compounds are uniquausscphosphorus is directly bound to
an organic compound by a carbon-phosphorus boedrigeire 2-9. In the figure, R stands
for a carbon/hydrogen chain. Due to this stable dhorelease of phosphorus from
phosphonic compounds is difficult. A few marine migrganisms can break down
aminophosphonic acids but this process is inhibithén orthophosphorus is present. The
decomposition of orthophosphorus containing orgaimpounds enriches sedimentary
organic matter with phosphonic compounds.
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Figure 2-9 -General molecular structure of phosphonic compoAtiren, 2006)

Orthophosphate monoester

The orthophosphate monoesters are a large groupowipounds that includes sugar
phosphates, mononucleotides, phospholipids andah@hosphate. Inositol phosphate is a
molecule that consists of a six-carbon atom ringhwiarying numbers of phosphorus
groups attached (Ahlgren, 2006); this is shownigufe 2-10. Inositol is the most bound to
sediments. Monoesters are supposed to be veryestalbdediment but can degrade to
orthophosphorus under anaerobic conditions (lbid.).

OH
OH
| HOy, OH
HD—Il’ — =R
0 HO Y OH
oH

Figure 2-10- Left: General molecule structure of orthophosplkanonoester (Ahlgren,
2006) and right: inositol phosphorus

Orthophosphate diester

The abundant fraction of orthophosphorus diestedebxyribonuclein-phosphorus (DNA-
P or GHgNO4P) associated. This DNA-P is primarily bacterialh(@ren, 2006). Other
fractions are teichoic acid phosphorus and mictolpilaosphor lipids (for example,
Chephalin GH;;,NOgP(2R)). Phosphor lipids are important compounds tleé cell
membrane because phosphor lipids consist of a gllypart with two fatty acid chains and
a phosphate group which can be covalently bounathter compounds. Teichoic acids are
negatively charged and are, for example, ribitoglycerol molecule structures which are
linked via a diester bond. Eighty-five percent lo¢ tcell wall is made up of teichoic acids
(Ahlgren, 2006).

Ra
Figure 2-11 -General molecular structure orthophosphate di¢atagren, 2006)
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2.1.2 Particulate and colloidal phosphorus

Less information about particulate and colloidalogbhorus, compared to dissolved
phosphorus, is available. Particulate phosphorus bea divided into particulate organic
phosphorus and metal-bound (inorganic) phosphoResticulate phosphorus can be
separated by filtration or centrifugation. The amoaf particulate phosphorus is usually
calculated by subtracting the filtered or centréddgphosphorus concentration from the total
phosphorus concentration (Stevens and Stewart,a)982cording to the Standard Method
(1998), filtrate which passes through a filter witlhominal pore size of 24m or less is
classified as dissolved. In practice, the sepamatietween dissolved and particulate
fractions is usually made by filtration throughileef with a pore size of 0.45 um.

Colloidal phosphorus is within the size range &10- 1.0um and therefore is measured as
dissolved phosphorus (Tchobanoglous et al., 200®@nviltration through 2.@um is used
for the separation between dissolved and partieulghis is schematised in Figure 2-12.
The figure shows that by filtration through 2i0m, an overestimation of dissolved
phosphorus concentration occurs and an underegimaif particulate phosphorus
concentration occurs.

I'20um
0.01um 1o0pm |

|
Dissolved Colloidal Particxliate

Figure 2-12— Results for filtration through 24m, overestimation of the dissolved fraction

When filtration through 0.45um is used for the separation between dissolved and
particulate as shown in Figure 2-14, an overestonatof dissolved phosphorus
concentration and types of particulate phosphoamgentration occur. This is because the
colloidal fraction is divided between the dissoha®l particulate forms.

0.45pum
I

001uml  1.0um

|
Dissolved Coihoidal Particulate

Figure 2-13 — Results for filtration through 0.4pm, overestimation of the dissolved
fraction and the particulate fraction

Metal-bound phosphorus is maybe one of the mostwknparticulate phosphorus forms
present in wastewater after metal salt additiore fiiimation of this particulate phosphorus
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form is described in Section 2.2. The size of mbtaind phosphorus varies within a wide
range (0.01 - 5m) and is influenced by many factors, for example shear rate and
temperature (see Section 2.3). Colloidal metal-bopimosphorus can also be found in the
wastewater. This phosphorus form gives an overastom of the orthophosphorus
concentration when filtered through 0.4bm. Detailed information about the
overestimation of orthophosphorus concentrationseduby (colloidal) metal-bound
phosphorus is described in chapter 4.

The presence of humic acids and organic phosphomparticulate material must be due to
the association with hydrous metal oxides, orgamiaterial and inorganic minerals
(Stevens and Stewart 1982b). Reitzel et al. (2G066hd an increased concentration of
organic phosphorus when aluminium dosage was UBR®. can be explained by the
adsorption of organic particles by aluminium flocs.

Particulate inorganic phosphorus occurs in minghalses, adsorbed to particles (biotic and
abiotic) and as intracellular storage products h@@whosphorus, pyrophosphorus and
polyphosphorus) (Yoshimura et al., 2007).

2.2 Fundamentals of coagulation

Phosphorus can be removed biologically and chetpicaVhen chemical phosphorus
removal is employed, a combination of processesneha precipitation, coagulation,
flocculation and filtration is commonly used. PmEtation is the process in which an
insoluble solid precipitate drops out of solutigdhereby removing material from the
solution (McMurry and Fay, 1998). During precipitat colloidal material forms.
Coagulation is the process of destabilisation dba@bparticles such that these particles can
aggregate as a result of particle collision (Tchmaggous, 2003). The precipitation step is
often included when the coagulation process is imeatl. When coagulation is mentioned
in this thesis, precipitation and coagulation aream. For chemical coagulation, a
coagulant, generally metal salt, is added to thsteveater which destabilises the particles.
The particle size distribution entering the filteed depends on both the chemical dosage
and the initial mixing energy (Boller, 1984a). T$iee range of the formed particles is 0.01
to 1um (Tchobanoglous, 2003). After destabilisation¢cdlglation process takes place. This
process is described in Section 2.3. Coagulatiastiens are often incomplete and many
competing reactions with other substances in thatemater occur (Tchobanoglous, 2003).
For coagulation, the commonly used coagulants enecflll)chloride , poly aluminium
chloride (PACI), ferrous sulphate and aluminiumocide (Bratby, 2006). Aluminium and
iron coagulants are popular because of their effecess, ready availability and relatively
low costs (Bratby, 2006). The basic chemical reactifor phosphorus removal with
aluminium and ferric salts are:

Fe" + HPO " — FePQ (|) + nH'
Al** + HPOS " — AIPO, (|) + nH

When aluminium and ferric salts are in solutionmediate dissociation will take place to
form hydrated reaction products (Bratby, 2006; fiéien et al., 2000). The theoretical
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metal/orthophosphorus dosage ratio is 1 mol/molibutypical operating conditions for

advanced treatment the metal/orthophosphorus dasdigeis approximately 4 mol/mol.

This is due to competing reactions, adsorption tedformation of a mixture of soluble

ferric phosphorus, solid ferric phosphorus andidenydroxide complexes (Takéacs et al.,
2006; Denham, 2007; Bratby, 2006). At low phospkarancentrations, higher coagulant
doses are required to reach low phosphorus residBahtby, 2006). When the coagulant
dosage is higher than the stoichiometric requirdmehere will be an increased formation
of mixed metal-hydroxide-phosphate (Ibid).

The solubility diagrams for aluminium (left diagramnd ferric (right diagram) salts are
shown in Figure 2-14. Aluminium hydroxide and fertiydroxide precipitate are formed
within the grey areas, polynuclear and polymeriecsps (hydrolysed products) are outside
the grey areas. The minimum solubility or iso-aleat point for aluminium is pH 6.3 and
for ferric, pH 8.

1.0E-02

1.0E-02

1.0E-06 1.0E-06

Concentration of metal [mol/L]
Concentration of metal [mol/L]

1.0E-10 / \ 1.0E-10
1.0E-14 1.0E-14

Al3+ === (AIOH)2+ === (Al(OH)4)- Fe ===(FeOH)2+

(Fe(OH)2)+ (Fe(OH)4)-

Figure 2-14 —Solubility diagram for aluminium (left) and ferricight) (Tchobanoglous,
2003)

The most important coagulation mechanisms for westier treatment are adsorptive
coagulation and precipitation coagulation; theelais known as sweep coagulation (Miska-
Markusch, 2009). Adsorptive coagulation is the ap$on and charge neutralisation of
colloidal particles or ions by the positively chadghydrolysed products (Tchobanoglous,
2003). Sweep coagulation occurs when a sufficiembunt of coagulant is dosed. In this
case large amounts of metal hydroxide flocs willfdw@ned, which will settle. When these

flocs settle, they sweep through the water comagirtolloidal particles (Tchobanoglous,
2003).
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PACI is a prehydrolysed coagulant. Prehydrolyseatjatants are formed by the addition of
a base to a simple coagulant such as aluminiumrideldExall and vanLoon, 2003).
Prehydrolysed coagulants favour the formation dditde polynuclear species, like dimers
(Exall and vanLoon, 2003). The efficiency of prefoigsed aluminium flocculants is,
according to Boisvert and Jolicoeur (1999), relatedits ability to form amorphous
Al(OH); instead of highly charged cationic species. Praflyded flocculants are,
compared to metal salts, less sensitive to tempreratfluences, operate efficiently over a
wide pH range, require a lower dosage, do prodese ¢hemical residuals (Bratby, 2006).

When the objective is to remove soluble, colloidald quasi-colloidal phosphorus by
coagulant addition, six different mechanisms plagla in phosphorus removal, according
to Takacs et al. (2006). These six mechanisms are:
e precipitation of orthophosphorus;
e co-precipitation (formation of amorphous complexes)
» formation of soluble phosphorus and hydroxide caxgs;
« formation of organic side products and other waatewcomponents;
» adsorption of organic phosphorus ions and dissoteeghanic” phosphorus to the
hydroxide flocs;
» coagulation and flocculation of primary precipitatdloidal particles and colloidal
organic phosphorus.

2.2.1 Initial mixing energy

For phosphorus removal by coagulation, as describe®ection 2.2, metal salts are
generally added to the water. To maximize the Inigdif the metal salt with the available
phosphorus and to minimize the side reactions wfitter substances in the wastewater, a
good initial mixing is necessary. The initial migimust take place directly after the metal
salt dosing. The initial mixing process is influedc by the characterisation of the
wastewater, the temperature, the type of coaguldet, coagulant dosage, the mixing
intensity and duration (Mhaisalkar, 1991). Insuéftt rapid mixing may have two harmful
effects, namely wastage of chemicals and a sloweticfe aggregation rate for a given
dosage (Vrale and Jordan, 1971). However, accorgirgoller (1984b) too high mixing
energies result in small colloidal neutrally chatgeecipitates that pass the filter bed. For a
sufficient initial mixing, a certain initial mixingnergy, or so-called velocity gradient (G-
value), is required. To create this velocity gratliestatic mixers or valves are commonly
used.

In the literature contradictory G-values for optimiaitial mixing energy are given.
According to Tchobanoglous (2003), the optimal @igafor initial mixing is 500 —
1,500 §. Bratby (2006) states that, when using a hydralysnetal coagulant for inline
initial mixing, the optimal G-value is between 1026 2,500 3. Thistleton et al. (2002)
found with jar testing that the initial mixing has effect on the orthophosphate removal
rates and that orthophosphate removal rates rehign even when no initial mixing is
used. According to Mhaisalkar (1991), the optimumavadlue and mixing time are
dependent on the turbidity of the water, and theimgi time increases with an increase in
the water turbidity. For any water there existsagmimal combination of G-value and
mixing time (Mhaisalkar, 1991).
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The formulas to calculate the G-value within a pipeare described below (Braty, 2006).
First of all, the head loss (his calculated:

h =k eq. 2.1
X 29 q

h, = head loss [m]

k = resistance coefficient [-]

Vy = flow velocity upstream [m/s]

g = gravitational constant fits]

The k-value or resistance coefficient for a 90°neworis 0.5. The resistance for a gate valve
can be calculated using the following formula:

k:2.8(1—,82) i4—1 with 3= 'dlameter'gatevalve eq. 2.2
4 diameter pipeupstream

The formula to calculate the G-value is:

G= Py with t =2 eq. 2.3
tLu v

= initial mixing energy [¢]
= unit weight of water [N/}
= retention time [s]
= dynamic viscosity [Ns/fh
= length where mixing takes place [m]
(7.5 times the diameter of the upstream pipe)

XT —*o @

The velocity gradient in a reservoir or basin uskaing the flocculation process, for
example, can be calculated with comparable formilaese are described in Section 2.3.

2.2.2 Temperature effect on the coagulation

Morris and Knocke (1984) conducted experimentit@stigate the temperature effects on
coagulation. They showed that a low temperatur€)Ifoes not significantly inhibit the
rate of metal-hydroxide precipitation, and thatgipgation occurs within a minute. With a
decreasing water temperature, the minimum solyhilftan aluminium hydroxide species
shifts to a higher pH and, thus, the optimal opegapH shifts to a higher pH (Bratby,
2006). The influence of temperature on floc formatcan be ascribed to the change in
viscosity of the water and/or the change in hydsinly reaction kinetics of the coagulant
(Kang and Cleasby, 1995; Hurst et al., 2004; Bat Gregory, 2007). For example, the
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rate of hydrolysis for Fe(lll) salts accelerateshwan increase in temperature and pH and
the formation time of soluble polymeric iron spectiecreases rapidly (Kang et al., 1995).

2.3 Flocculation

Flocculation follows after initial mixing and codgtion. In wastewater treatment
flocculation’s main purpose is to form aggregatefiars from finely divided particles and
from chemically destabilised particles (Tchobanaglo2003). To destabilise and form
larger aggregates, particles need to approach elusegh and make contact. Two types of
flocculation can be defined. These are perikindcculation (microflocculation) and
orthokinetic flocculation (macroflocculation). Pnetic flocculation signifies the
aggregation of particles by the random thermal omokinown as Brownian movement. This
flocculation is the main mechanism for particlestween 0.001 and 1.0um
(Tchobanoglous, 2003). Orthokinetic flocculatiomyrsfies the aggregation of particles
between 1 and g@m. This type of flocculation requires a velocityadient or differential
settling. Due to the velocity gradient, particlesl wollide and form larger flocs. During
flocculation by differential settling, larger pafts will overtake smaller particles and form
larger flocs when they collide (Tchobanoglous, 2008pecially designed flocculation
tanks or basins, mostly with mixers and baffles, @ed for orthokinetic flocculation.

2.3.1 Velocity gradient and floc growth

The degree of flocculation is dependent on the doation of the velocity gradient
(G-value), the retention time (Dharmappa et al.93)9and the coagulant dosage. The
formula to calculate the velocity gradient or Gasaturing flocculation is (Bratby, 2006):

G= L eq. 2.4
VV i

G = velocity gradient or G-valuefb
\% = volume of the flocculation tank [th
H = dynamic viscosity [Ns/fh

Typical velocity gradients used for flocculation direct or contact filtration systems are
between 25§ and 200 3 in combination with a retention time of 2 — 10 mties
(Tchobanoglous, 2003). It should be noted that itdt the average velocity gradient in the
flocculation tank that is determinative but thedbeelocity gradient of the mixer-affected
zone (Francois, 1987).

Floc growth in a flocculation tank is determinedthg velocity gradient referred to as the
applied shear rate, the particle concentration tedcollision efficiency (Yukselen and
Gregory, 2004). The growth of flocs is restrictgdthe shear rate because flocs may break
when the shear rate is too high, and by the cofligfficiency which decreases when flocs
become larger (Yukselen and Gregory, 2004). Thespbteakage of flocs depends on floc
strength and the applied shear rate, thereforexant eshear rate for which flocs break
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cannot be given. Boller and Blaser (1998) showestr@ng dependency between the floc
size and the floc strength and classified floce easily breakable flocs of 500 — 200

and hardly breakable flocs smaller than 1@ Increased shear rates cause floc breakage;
as a result of this, smaller but more compact femesproduced (Spicer et al., 1998). When
the shear rate is decreased after disruption ofidlas occurs, floc regrowth starts but for a
limited extent: the floc size after regrowth is Ewthan the previous value (Yukselen and
Gregory, 2004; Yukselen and Gregory, 2002). Rednasein be improved by an increased
concentration of suspended solids and by an iner@ashe shear rate (Frangois, 1987).
According to Yukselen and Gregory (2004, 2006)dltitat are formed with higher dosage
ratios have a more open structure; because o$tthisture, flocs can easily fall apart.

Spicer et al. (1998) conducted experiments to coenflac characteristics produced with a
continuous velocity gradient of 50 ,sa cycled velocity gradient (flocculation at 50,gloc
breakage with 100 300 &, 500 § and regrowth at 50™%, and a tapered velocity
gradient (gradual reduction of 308 ® 50 §"). The results showed that flocs formed with a
cycled velocity gradient are slightly smaller, lileénser and more compact compared to
flocs formed at a constant velocity gradient ofs30Flocs formed with a tapered reduction
were also denser and more compact, but were smadlapared to flocs formed at a
constant velocity gradient of 50.s

Polyaluminium chloride shows a more rapid flocdolatand gives significantly larger flocs

compared to alum, which is possibly due to the mmaped precipitation and the increased
binding strength between particles (Yukselen andg@ry, 2004). Leentvaar and Rebhun
(1983) showed that ferric chloride dosings in camaktion with a polymer lead to stronger
flocs compared to coagulation and flocculation witha polymer addition.

2.3.2 Temperature and pH effect on flocculation

The water viscosity increases with a decreasingézature, but the initial mixing energy is
generally high enough to undo the negative efféthe higher water viscosity (Kang et al.
(1995). Therefore, the influence of temperaturdlon formation and reformation is mostly
related to changes in the coagulant chemistry§&ttick et al., 2004). Hydrolysis constants
and kinetic factors may be the cause of the negatffect caused by low temperatures.
These negative effects are described by Fitzpagtieht. (2004) as:

1. floc breakage increases with an increasing tempexat

2. floc recovery or reformation decreases with angasing temperature,

3. the smaller the flocs, the less they break andéter their recovery or reforming.
Morris and Knocke (1984) showed during experimevitaout taking the pH into account
that the temperature mainly affects the floc sidecs formed at 1°C are often smaller than
flocs formed at 20°C. Thus, warmer temperatureslyce larger flocs which break more
easily and reform less well than lower temperat(fégpatrick et al., 2004).
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Hanson and Cleasby (2007) show that the soluldlitetics at 5°C and 20°C are nearly
similar if the pOH is constant. When keeping theHoédnstant, the Al/OH ratio is constant
and thus provides constant conditions for the faionaof hydroxides. The relationship
between pH and pOH is described below:

pH + pOH = pK,, eqg. 2.5
The pK, is calculated as follows:

pK,, = -6, 087&@% 0,01706 eq. 2.6

From the formula it can be concluded that the plédseto be decreased for higher
temperatures. Hanson and Cleasby (1990) condugpestiments with a constant pOH and
constant pH and concluded the following:
* Alum flocs under all tested conditions are sigrifidy weaker than iron flocs,
* Ferric flocs formed at 20°C and 5°C are of simgaength as long as the pOH is
constant,
» Ferric flocs formed at 5°C are weaker comparedaecsfformed at 20°C when the
pH is constant,
e Alum flocs formed at 5°C and a constant pOH are hmsitonger compared to
flocs formed at 5°C with a constant pH,
* Alum flocs formed at 20°C with a constant pOH at@rsger compared to flocs
formed at 5°C, also with a constant pOH.

Temperature affects aluminium-based coagulantsefisaw ferric-based coagulants (Morris
and Knocke, 1984; Haarhoff and Cleasby, 1988; Bitigk et al., 2004) but aluminium-
based coagulants produce flocs that are more imdkek by temperature. When stable and
similar-sized flocs are required all year roundriéebased coagulants seem the best choice
(Fitzpatrick et al., 2004). Fitzpatrick's group cpaned polyaluminium chloride (PACI)
with ferric sulphate and alum for different temparas. The results showed that PACI
coagulants produce the largest flocs for all expented temperatures (7° - 27°C). The
reduced influence of temperature on PACI coaguleatspossibly be explained by the pre-
polymerisation of the product. Due to the pre-pdadyisation, the influence of temperature
is smaller (Meijers et al., 1984). This could explavhy PACI coagulants are mainly used
during winter time (Bratby, 2006).

On an equimolar basis ferric(lll)chloride remowesbidity more efficiently compared to
aluminum sulfate at low temperatures (3°C) and tovbidity (<2 NTU), according to
Haarhoff and Cleasby (1988). In 2004, Hurst ef@ind similar results when comparing
NTU removal at temperatures of 5°C and 15°C withiid@ll)chloride dosings. Results
showed that the NTU removal was significantly impdi at 5°C. When the dosage rate
increased, the NTU removal increased, but the Nardaval at 5°C was lower compared to
the removal rate at 15°C, even at high dosage$ (rg.F&"/L).
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The rate of hydrolysis increases with an increagihtyand an increasing temperature,
which results in a shorter period of time needadie formation of soluble polymeric iron

species (Van der Woude and De Bruyn, 1983). WhempHhis even a few tenths below the
optimum pH, the growth rate of the flocs will dezse rapidly, leading to smaller flocs
(Bache and Gregory, 2007).

2.4 Filtration

Granular media filtration, such as continuous séfichtion or fixed bed filtration, is
commonly used for the removal of phosphorus preatigs formed during the coagulation
and flocculation process. Less commonly used areefxample synthetic medium filters,
continuous backwash filters or pressure filterdtrdtion is a process during which water
flows through a porous filter media, which can benembrane, a filter paper, synthetic
meterial, or a sand layer. A sand filter (partlgtains suspended solids and ferric and
aluminium precipitates, but can also contain bisndsr the removal of dissolved
substances like nitrate.

According to Tchobanoglous (2003) nine differeninoyal mechanisms and phenomena
contribute to the removal of material within a sdiltédr. These are straining, sedimentation,
impaction, interception, adhesion, flocculationgwtical adsorption, physical adsorption
and biological growth. The first five mechanisme af importance for the removal of
suspended particulate matter and are describedwbeBtraining or sieving implies
mechanical filtering of particles larger than therg space of the filter medium. This
mechanism is the principal one for particle remdaal can result in a cake layer forming in
the top layer of the filter bed. Sedimentation wiernal impaction implies that particles
settle on the filter medium within the filter bddterception is the removal of particles that
move along the streamline and are removed as @ ¢n contact with the filter medium.
Graham (1988) investigated flocculation and remowflflocs within a filter bed and
concluded that particle flocculation is the mingrimechanism of enhanced particle
removal with a cationic polymer. The mechanismsnaaénly particle-grain attachment and
the deposition of particles onto previously depabparticles.

2.4.1 Dual media filtration and continuous sand filtration

Downflow depth filtration with a single, dual or #ftiumedium and deep bed upflow

continuous backwash filtration, also called contimsisand filtration, are frequently used as
filtration techniques for the treatment of wastesvdreatment plant effluent. Figure 2-15
shows schematically both filtration techniques,hwitual media filtration on the left side

and continuous sand filtration on the right side.
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Figure 2-15- Dual media filtration (left figure) and continuoaand filtration (right figure)
(Van den Berg van Saparoea, 2008)

With downflow depth filtration the water which neetb be filtered is introduced at the top
of the filter; this is called the raw water inlet Figure 2-15. The water moves downwards
through the upper water layer and the filter meditier which it is collected in the
underdrain system. Via the filtered water outlbg so-called filtrate water goes to filtrate
storage tanks where this water is stored to be paed for a backwash procedure. During
the backwash of a filter, the accumulated matésiadmoved by shear force created by the
flow of the backwash water and is removed throuwh éxpanded bed (Tchobanoglous,
2003). A backwash is initiated when the upper watgyer increases or when a
breakthrough of the filter bed occurs. During alveash, no filtrate is produced.

With continuous sand filtration the water is intuoed into the filter bed through a series of
riser tubes and is distributed evenly into the sahdbugh an inlet construction
(Tchobanoglous, 2003) in the middle of the san@&dayhe water flows upwards through
the downwards moving sand bed. The filtrate waterftows a weir at the top of the filter
and is discharged. The sand and the removed gertick removed from the bottom of the
filter bed by an airlift pipe. During the turbulempflow, high velocity gradients are applied
as a result of which the sand is washed and cleanédalls back through a sand washer on
top of the filter bed.

The used filter material for downflow depth fili@d and continuous sand filtration
influences the filtrate water quality and should dh@sen with care. Especially the grain
size, the uniformity, the pore size, and the adsampcapacity are of major importance.
Frequently used materials are anthracite, hydrbranite, quartz sand, basalt and granate
sand.
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The optimal filtration rate depends on many aspeEtese include the concentration of
particulate matter in the feed water, the amounttemicals dosed for coagulation, the
shear force in the filter bed, the floc strengtld &me temperature of the feed water.

2.4.2 Filter runtime and filter loading

The filter runtime is the period between two backkes. During this period the filter
produces filtrate water. For downflow depth filtcat the maximum filter runtime is
dependent on the head loss over the filter bedtanlitrate quality. The head loss over the
filter bed increases during the runtime mainly heseaof cake layer formation. As a result
of the increasing head loss over the filter bee, tipper water layer will rise, until the
maximum water level is reached. When this is red@hbackwash will be initiated.

A cake layer on top of the filter bed or a clogdgyer within the filter bed results in locally
high water pressure gradient, but below this laiyer pressure gradient will decrease.
Figure 2-16 shows the pressure drop in a dual nfédia

Figure 2-16— Pressure curves in a filter bed (Miska-Marku€%0

Zouboulis et al. (2007) compared the filtrate wageality and the filter runtime for a dual
media filter and a single media filter for the treant of drinking water after
coagulation/flocculation and sedimentation. Theefibed of the dual media filter contains
sand (grain size 0.64 mm) and anthracite (graia $i® — 1.1 mm). The filter bed of the
single media filter contains a sand layer (graie .64 mm). Both filters have a filter bed
height of 1 m and a filtration rate of 9.4 m/h. Ttesults show that the turbidity in the
filtrate water is comparable for the two filter g but the filter runtime for the dual media
filter is 3 to 4 times longer compared to the singhtedia filter. When coagulant (0.1 —
0.3 mg AP/L) was dosed, the turbidity of the filtrate watecreased and the filter runtime
dramatically decreased for both filters. The duabna filter reached a filter runtime of 10 —
15 hours instead of 74 hours without coagulant ges8ut the filter runtime of the dual
media filter was still approximately twice the dittruntime of the single media filter. This
phenomenon is explained by the removal of largetighas in the coarse anthracite layer,
whereas the smaller particles were trapped inittex §and layer. This maximized the filter
loading and therefore the filter runtimes are longempared to single media filtration.
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2.4.3 Velocity gradient in a filter bed

Two types of filtration can be distinguished: fléitration, where flocs are formed in a
flocculation tank or basin before entering theefiland flocculation filtration, and the so-
called direct filtration, where flocs are formed tine top layer of the filter bed. In a
flocculation tank, low velocity gradients are usedprevent floc breakage. The typical
velocity gradients used for flocculation are betwé&s s and 200 $ (Tchobanoglous,
2003), as stated in Section 2.3.1. When the flotsrehe filter bed divergence flows occur
within the first centimetres of the filter bed. Bwland Blaser conclude from mathematical
models that floc rupture is dominated by the amaifrdtraining or divergence flow. In a
filter bed the shear rate may be sufficient to pstarflocculation in the filter pores, but due
to accumulation of deposits the shear rate willéase if a constant filtration rate is applied
(Chuang and Li, 1997). When the shear force irfittee bed becomes too high, particles or
flocs may detach and a breakthrough of the filted lmccurs. Polymeric coagulants or
flocculant aids are frequently used to prevent ktteaugh of the filter bed before the
maximum head loss is reached. This is because polyrooagulants form much stronger
flocs compared to ordinary metal salts (Chuanglanii997; Yukselen and Gregory, 2004;
Leentvaar and Rebhun, 1983).

To calculate the shear rate within pores of thterfibed, Chuang and Li (1997) developed
the following formula based on the Kozeny-Carmamatipn in which the filter bed is
simplified as clustered capillary tubes:

1-p} v : ﬂ% (6Vp )%
G, =295 —; in which @ = ————— eq.2.7
p° J@a D,
Gw = shear rate within the filter poress
p = porosity [-]
% = average filtration rate [m/s]
Qs = sphericity of the filter grain [-]
D = effective grain size [m]
V, = filter grain volume [
A, = filter grain surface [}

According to this formula, the shear rate withie titer pores increases rapidly during
filtration, see Figure 2-17. This figure shows $iear rate for an anthracite layer with grain
size 1.70 - 3.35 mm when filtration with 5, 10, 4&d 20 m/h is applied. The porosity of
the new anthracite is 0.5; this decreases to Qug5ta the biomass which is attached to the
anthracite. During filtration the porosity decreaseven further, resulting in increasing
shear rates (G-values).
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Figure 2-17— The influence of the porosity on the shear r@&evglue) and the filtration
rate for an anthracite layer with grain siz&0 - 3.35 mm

2.5 Denitrification

Denitrification is the biological reduction of ratle to nitrogen gas. Denitrification takes
place when nitrate is used as an electron accamptead of oxygen (Gayle et al., 1989).
The nitrate reduction reactions involve the follogi biological reduction steps
(Tchobanoglous, 2003) of nitrate to nitrite, torigitoxide, to nitrous oxide and to nitrogen
gas:

NO; (ag)— NO; (ag)— NO (g)— N2O (9) —N2 (9)

The denitrification process is an anoxic processrhost of the denitrifying bacteria are
facultative, meaning that also oxygen can be ushdnwavailable (Gayle et al., 1989).
According to Payne (1981) many different denitrifyi bacteria are known including
Achromobacter, Bacillus, Hyphomicrobium, Pseudomonas and Thiobacillus. Most of these
bacteria are heterotrophiParacoccus denitrificans and Thiobacillus are autotrophic. For
each denitrification step, a specific enzyme iglusecatalyse the reaction. These enzymes
are called nitrate reductase or nitrite reductiisesxample.

The following circumstances are required for défigttion, (Van der Graaf, 1996):

- the presence of nitrate (or nitrite): the convergiate is independent of the nitrate
concentration when the nitrate concentration isregING;-N;
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- the presence of substrate: in theory 1 kg of mitcatnitrate-N can oxidize 2.86 kg
COD;

- the absence of oxygen: in practice an oxygen cdration < 0.5 mg @L;

- good process conditions: an optimal pH range is pitb pH 9, the optimal
temperature is approximately 40°C, but denitrificatcan take place at lower
temperatures, even as low as 5°C.

As an electron donor, one of these three souraeseid

1. biodegradable soluble COD in the feed water;

2. biodegradable soluble COD produced during endogedeuay;

3. exogenous source, for example, methanol or acetate.
The third option is frequently used for post-treaminsteps when biodegradable soluble
COD is not available in the feed water.

2.5.1 COD demand

The theoretical COD requirements for denitrificatican be calculated as follows
(Tchobanoglous, 2003):

COD _ 286 vo_Y
= T aT——
NO,-N 1-1.42Y, 1+k, [BRT eq. 2.8
Yn = net biomass yield [g VSS/g COD]
Ky = endogenous decay rate per day [d]
SRT = sludge retention time [d]

2.5.2 Methanol

Methanol usage as a carbon source for denitriicatias the advantage that the costs are
relatively low and the sludge production is low qared to other organic compounds
(Koch and Siegrist, 1997). A disadvantage is theded adaptation period for the bacteria
which can take a few days up to several weeks. Alwg to Timmermans and Van Haute
(1983), a higher denitrification rate (25%) is maasl with methanol as a carbon source in
comparison to the denitrification rate which isabed when wastewater carbon is used as
a carbon source. The reaction stoichiometry fotamel is given below.

5 CHOH + 6 NQ' — 3 N, + 5 CQ, + 7 H,O + 6 OH

Methanol systems are often enriched wtyphomicrobium spp. (Sperl and Hoare, 1972;
Lemmer et al., 1997)Hyphomicrobium spp. is capable of using nitrate, under anaerobic
conditions, for assimilation and respiration (Nyrs80). The growth of these organisms is
independent of the methanol and nitrate conceatratiut is sensitive to temperature and
pH. The optimal pH is 8.3 (Timmermans and Van Ha@&83). During Lemmer et al.’s
research (1997), taxonomic classification of th&rporganisms in a denitrifying fixed
filter bed with methanol dosage was conducted. Resshowed that not only
methylotrophs but alsblydrogenophaga, which are not able to use-€arbon sources like
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methanol, were found. Because these microorganmmsreadily detected in activated
sludge, it is likely that these organisms were \edsbut from the secondary clarifier.

The net biomass yield for methanol is 0.17 g VS8I@D (10°C) and 0.18 g VSS/g bCOD
(20°) (Tchobanoglous, 2003). Without methanol Isech and Siegrist, 1997) the yield
was 0.42 kg-CORkg-CODye* during wintertime and 0.39 kg-CQIRg-COD" during
summertime.

To denitrify 1 kg NQ-N, the following methanol dosage is required (Kaaid Siegrist,
1997):

ANO,-N[2.86 _ 1.002.86 _. ., kyMeOH
(1-Y,)[COD,,, (1-0.4)1.5 ~ kgNO,-N

eg. 2.9
CODvieon = COD fraction of methanol (kg/kg)

The efficiency of the denitrification depends oe thxygen concentration in the feed water.
Oxygen decreases the denitrification rate and asme methanol consumption (Koch and
Siegrist, 1997).

According to Koch and Siegrist (1997), the biofilativity in the first 30-40 cm of the
filter bed strongly depends on the filter runtiniehis is caused by biofilm loss. In the
central and lower parts of the filter bed, no digant increase in the denitrification rate
can be found during the filter runtime. To prevemerdosing methanol, the dosage should
be reduced in the first hours after the main bagkw®uring a methanol dosage break of
one week, denitrification rates decreased but aféstarting the methanol dosage the
denitrification rate increased within a week to kel observed before the dosage break.

2.5.3 Nitrite accumulation

Nitrite is consumed at a rate twice the nitrateutidn rate; therefore, the rate-limiting step
for denitrification is the reduction from nitrate titrite (Timmermans and Van Haute,
1983). Nitrite accumulation during denitrificatican, however, be caused by many factors.
Hunter (2003) summarises factors which can playla in nitrite accumulation. These
factors include the differential repression of aiér and nitrite reductase, the competition of
nitrate and nitrite reductase for electron donts, presence of carbon sources that select
nitrite producing bacteria, the increase of eleafrconductivity and the presence of toxic
substances. These toxic substances can be heavalsmgiesticides, etc. Nitrite
accumulation, according to Koch and Siegrist (199i€pends on the water temperature
during growth and not on the actual temperaturéemporary higher reduction rate for the
reduction of nitrate to nitrite compared to theuetibn of nitrite to N (g) might be due to a
microbial population shift from winter to summer;urthg summertime more
microorganisms are present which reduce nitratettibe.

Other reasons for nitrate accumulation can be thshwout ofNitrobacter from the
secondary clarifier and the activity of facultatiaeaerobic bacteria (Lemmer et al., 1997).
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This activity results in a lower pH value which ibits nitrous oxide reductases or nitrate
reductases.

When oxygen is present in the filter bed, nitriegluctase is strongly inhibited. Nitrate
reductase, on the other hand, is not inhibited Xyggen or nitrite until a concentration of
0.1 mM. (Gayle et al. 1989). This can result inritdt accumulation. After nitrite
accumulates to sufficient concentrations, the #gtief nitrite reductase increases and the
denitrification process proceeds (Gayle et al. 1989

The toxicity of nitrite to fresh water fish variesdely. For example, rainbow trousqlmo
gaidneri) show a lethal concentration (k§ of less than 1 mg/L, but largemouth bass
(Micropterus salmoides) show an LG, of 452.7 +24.6 mg/L (Tomasso, 1986).

2.5.4 Phosphorus uptake by denitrifying bacteria

When combining nitrogen and chemical phosphorusovamnin a single sand filter,
phosphorus limitation may occur. Low orthophosplkoaoncentrations may affect the
denitrification conversion rate by inhibiting theapid growth of heterotrophic
microorganisms in response to increasing nitraaeldo/Husband and Becker, 2007). When
chemical precipitation is used for the phosphommmaval, just a little amount of bio-
available phosphorus remains in the water to supger growth of denitrifying bacteria.
This can result in difficulties during operationtlalso the start-up period of a denitrifying
filter is drastically increased and can even tgkeousix months (de Barbadillo et al., 2006).

Theoretically, phosphorus becomes a limiting factanen concentrations are below
0.04 mg P/mg NN, assuming 3 mg of methanol per mg ,NO (de Barbadillo et al.,
2006; Husband and Becker, 2007). ,NO is the total amount of inorganic oxidized
nitrogen, namely the sum of the nitrate and nitdtncentration. Research shows (de
Barbadillo et al., 2006) that an orthophosphorusiNiJatio of approximately 0.02 mg/mg
or higher does not appear to have any impact ondtwtrification rate. When the
orthophosphorus/NEN ratio is too low, resulting in an increase of N@® in the filtrate
water, the orthophosphorus concentration needs etoinbreased, possibly by dosing
phosphoric acid (deBarbadillo et al., 2006; Hangteal., 2003; Hultman, et al., 1994) or
potassium phosphate (Husband and Becker, 2007).

According to Nordeidet et al. (1994), the divergeraf the found limitation ratios for
nitrification is caused by the culture history withspect to the amount of accumulated
polymetaphosphate in the cells, the carry-overhef ¢élements in the inocula and/or the
effect of phosphate on the pH of the medium. Thighinbe applicable on denitrifying
bacteria too.

At the Loudden treatment plant in Stockholm (Hultn®t al., 1994), Sweden, biological
treated and settled effluent was introduced int;mdBand filters where denitrification,
phosphorus precipitation and filtration take pladethanol was dosed as the carbon source
and ferric chloride was used to precipitate orttompiorus. Nitrate concentrations in the
feed water of the filter, up to 20 mg N®/L, were tested in combination with phosphorus
concentrations of 0.2 mg R®/L and 0.5 mg P-total/L. During the researchtstegere
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conducted to find the minimum required phosphomscentration in the feed water. The

results of these tests indicate that the influesfdde orthophosphorus concentration on the
denitrification rate is small when the orthophospiso concentration remains above

0.1 mg/L.

At the Sj6lunda wastewater treatment plant in Malfd@nner et al., 2003), Sweden, a
moving bed biofilm reactor (MBBR) is used for deifitation. Chemical phosphorus
removal with ferrous sulphate is accomplished irearlier stage of the treatment process.
Methanol or ethanol is dosed as the carbon sotineedosage is not controlled. In periods
with high nitrate concentrations in the feed wabérthe MBBR, simultaneous bleed-
through of COD and high (6 mg N®I/I or higher) nitrate concentrations in the WWTP
effluent occurred. During these periods the comedioh of orthophosphorus in the WWTP
effluent was + 0.05 mg PEP/L. When dosage of phosphoric acid was startedlatnount

of available orthophosphorus increased and theatasittoncentration decreased. The
orthophosphorus concentration remained low despitge higher amount of available
orthophosphorus. An orthophosphorus concentratiothé feed water of the MBBR of
0.10 mg/L was the minimum required to avoid phosphdimitation. Although dosage of
phosphoric acid solves the problem of phosphomitdtion, the strategy is to adjust the
coagulant dosage more actively.

2.6 Biological activated carbon

In wastewater treatment, activated carbon is mostneconly used as an adsorbent for the
treatment of WWTP effluent. This can be in the foohpowdered activated carbon
(diameter <0.0074 mm) or granular activated carfodemmeter >0.1 mm). Activated carbon
is prepared by making char from organic materi@lshpbanoglous, 2003) such as wood,
coconut shell, walnut hulls. The type of materiaéd influences the final pore sizes and
regeneration characteristics. The char is pyroliaedbout 700°C and then activated by
exposure to oxidising gases at temperatures ar80A8C to 900°C. The gases develop a
porous structure. According to Tchobanoglous (20€8) pore sizes within the activated
carbon can be divided into macropores (>25nm), pe®s (>1nm and <25nm) and
micropores (<1 nm). The activated carbon needsetaelgenerated when the maximum
adsorption capacity is reached and a breakthroughrs. Regeneration can be achieved by
chemical oxidation, steam, solvents or biologieaiversion processes.

Mainly organic material but also inorganic composifite nitrogen, sulphides and heavy
metals are removed by activated carbon. Accordingahobanoglous (2003), adsorption
takes place in four steps: bulk solution transgfdnt, diffusion transport, pore transport and
adsorption. Adsorption can occur on the outsidthefactivated carbon but also within the
macro-, meso-, or micropores. The amount of organéterial which can adsorb is a
function of the characteristics and the concemratif the adsorbate in combination with
the temperature (Tchobanoglous, 2003). Many diffeedsorption isotherms have been
developed; most commonly used are the Freundlidrlaa Langmuir Isotherms.

Activated carbon is not frequently used as a fiftedium for biological denitrification like

anthracite and sand are (Sison et al., 2996). €tieated carbon is surrounded by a biofilm
containing bacteria in the macropores and exoengymethe micropores (Scholz and
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Martin, 1997). This form of filtration is called dibgical activated carbon filtration.
Biological activated carbon is more effective arabs fan extended lifetime compared to
granular activated carbon (lbid.). This extendéatilne is probably the result of the uptake
of previous adsorbed organic material by the bi@ndhis results in the reopening of
adsorption sites (Sison et al., 1996). Even duhiul shear stress which occurs during a
backwash of the filter bed, no significant reductaf the biomass is observed (Scholz and
Martin, 1997). When peak loadings of toxic subsésnare in the feed water, activated
carbon protects and dampens the effects (lbid.).

Sison et al. (1996) conducted research to invdstigaiether granular activated carbon can
function as a temporary storage for the suppligéreal carbon source which is required
during denitrification. The denitrifying bacteri@mmsume the carbon source, which results
in desorption of the granular activated carbon.sTgiinciple was tested by intermittent
dosings of a carbon source. Results showed thatetneval rates for total nitrogen were
higher during the period of carbon source dosingmared to the starvation period when
no carbon source was dosed and the biomass haitize arganic carbon from the granular
activated carbon. During the starvation period, il nitrogen removal declined over
time which implies that the available adsorbed carbource lessened. Nevertheless, the
overall total nitrogen removal during the experitsenaried between 80% and 95%. A
comparison of granular activated carbon with aritezas the filter medium shows a clear
difference during the starvation period. Duringsthgeriod the total nitrogen removal
efficiency dropped to 29% for anthracite compare®®% during filtration with granular
activated carbon. The mechanism of desorption efdéwrbon source from the activated
carbon by the denitrifying biomass also becomesctiffe when NQN concentrations in
the feed water fluctuate and, as a result of daisjnsufficient carbon source is supplied.
This may lead to higher overall total nitrogen remdorates and steadier filtrate
concentrations compared to filtration with anthraci

2.7 Experiences from other research

Filtration techniques for the filtration of wasteiahave been in use for many years. This
probably is the reason for thinking that chemidabgphorus removal to low concentrations
by filtration techniques has already been researai@ough. But when searching the
literature, just a few studies can be found whimh @mparable with this current research,
especially for dual media filtration. This is, teéasre, proof that everything is not already
known about this topic. Examples of the found resteare described in this section.

The first full scale multi media filtration plantas built at the Hochdorf WWTP in
Switzerland in 1979. Results of the experimentaleaech on phosphorus removal are
described in Boller (1984b). Ferric(lll)chloridedaaluminiumchoride in combination with
polymers were tested. The results showed that phiaéphorus concentration in the filtrate
water of 0.05 — 0.2 mg/L could be reached fortaafiion rate of 10 m/h and filter runtimes
of 15 to 30 hours. Flocculant aids were necessapravent solids breakthrough especially
for filtration rates above 7 m/h.

Hultman et al. (1994) initiated research to ingesié simultaneous nitrogen, phosphorus
and suspended solids removal with a DynaSand,fillbich is a continuous sand filter. The
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cross-sectional area of the filter used was 427The bed heights used were, for most of
the time, 3.5 m and 4.6 m. The grain size of thelsaas 1.2 — 2.0 mm. The filter treated
the WWTP effluent of the Loudden WWTP located ine®en. Filtration rates varied
between 10 m/h and 22 m/h. At the feed of therfillaethanol was added as a carbon
source and ferric chloride as a coagulant. A cérbop for the methanol addition was
installed and the metal/orthophosphorus ratio dabietween 1.2 mol/mol and 3.3 mol/mol.
The results show that nitrate concentrations deeetdrom 7.3 — 20 mg/L to 0.5 —
2.2 mg/L and the total phosphorus concentrationredsed from 0.6 — 5 mg/L to
0.1 — 0.5 mg/L. Therefore, it is concluded thataulbw phosphorus concentrations are not
reached during their research.
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Figure 2-18 - Pressure gradient as a function of solids cagtureder different operating
conditions adopted from Koch et al. (1997)

At the Zurich-Werdhélzli WWTP in Switzerland, texty filtration with single layer
downflow depth filtration was used for simultaneausrients removal (Koch et al., 1997).
The aim of the research was to investigate thalfgiagsand performance of denitrification
in a sand filter in a cold climate. Experiments &veonducted on a rectangular filter with a
surface area of approximately 84.iltration rates of 5 — 10 m/h were used. Therfibed
height was 0.3 m made of quartz sand with a giaeaf 1.0 mm. Methanol was used as a
carbon source and was added to the feed wateediltdr. Ferric chloride was added to the
water for phosphorus removal. The paper is maibbuathe denitrification parameters but
also shows some results on the solids captureagitiitration for ferric chloride dosage,
for methanol dosage, and for the situation wher lobemicals are dosed. These results
are shown in Figure 2-18. The lowest solids captuas found for ferric chloride (Fe)
dosage, without methanol. This improves for theadibn where methanol is added and no
ferric chloride. However, the highest solid captwas found for the combination of
methanol dosage and ferric chloride dosage.

In the Washington DC area, USA, effluent phosphoeggiirements are extremely stringent
to protect the Chesapeake Bay (Takacs et al., 200@) total phosphorus discharge limits
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are usually below 0.2 mg/L. The Blue Plains advdné8VTP discharges in this area. This
treatment plant is one of the largest nutrient reshplants of North America and consist of
primary settling, a step-feed Biological NutrienerRoval (BNR) system followed by
clarifiers and gravity filters for chemical phospte removal with iron. Takacs et al. (2006)
conclude that ultra low orthophosphorus concemnatican be achieved with the addition
of iron salts using a combination of simultaneond tertiary precipitation.

At the Konoike WWTP in Osaka, Japan, Hidaka e{2003) conducted pilot research to
remove phosphorus and nitrogen from raw sewage fme-a&oagulation and bio-filtration
process. The bio-filtration consisted of a dendafion filter, a nitrification filter with side
stream to the denitrification filter, and a polisgifilter with anoxic and aerobic part.
Ferric(lll)chloride was dosed for the chemical phtosrus removal. Hidaka et al. (2003)
concludes that orthophosphorus was completely rechdn the pre-coagulation step and
the residual phosphorus was removed by immobitisathto biomass in the following
biological treatment. Total phosphorus concentregim the effluent of the pilot installation
were steady around 0.2 mg/L. The removal efficiewag 90 — 95%.

Husband and Becker (2007) conducted demonstraésting of denitrification effluent
filters to achieve limit of technology for totaltragen and phosphorus. The experiments
took place at the Arlington County Wastewater Radlu Control Plant, which is located in
the southern part of Arlington County, USA. Theiligc consists of influent screening,
vortex grit removal, primary treatment, off-line uadjzation tank, step-feed activated
sludge with final settling tanks, lime reaction kaftertiary clarifiers (LRTs) originally
installed as a two stage chemical precipitatiorcess for phosphorus removal, gravity sand
filters, carbon filters, chlorine disinfection apdst aeration. For the chemical phosphorus
removal ferric(lll)chloride is added in the primaand tertiary clarifiers. Effluent polishing
filters used for the demonstration testing redud¢&s, nitrate and the total phosphorus
concentration. The discharge limit for total phaspis is 0.18 mg/L. A down flow depth
filter and a continuous sand filter were compai@ased on the results conclude Husband
and Becker (2007) that the maximum average totakphorus concentration in the feed
water of a deep bed denitrification filter may hé éng/L to be able to fulfil the discharge
limit of 0.18 mg P-total/L in the effluent.

Ditterich et al. (1996) conducted research of efftutreatment with microfiltration. The
goal of this research was to meet the Europeanobimmiogical standards of the European
Union for bathing water and to reduce the totalggimrus concentration to levels below
0.05 mg/L tp avoid eutrophocation. Microfiltratievith a pore size of 0.@m were used in
combination with ferric(lll)choride dosage. Threécrofiltration membranes were tested,
DOW, Starcosa and Memcor. DOW and Sarcosa weres-flms, DOW was a flat sheet
and membrane, Starcosa was a hollow-fibore membideencor was a dead-end module
with a hollow-fibre membrane. Without ferric(lll)idride dosage a considerable reduction
of the total phosphorus concentration was achieVad. effluent of the Memcor and DOW
membranes contained 0.06 mg P-total/L and for thec8sa membrane 0.09 mg P-total/L.
With a ferric(lll)chloride dosage of 0.014 mofinprior to microfiltration all three
installations fulfilled the target value of 0.05 mRegotal/L.
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2.8 Summary

Total phosphorus can be found in different formssimface water and WWTP effluent.
These forms can be divided into dissolved, collbiaad particulate phosphorus. These
different phosphorus forms contain a large numbfeorganic and inorganic phosphorus
components. WWTP effluent consists, for a largd, pafr orthophosphorus which can be
removed by precipitation, coagulation, flocculatemd filtration when a metal salt is dosed
as the coagulant. During precipitation, colloidaterial forms. Coagulation is the process
of destabilization of colloidal particles in a wthyat these particles can grow as a result of
particle collision. Precipitation and coagulati@guire a good initial mixing to maximize
the binding of the metal salt with the availableogibhorus and to minimise the side
reactions. The optimal initial mixing energy is Wween 500 — 1500s Flocculation is the
process which follows after initial mixing and h#se purpose of forming flocs and
aggregates from the fine particles and the desalilparticles. The degree of flocculation
is dependent on the combination of the velocitydgmat and the retention time. Typical
velocity gradients are between 25 — 20Girs combination with a retention time of 2 — 10
minutes. Temperature has a major influence onflomation. Different techniques can be
used for the filtration step, for example downflaepth filtration with a single or dual
media filter bed, or continuous sand filtration. @nfilter bed, the shear rate may be
sufficient to promote flocculation in the filter pgs but, due to the accumulation of deposits,
the shear rate will increase if a constant filoatrate is applied. When the shear force in
the filter bed becomes too high, particles or floecay detach and a breakthrough of the
filter bed occurs.

Denitrification is the biological reduction of ratle to nitrogen gas. Denitrification takes
place when nitrate is used as an electron accapstead of oxygen. Denitrification
requires the presence of nitrate (or nitrite),ghesence of substrate (methanol is frequently
used) and the absence of oxygen. Nitrite is conduatea rate twice the nitrate reduction
rate; therefore the rate-limiting step for denitation is the reduction from nitrate to nitrite.
Nitrite accumulation during denitrification can,vever, be caused by many factors. When
combining nitrogen and chemical phosphorus removal single sand filter, phosphorus
limitation may occur. Low orthophosphorus conceiitres may affect the denitrification
conversion rate by inhibiting the rapid growth eftérotrophic microorganisms in response
to increasing nitrate loads.

From the experiences of other research can be wdedl that ultra low phosphorus
concentrations can be reached but require a laffoft. When the discharge limits are
below 0.15 mg P-total/L is membrane filtration aaxdmption.
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3 Pilot-plants

Pilot-plant investigations are conducted at the sttomeer WWTP and the Leiden
Zuidwest WWTP. The pilot-plant at the Horsterme@MIWP consists of a dual media filter
and a “One Step Total Effluent Polishing filter&.i.1-STEP, operated for denitrification
and simultaneous phosphorus removal. The pilotallasion at the Leiden Zuidwest
WWTP consists of small full-scale installations.niouous sand filtration and dual media
filtration are combined to investigate separateitdéoation and phosphorus removal and
are compared for simulations of denitrification grebsphorus removal.

This chapter contains a description of the pilarpl at the Horstermeer WWTP in
Nederhorst den Berg (Section 3.1) and of the detretitn installation at the Leiden
Zuidwest WWTP in Leiden (Section 3.2). Schemeshef installations are given and the
dosage of chemicals, the initial mixing, the backkes, and (hand) analyses are described
in subsections. Section 3.3 describes the protémolthe jar tests which are used to
investigate the type of coagulant and the dosagje wehich should be used for the
experiments. Section 3.4 describes the methodrésspre readings and the construction of
Lindquist diagrams. A summary of this chapter igegiin Section 3.5.

It has to be clear that this research was patefektensive investigation programs at the
two locations. The results of these investigatioogpams are only partly used for this
research. The results of the research programsbeafound in STOWA (2009a) and
STOWA (2009b).



3.1 The Horstermeer WWTP

3.1.1 Operation of the Horstermeer WWTP

The Horstermeer WWTP is a treatment plant of Watiera Dutch water company which is
responsible for drinking water, waste water, sw@fa@ter and safety behind the dykes in
the Amsterdam region. The Horstermeer WWTP trebts wastewater of 140,000
population equivalents (per p.e. 136 g Total OxyBemand, TOD) living in the areas of
Naarden-Bussum, Hilversum-West and Nederhorst adgg.B'he main flow of the WWTP
is 26,000 n¥day. The treatment plant consists of grit remoyaimary sedimentation,
aeration and final sedimentation. In Figure 3-tlaesnatisation of the Horstermeer WWTP
is given.

Primary sedimentation tank

Influent
Naarden-Bussum Removal of

Hitversum-West coarse material
Nederhorst den Berg

Sludge

Final sedimentation tank

S\udgel
L A

Figure 3-1— Scheme (left side) and photograph (right sid

‘> Denitrification

Recycle sludge

dheﬂﬂorsrmeer W

The plant was originally designed for nitrificationly, but after implementation of on-line
analysers and the introduction of a denitrificatmome, a considerable improvement of
effluent quality was achieved. N-total decreasedmfr30 mg/L to <15 mg/L. Poly
aluminium chloride (PACI) is added in the aeratianks just before the final sedimentation
tanks, with a metal/total phosphorus ratio of 0r66l/mol. PACI is dosed to prevent
filamentous sludge bulking in the final sedimematianks and to enhance the phosphorus
removal. Ferric chloride sulphate is dosed at thiengry sedimentation tank with a
metal/total phosphorus ratio of 0.38 mol/mol andhat outlet of the aeration tanks with a
metal/total phosphorus ratio of 0.25 mol/mol. Ferdhloride sulphate is dosed for
phosphorus removal only. With these dosing condiitiche effluent concentrations fulfil
the current discharge limit of 1.0 mg P-total/L.

Effluent quality and legislation for the Horstermea WWTP

The Horstermeer WWTP effluent is discharged inte tiver Vecht, which is part of the

Rhine River Basin District. The Horstermeer WWTHR @ improve the effluent quality,

due to the actual Vecht River reduction programmfra yearly average concentration for
total nitrogen from 14 mg/L to less than 5 mg/Lddar total phosphorus from 1 mg/L to

0.5 mg/L, by the end of 2009. Probably in a latags, the effluent quality needs to be
improved further to MPR quality. In Table 3-1 thaimeffluent quality parameters of the
Horstermeer WWTP effluent for the year 2008 aregiv
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Table 3-1 - Effluent quality of the Horstermeer WWTP compmhmeith concentrations
based on the Vecht River reduction program and\tB& concentrations in 2007, 2008 and
2009.

Parameter Average Average Average Discharge Vecht MPR
2007 2008 2009 Permit River Value
reduction
program
[ma/L] [ma/L] [ma/L] [ma/L] [mg/L] [ma/L]
COD 35 32 37
BOD 4 4 5
N-total 14.1 135 13.6 14.0 5.0 2.2
NKj 10 2.9 4.4
NOs-N 3.7 10.3 8.4
P-total 1.0 0.8 0.9 1.0 0.5 0.15
P-ortho 0.57 0.4 0.4
TSS 12 11 12.6

3.1.2 Pilot installation at the Horstermeer WWTP

The research program at the Horstermeer WWTP itedtdo investigate how 2.2 mg N-
total/L and 0.15 mg P-total/L in the filtrate can beached. The pilot-plant consists of a
dual media filter and a “One Step Total Effluentigtong filter” (i.e. 1-STEP) operated
for denitrification and simultaneous phosphorus aeah The feed water of the filters,
WWTP effluent, passes a 4p0n screen and is collected in the feed water buffek. In
the filtrate buffer tank the orthophosphorus (HR) and the total inorganic oxidised
nitrogen (NQ-N) concentrations are measured. The orthophosphorasurement is pre-
filtered over a 0.4%um filter. The doses of methanol and coagulant démenthe measured
concentrations in the feed water buffer tank. After feed water buffer tank, the water is
divided between the two filtration installations.

Dual media filtration

The feed water is pumped from the buffer tank thi dual media filter (DMF). A scheme
of the dual media filter is shown in Figure 3-2 amghotograph is shown in Figure 3-3.
Turbidity is measured on-line. In the pipeline he filter, a coagulant and a carbon source
are dosed. The dual media filter has a filtratiorface of 0.8 rhand a filter bed height of
approximately 120 cm. During the experiments, aftate of 8 n¥h is used, which results
in a filtration rate of 10 m/h.

When the feed water enters the filter system ét fimters the upper water layer (UWL) of
approximately 120 cm. The retention time is apprately 7 minutes. In the UWL
flocculation can take place. The UWL rises at thd ef the filter runtime to a maximum of
145 cm as the filter bed resistance increases,tla@devel regulation valve is already
completely open. A backwash with filtrate waternfrdhe filtrate buffer tank is initiated
when 145 cm is reached. The filter bed of the duadia filter contains two filtration layers:

« top: anthracite, 80 cm height, 2.0 — 4.0 mm graamebter, 1,400 kg/frdensity;

«  bottom: quartz sand, 40 cm height, 1.25 — 1.5 maingdiameter, 2,600 kgfin

density.
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The retention time in the filter bed is 8-9 minut@fter filtration, the filtrate is collected in
a filtrate buffer tank, where unfiltered orthophbspus (PQ-P), total phosphorus (P-total)
and total inorganic oxidised nitrogen (M®) in the filtrate water are measured
continuously by on-line analysers. Turbidity is m@ad in a side stream from the filtrate
pipeline.

WWTP
effluent
—_—

C-source

Sieve

P-total PO4-P  NOx-N

PO4P  NOx-N g
NTU

WWTP effluent buffer Dual media filter Dual media filtrate buffer
Figure 3-2- Scheme of the dual media filter at the Horstenm&@WTP

Figure 3-3- Photograph of the dual media filter at the Hemsteer WWTP

1-STEP” filtration

The feed water of the 1-STEHilter is pumped from the feed water buffer taAkscheme

of the 1-STEP filter is shown in Figure 3-4 and a photograptsi®wn in Figure 3-5.
Turbidity is measured in-line. In the pipeline teftfilter, a coagulant and a carbon source
are dosed. Initial mixing of the chemicals with feed water takes place with a gate valve.
The 1-STEB filter has a filtration surface of 1°nand a filter bed height varying between
experiments of 100-190 cm. During the experimerftewa rate of 10 mYh was used, which
resulted in a filtration rate of 10 m/h.
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Chapter 3 — Pilot-plants

When the feed water is introduced in the filterteys it first enters the upper water layer
(UWL) of 120 cm (100 cm filter bed height) to 2160190 cm filter bed height). The

retention time varies from approximately 7 minutesa maximum of 11 minutes. In the
UWL flocculation can take place. The UWL increas¢she end of the filter runtime to a
maximum 160 cm as the filter bed resistance ine®as backwash with filtrate water from

the filtrate buffer tank is initiated when 160 cenreached. The retention time in the filter
bed, when 190 cm height, is 5 minutes.

WWTP

effluent
fuent _\
C-source

Screen

P-total PO4-P

PO4-P NOx-N

Measuring
Tank
WWTP effluent buffer 1-STEPE: filter 1-STEP® filter buffer

Figure 3-4- Scheme of the 1-STEHilter at the Horstermeer WWTP

For 1-STEP filtration, granular activated carbon (GAC) is dsémportant aspects which
should be taken into account when choosing a gaanattivated carbon for WWTP
effluent filtration (STOWA, 2009) are the grain asjzthe mechanical strength, the pore
structure, purity and the reactivation possibiitién cooperation with Norit (supplier of
activated carbon), a specific type of granularvatéd carbon was chosen. The 1-STEP
filter contains 190 cm granular activated carborthwa grain size of 1.70-3.35 mm,
610 kg/ni density.

Figure 3-5- Photograph of the 1-STEHilter at the Horstermeer WWTP

After filtration, turbidity was measured on-linenfiltered orthophosphorus (R®), total
phosphorus (P-total) and inorganic oxidised nitro@dO,-N) are continuously measured
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by on-line analysers in a separate measuring fEimé filtrate water is collected in a filtrate
buffer tank.

3.1.3 Initial mixing

At the Horstermeer WWTP three different methodsifidfal mixing/coagulant dosage are

tested, namely dosage before a gate valve, doskilgemwinjection ring 0.5 m after a 90°

bend, and dosage with an injection ring 1.0 m dfier90° bend. The inner diameter of the
pipe where coagulant is dosed is 80 mm, which spords with a flow area of 5,026 rhm

Gate Valve

The coagulant was dosed on-line just after a 9@ l{see Figure 3-7) and 0.10 m before a
gate valve which made it possible to vary the ahithixing energy. The minimum initial
mixing was reached when the gate valve was conipleten. A fully open gate valve and
a flow rate of 8 nith gave an initial mixing energy of +120.<Closing the valve for 70%
with a flow rate of 8 rffh gave an initial mixing energy of +1,308, see Figure 3-6.

4000

3500

3000 +

2500
2000
1500

1000 /
500 J/

0 10 20 30 40 50 60 70 80 920

G-value (s-1)

0

Percentage gate valve closed (%)

Figure 3-6 - Influence of the gate valve on the G-value foe ual media filter at the
Horstermeer WWTP with a flow rate of 8m

Figure 3-7— Photograph of the initial mixing with a gatewaht the Horstermeer WWTP
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Injection ring

Using the injection ring (see Figure 3-8), coagtilean be dosed simultaneously at three
points, at the most. By replacing an injection pdar a cap, two injection points or even
one injection point can be used. The injection poan be placed in the centre of the pipe
or along the side wall. When the injection ringused, the gate valve is fully open. The
injection ring was initially placed 0.5 m after tA8° bend. In a later stage of the research,
the injection ring was 1.0 m after the bend.

Figure 3-8 — Photograph of the initial mixing with an injemti ring at the Horstermeer
WWTP

3.1.4 Dosage ratios

For simultaneous removal of phosphorus and suspesalals, PACI is dosed into the filter
feed water. PACI was chosen because in prelimijeryests it showed higher removal
efficiency regarding phosphorus removal in commarido ferric(lll)chloride (Miska-
Markusch, 2009). This was probably due to the Idwvagf the WWTP effluent, which is
pH 6.8 on average. The research started with AqualeAClI), but from January 2008 the
research continued with PAX-11 because Aqualenc measonger available. The ratios
used, of Af*/orthophosphorus for Dual Media filtration, weres3nol/mol depending on
the orthophosphorus concentration in the feed watee AF*/orthophosphorus ratios used
for the 1-STEP filter were 5 mol/mol for orthophosphorus concatitns in the WWTP
effluent of <0.25 mg/L and 4 mol/mol for orthophbspus concentrations > 0.25 mg/L.

For denitrification, methanol dosage was based hen &ctual nitrate and free oxygen-
concentrations in the feed water. After the screém, free oxygen concentration was
approximately 4 mg/L. COD/NEN ratios of 4.0-6.0 g/g were applied.

3.1.5 Backwash

Both filters are back-flushed with air and filtratater collected in the filtrate buffer tank.
A backwash is started when the upper water layeeeds a maximum level or when the
maximum filtration runtime has passed. The maxinfiltration runtime for both filters is
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12 hours. As described in subsection 2.4.2 (fiitetime and filter loading) bump cleaning
is needed to release nitrogen gas formed duringtrifieation. A bump cleaning is
conducted automatically every 3 hours. Table 3-8 @B show the parameters of the
backwash and the bump cleaning for the dual metiea find the 1-STEPfilter. Every
backwash starts with a 1-minute pause to loweupper water layer to prevent filter media
to be washed out.

Table 3-2— Parameters for backwash and bump cleaning éodtial media filter

Backwash Bump cleaning

Phase Time Flow rate Water/Air Phase Time Flow rate Water/Air
[minutes] [m/h] [minutes] [m/h]

1 2 - - 1 6 25 water

2 4 air 2

3 2 375 water 3

4 2 62.5 water 4

5 7 50 water 5

Total 17 Total 6

Table 3-3— Parameters for backwash and bump cleaning éott8TEP filter

Backwash Bump cleaning
Phase Time Flow rate Water/Air Phase Time Flow rate Water/Air
[minutes] [m/h] [minutes] [m/h]

1 1 - - 1 8 15 water
2 6 air 2

3 2 40 water 3

4 5 60 water 4

5 5 40 water 5

Total 19 Total 8
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3.1.6 Hand analysis

Grab samples were used to evaluate the removal aneths of denitrification and
phosphorus removal. All grab samples were testdtl Wach Lange cuvette tests. The
cuvette tests used were the following:

-COD LCK314 range 15 —-150 mg/L O

- NO,-N LCK341 range 0.015 - 0.6myO,-N

- NO,-N LCK342 range 0.6 - 6.0 mg/L NN

- NOs-N LCK339 range 0.23 - 13.5mg/L M@

- NHs-N LCK304 range 0.015 - 2.0lmhH,-N

- N-total LCK138 range 1.0 — 16.0 mg/L Naibt
- PO-P LCK349 range 0.05 - 1.5mg/LpP®

- P-total LCK349 range 0.15 - 4.5 mg/Lokat

For AP* measurements MERCK tests were used, product numb4825.0001 with a
measuring range of 0.02 — 1.20 mgAl.

Frequently, the turbidity [NTU], the oxygen concaation [mg/L], the pH and the
temperature [°C] were measured by hand analysers.

3.1.7 On-line analysers

For the Horstermeer WWTP on-line analysers weread usecontrol the methanol and
coagulant dosage.

Total phosphorus, orthophosphorus, NQ turbidity, temperature are measured on-line
(see Table 3-4). It should be taken into accouat #n orthophosphorus measurement
without a pre-filtration step of 0.4bm, measures metal-bound phosphorus together with
orthophosphorus. Only the orthophosphorus measuremethe WWTP effluent is pre-
filtered. The concentrations given by the on-limalgsers are checked by analysing grab
samples twice a week.

Table 3-4— On-line analysers at the pilot installation toé Horstermeer WWTP

WWTP Effluent Filtrate DMF Filtrate 1-STEP ©
P-total X X
P-ortho b X X
NO«-N X X X
Oxygen
Turbidity X X X
Temperature X

pH
Y Pre-filtered through 0.46m
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3.2 The Leiden Zuidwest WWTP

3.2.1 Operation of the Leiden Zuidwest WWTP

The Leiden Zuidwest WWTP is a treatment plant obglteemraadschap van Rijnland and
treats the water of 126,000 population equival¢p¢s p.e. 136 g TOD) from the areas of
Leiden Zuidwest, Voorschoten, Hazerswoude-Groeijleraaid Zoeterwoude-Rijndijk. The
average daily flow is 24,000%mAt the WWTP, removal of coarse solids takes plirse,
followed by activated sludge with nitrification an@nitrification combined with chemical
phosphorus removal, and finally sedimentation. igufe 3-9 a photograph of the Leiden
Zuidwest WWTP is given.

Figure 3-9— Photograph of the Leiden Zdwest WWTP

Effluent composition at the Leiden Zuidwest WWTP

In Table 3-5 the yearly average effluent compositis the Leiden Zuidwest WWTP of
2007 is compared with the MPR values and the otisinis of the Rijnland District Water
Control Board. The parameters are nitrate {N), Kjeldahl nitrogen (I¥), total nitrogen
(N-total), total suspended solids (TSS), total-ghmsus (P-total), chemical oxygen
demand (COD) and biochemical oxygen demand (BOD).
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Table 3-5 - Effluent composition of the Leiden Zuidwest WWTd®mpared with the
restrictions set by the Rijnland District Water @ohBoard and the MPR values in 2007
and 2008

Para- Unit Average Average Restrictions MPR value
meter concentration in concentration Rijnland

effluent 2007 in effluent

2008

Flow nt/d 29,300 28,098
NOz-N mg/L 14 1.45
NH, mg/L 0.9
Nk mg/L 2.2 2.6
N-total mg/L 3.6 4.0 10 2.2
TSS mg/L 6.0 20 12
P-total mg/L 0.73 0% 0.15
COD mg/L 24 36 125
BOD mg/L 2 6 8

1) Moving average over the last 10 measurements

3.2.2 Pilot installation at the Leiden Zuidwest WWTP

The goal of the research program at the Leiden\esdt WWTP is to gain knowledge,
operational experience and to determine the desigj@ria for sand filtration. The pilot
installation at the Leiden Zuidwest WWTP considtsmall full-scale installations. Before
the WWTP effluent enters the WWTP effluent buffank, it passes a submerged 3 mm
screen which is cleaned daily. From this WWTP effiubuffer tank, the water is divided
into two filtration streets. Street A consists wbtflocculation tanks and a continuous sand
filter (CFA) for simultaneous denitrification antigsphorus removal. Street B consists of a
continuous sand filter (CFB), two flocculation tannd a dual media filter. Street B is
designed for separate denitrification and phospheoamoval. CFB can be bypassed for
experiments with simultaneous denitrification amdgphorus removal with DMF.

A side stream of the feed water entering the pilstallations flows through a continuously
circulating measuring buffer tank. In this buffank the total inorganic oxidised nitrogen
(NO,-N), orthophosphorus, total phosphorus, oxygemiditty, and pH are measured with
on-line analysers. The on-line analysers for tptadsphorus and orthophosphorus measure
every 6 minutes, alternating between thePQ@oncentration and the P-total concentration.
The sample is not filtered through 0.45 um, whiakams that the measured concentrations
for orthophosphorus are the sum of JA®Dand metal-bound phosphorus. These on-line
analysers are applied to control the carbon scamdecoagulant dosage.

Street A - Continuous sand filter

The continuous sand filter in Street A was desigfedsimultaneous denitrification and
phosphorus removal. A scheme of the continuous §hedis shown in Figure 3-10 and a
photo is shown in Figure 3-10. In the feed watetheffilter, a carbon source and coagulant
were dosed. The dosage of a carbon source dependiée measured NON and oxygen
concentration in the feed water; the coagulant g@séepended on the orthophosphorus
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concentration. Initial mixing took place by a gatdve. For flocculation, flocculation tanks
can be used. The total residence time in the flaticon tanks can be varied between 0
minutes and 25 minutes. The mixing energy can bed&etween 40°sand 200 3.

C-source Coagulant

PO4-P P-total

WWTP
Effluent

PO4-P P-total

NTU NOx-N 02 Continuous Sand

Filter A

Feed water measuring buffer

Figure 3-10— Continuous sand filtration for simulations ohdsfication and phosphorus
removal at the Leiden Zuidwest WWTP

Figure 3-11— Photograph of the continuous sand filter A atlthiden Zuidwest WWTP

After the flocculation tanks, the water entered tio@tinuous sand filter with a filtration
surface of 3 rh During the experiments, the flow rate was vanigdto a maximum of
60 nt/h which resulted in a maximum filtration rate di gh/h. The filter bed height was
2 mesters and consisted of quartz sand with a giagof 1.2 mm — 2.0 mm (density 2,600
kg/n).
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After filtration, on-line analysers for total phdspus (P-total), orthophosphorus (PP),
turbidity, total inorganic oxidized nitrogen (NI) and oxygen were placed in the filtrate
water measuring buffer tank. The on-line analysdos total phosphorus and
orthophosphorus, measured every six minutes, ali@qmbetween the P& concentration
and the P-total concentration. The sample wasiltetefd through 0.45 um, which means
that the measured concentrations for orthophosghamere the sum of P& and the
metal-bound phosphorus.

Street B — Continuous sand filtration followed by dial media filtration

The continuous sand filter in Street B was desigfweddenitrification only. In the feed
water of the filter, a carbon source was dosedipviedd by a gate valve for initial mixing.
The dosage of the carbon source depended on thesureda NQ-N and oxygen
concentration in the feed water. After dosage tlagewentered the continuous sand filter
with a filtration surface of 3 fn During the experiments, the flow rate was vartipdto a
maximum of 60 ifh, which resulted in a maximum filtration rate2df m/h. The filter bed
height was 2 meters and consisted of quartz satid avgrain size of 1.2 mm — 2.0 mm
(density 2,600 kg/f). After filtration, turbidity was measured.

The filtrate of the continuous sand filter B wasdiss feed water for the dual media filter
(see Figure 3-12). Coagulant was dosed for cherpicasphorus removal. The dosage of
the coagulant depended on the orthophosphorus watien measured in the feed water
measuring buffer tank. Initial mixing took placethvia gate valve. For flocculation,
flocculation tanks can be used. The total residdime in the flocculation tanks can be
varied beétween 0 minutes and 25 minutes. The migimergy can be varied between 40 s
and 200°s.

Coagulant

C-source

PO4-P P-total

PO4-P P-total ’ : e
uwL %? NTU NOx-N
o | o Sy

—

WWTP
effluent

Continuous Sand - —
e Dual media fiter Dual media fitrate buffer

Feed water measuring buffer

Figure 3-12 — Continuous sand filtration for denitrificatiomda dual media filtration for
phosphorus removal at the Leiden Zuidwest WWTP

After the flocculation tanks, the water entered do@l media filter with a filtration surface
of 3 nf. The flow rates were varied between 39hm45 ni/h and 60 nith, which resulted

in filtration rates of 10 m/h, 15 m/h and 20 m/hh&v the feed water entered the dual
media filter, it first entered the upper water laygWL) of approximately 180 cm. The
retention time was approximately 11 minutes forlavfrate of 30 rih. In the UWL,
flocculation can take place. The UWL increased ke &nd of the filter runtime to
maximum of 220 cm when the filter bed resistan@edased and the level regulation valve
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was already completely open. A backwash with tiéirevater from the filtrate buffer tank
was initiated when 220 cm was reached.

For dual media filtration two different filter bedere tested: a coarse filter bed and a fine
filter bed.
The coarse filter bed of the dual media filter edms two filtration layers:
» the top layer is anthracite, 800 mm height, 2.0 mm0 mm grain diameter and a
density of 1,400 kg/fh
» the bottom layer is quartz sand, 400 mm heightpD Intim — 2.25 mm grain
diameter and a density of 2,600 kd/m
The fine filter bed of the dual media filter comsitwo filtration layers:
» the top layer is anthracite, 600 mm height, 1.4 mth0 mm grain diameter and a
density of 1,400 kg/fh
e the bottom layer is quartz sand, 900 mm heightl 0vim — 1.25 mm grain
diameter and a density of 2,600 kd/m

igure 3-13- Phooraph of the dual media filter at the Laideidwest WWTP

After filtration on-line analysers for total phosphs (P-total), orthophosphorus (PP),
turbidity, total inorganic oxidised nitrogen (N®!) were placed in the filtrate water buffer
tank. The on-line analysers for total phosphoru$ @rthophosphorus, measured every six
minutes, alternating between the f® concentration and the P-total concentration. The
sample was not filtered through 0.45 um, which rsahat the measured concentrations for
orthophosphorus were the sum of fand the metal-bound phosphorus.

Street B —Dual media filtration

In this situation continuous sand filter B is byped (see Figure 3-14). Dual media
filtration was used for simultaneous denitrificatiand phosphorus removal. In the feed
water of the filter, a carbon source and coagulaete dosed. The dosage of a carbon
source depended on the measured-N@nd oxygen concentration in the feed water; the
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coagulant dosage depended on the orthophosphanasrttoation. Initial mixing took place
with a gate valve. For flocculation, flocculaticanks can be used. The total residence time
in the flocculation tanks can be varied between ifutes and 25 minutes. The mixing
energy can be varied between 40asd 200 3.

After the flocculation tanks the water entered din@l media filter with a filtration surface
of 3 nf. When the feed water entered the dual media filtérst entered the upper water
layer (UWL) of approximately 180 cm. The retentitime was approximately 11 minutes
for a flow rate of 30 rih. In the UWL flocculation can take place. The UWicreased at
the end of the filter runtime to a maximum 220 a3ritze filter bed resistance increased and
the level regulation valve was already completghgre A backwash with filtrate water
from the filtrate buffer tank was initiated when®2m was reached. The flow rates were
varied between 30 ¥h and 60 rith, which resulted in filtration rates of 10 m/h26 m/h.
The coarse filter bed of the dual media filter edms two filtration layers:
» the top layer is anthracite, 800 mm height, 2.0 mm0 mm grain diameter and a
density of 1,400 kg/fh
e the bottom layer is quartz sand, 400 mm heightp Inim — 2.30 mm grain
diameter and a density of 2,600 kd/m
The fine filter bed of the dual media filter comsitwo filtration layers:
» the top layer is anthracite, 600 mm height, 1.4 mth0 mm grain diameter and a
density of 1,400 kg/fh
» the bottom layer is quartz sand, 900 mm height,n@7 — 1.3 mm grain diameter
and a density of 2,600 kgfm

C-source Coagulant

PO4-P Ptot
NTU NOx-N

WWTP
effluent

PO4-P Ptot

Dual media filter Dual media filtrate buffer

NTU NOx-N 02

Feed water measuring buffer

Figure 3-14— Schematisation of the dual media filter at tleéden Zuidwest WWTP used
for simultaneous denitrification and phosphorusaeah

After filtration on-line analysers for total phosphs (P-total), orthophosphorus (PP),
turbidity, total inorganic oxidized nitrogen (N‘) were placed in the filtrate water buffer
tank. The on-line analysers for total phosphorus @rthophosphorus, measured every six
minutes, alternating between the f® concentration and the P-total concentration. The
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sample was not filtered through 0.45 um, which rsehat the measured concentrations for
orthophosphorus were the sum of A®and the metal-bound phosphorus.

3.2.3 Initial mixing

Coagulant was dosed in-line before a gate valvehvhiade it possible to vary the initial
mixing energy. The situation of coagulant dosage mat exactly the same for both streets.
In Street A (Figure 3-10) the dosage of coagulaoktplace 0.67 m before the gate valve.
There were several meters of straight pipe befoeedbsage point, and 1.57 m after the
dosage point was a 90° bend. In Street B the caagyFigure 3-15) dosage took place
0.30 m before a 90° bend, and 0.1 m after the beawla gate valve. Two 90° bends were
situated just before the dosage point.

. #_&, 4 ' Wi

Figure 3-15— Photoaph of the initial mixing for Street &ff) and Street B (right)

The diameter of the valve was 100 mm which corredpawith a flow area of 7,854 nim
Figure 3-16 gives the influence of the gate valwate G-value for 30 #h and 50 rith.
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Figure 3-16- Influence of the gate valve on the G-value waitfiow rate of 30 rfth and
50 n/h for the Leiden Zuidwest WWTP
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3.2.4 Flocculation tanks

Each filtration street ontained two flocculatiomka, which are used in series. The tanks
contain baffles to prevent short-circuiting. Thewil patterns of the tanks were tested and
were ideal. The maximum flocculation time when bfidttcculation tanks are in series was
fo minut(;s, see also Table 3-6. The G-value irflteeulation tanks can vary between 40
s —2005.

Table 3-6 —Flocculation time (hydraulic) retention time foetfocculation tanks

Volume Flocculation time
[m’] [min]
10 m/h 15 m/h 20 m/h
Tank 1 4.1 8.2 55 4.1
Tank2 . 19 s 158 L : 105 .. 9. .
Total 12 24 16 12

3.2.5 Dosage ratios

Preliminary jar tests gave the best results forid@t)chloride (FeCk). As for the
coagulant dosage, Eéorthophosphorus ratios of 2-8 mol/mol were used.

Both continuous sand filters were denitrifyingdil; methanol (MeOH) was used as an
additional carbon source. The MeOH dosage varieéadsn 3 kg - 5 kg MeOH/kg NEN.

3.2.6 Backwash program dual media filter

During the experiments, the filtration runtime wag to 24 hours. The filter bed was
backwashed when the upper water layer exceededxanmma level, the maximum filter
runtime had passed, or when the turbidity or théaaphosphorus concentration in the
filtrate water became too high (breakthrough of fitter bed). The dual media filter was
back-flushed with air and filtrate water which wadlected in a filtrate buffer tank. Every
backwash started with a 90-second pause to lowenpper water layer to prevent the filter
media from being washed out. Every three hoursnapbeieaning took place.

Table 3-7— Parameters for the backwash and bump cleanintydéodual media filter

Backwash Bump cleaning

Phase Time Flow rate Water/Air Phase Time Flow rate Water/Air
[s] [m/h] [s] [m/h]

1 90 - 1 120 20 water

2 90 30 air 2

3 200 50 water 3

4 60 30 water 4

5 120 30— 0 water 5

Total 560 Total 120
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3.2.7 Hand analysis

Grab samples were used to evaluate the removal aneths of denitrification and
phosphorus removal. All grab samples were testdtl Wach Lange cuvette tests. The
cuvette tests were:

- Fe LCK321 range 0.2 — 6.0 mg/L¥e
-COD LCK314 range 15 —-150 mg/L, O

- NO,-N LCK341 range 0.015 - 0.6 mg/L N®

- NO,-N LCK342 range 0.6 - 6.0 mg/L NN

- NOs-N LCK339 range 0.23 - 13.5mg/L @

- NH4-N LCK304 range 0.015 - 2.0mg/L MN

- N-total LCK138 range 1.0 — 16.0 mg/L N-fota
- PO-P LCK349 range 0.05 - 1.5mg/Lpe

- P-total LCK349 range 0.15 - 4.5 mg/L Bato

Frequently, the turbidity [NTU], the oxygen conagxibn [mg/L], the pH and the
temperature [°C] were measured by hand analysers.

3.2.8 On-line analysers

The on-line analysers were used to control the amethand coagulant dosage. Total
phosphorus, orthophosphorus, N, turbidity, temperature, pH and oxygen were
measured on-line (see Table 3-8). It should bentaki® account that an orthophosphorus
measurement without a pre-filtration step of OB, measures metal-bound phosphorus
together with orthophosphorus. The concentrationengby the on-line analysers were
checked by analysing grab samples twice a week.

Table 3-8— On-line analysers at the pilot installation leé Leiden Zuidwest WWTP

WWTP Effluent Filtrate CFA Filtrate DMF

P-total X X X
P-ortho X X X
NO-N X X X
Oxygen X

Turbidity X X X
Temperature X

pH X

3.3 Jar tests

Jar tests have proven to be a useful tool to imyast the type of coagulant and the dosage
ratio which should be used for an advanced tredtstep. Besides this, jar tests can also be
used to investigate temperature influences on filomation. The protocol for jar tests is
described in this section.
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Chapter 3 — Pilot-plants

Figure 3-17 —Photographs of the jar tester

Before every jar test, the coagulant used wasadlwtith ultra pure water to avoid too

small and inaccurate volumetric dosages. Due todihdion, the pH of the coagulant

increased. When the pH increases, ferric(lll)cllercan form flocs and the performance of
the coagulant will deteriorate (Hong-Xiao and Stunir@i87). For PACI, the higher pH

caused by dilution resulted in a decrease of AfS@nd dimers, but the amount of
tridecamer in the pre-hydrolysed coagulant incrégisall and vanLoon, 2003).

The jar apparatus contained six jars. The stirviglgcity can be adjusted equally for all jars.
The maximal number of revolutions is 300 rpm. Eviarywas filled with 1 litre of WWTP
effluent. All jars contain four baffles to increatse energy gradient during stirring. Figure
3-18 illustrates the specific relationship betwé®m energy gradient (G-value) and the rpm
of the stirrers for this jar tester.

400 T
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300 //
200

100 /
i M‘// ;

*—* T T T t t + t T

0 50 100 150 200 250 300

G-value [s-1]

Number of revolutions [rpm]

Figure 3-18— Mixing energy for the jar tester

Dosage of the coagulant was conducted during @nsfivelocity of 300 rpm. After a
mixing time of 30 seconds, the stirring velocitysadecreased to 20 rpm for 10 minutes.
During this period, floc formation took place. Adirs were observed visually, and after the
flocculation period samples were taken for analygdk samples were filtered through
0.45um and analysed for orthophosphorus and total plwsghto investigate the binding
of orthophosphorus. An example of the results aftgr test with Q-pus (a poly aluminium
chloride) and ferric(lll)chloride conducted with taorthophosphorus ratios of 0, 2, 4, 6, 8
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and 10 mol/mol is given in Figure 3-19. In this &athe results show a higher removal of
P-total and P-ortho for ferric(lll)chloride. The topal metal/orthophosphorus ratio for
ferric(lll)chloride is 8 mol/mol.

0.20
I .
=
3 0.15 u
£ .
< i . . . .
® 010 ® = " )
=
8 ) ?
c
8 0.05 ®
o
£
S
o 0.00 ‘ ‘ ; ; ; ; ; ‘ ‘
0 1 2 3 4 5 6 7 8 9 10
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& O-pus P-total <0.45um @ FeClI3 P-total <0.45 um

Figure 3-19 —Results of a jar test used to determine the optionaage ratio, and a
comparison between Q-pus (PACI) and Re@xperiments conducted at the Leiden
Zuidwest WWTP 7 November 2006

When floc sizes need to be investigated, for exantpl determine the temperature
influences on floc formation, filtration through4®. um, 2 um, 5 um and 10um is
conducted. In all the filtrates and in the unfitérsample, the total orthophosphorus
concentration (orthophosphorus with metal-boundsphorus) was measured. In all jars
the pH was measured at the end of the experimenéxample of a jar test which is used to
determine the influence of coagulant dosage is shaw Figure 3-20. In this case
ferric(lll)chloride was dosed at a metal/orthophusus ratio of 4 mol/mol. The results
show that the WWTP effluent (blue bars) mainly edms orthophosphorus <0.48n.
After coagulant dosage (green bars) the orthoplarsghconcentration which is of course
metal bound shifts from the fraction <0.46 to the fractions 0.45 —2m, 2 — 5um, 5 —
10 um, and >1Qum.
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Figure 3-20 — Results of a jar test to investigate the shift sime fractions after
ferric(lll)chloride dosage with a metal/orthophospls ratio of 4 mol/mol. Experiment
conducted at the Leiden Zuidwest WWTP 18 Februagg2
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3.4 Lindquist diagrams

The filter bed resistance increases during finatiThe cause of this pressure increase is
the accumulation of suspended solids, the accuionlapf colloid substances and
biological growth (STOWA, 2006). The accumulatiof these solids and substances
together with the biological growth will lead tooglging and/or a breakthrough of
suspended solids. Accumulation of solids of thierfibed will be on top of the filter bed or
throughout the whole filter bed, depending on thetew quality, the grain size, the water
temperature and the filtration rate (STOWA, 2008rcumulation of solids which is
distributed over the complete filter bed is calekp bed filtration. When accumulation
only occurs at the top of the filter bed it is edlicake filtration.

The increase of filter resistance during filtratidar a fixed filter bed, is measured with
pressure reading3.hese pressure readings are displayed using Listdiagrams. At the
Leiden Zuidwest WWTP and the Horstermeer WWTP, qumesreadings were observed for
the dual media filters and the 1-STEfiter. The pressure along the filter bed heights
observed by pressure gauges installed on the $ithe dilters. The pressure gauges for the
dual media filter at the Horstermeer WWTP are shamirigure 3-21. The pressure is
measured in mbar of cmWC (cm Water Column).

Figue 3-21- Photograph of the pressure gauges and taps #lerdyal media filter at the
Horstermeer WWTP

An example of a pressure reading for the dual méliea at the Horstermeer WWTP is
presented in Figure 3-22. On the vertical axis fiter bed height is given and on the
horizontal axis the pressure is given. In this fegthe total runtime is given, meaning that
the bump cleaning, which is every three hourspisspecified. The figure shows a pressure
drop with an increasing runtime.
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Figure 3-22— Example of a Lindquist diagram in [cmW(C] for ttheal media filter at the
Horstermeer WWTP. t = total runtime in hours [h].

3.5 Summary

Pilot-plant investigations were conducted at thersttomeer WWTP and the Leiden
Zuidwest WWTP. The pilot-plant at the HorstermeeMIWP consists of a dual media filter
and a “One Step Total Effluent Polishing filter&(i.1-STE® operated for denitrification
and simultaneous phosphorus removal. The pilotallagion at the Leiden Zuidwest
WWTP represents a small full-scale installationsnthuous sand filtration and dual media
filtration were combined to investigate separatyitrification and phosphorus removal
and were compared for simulations of denitrificatemnd phosphorus removal. The dosage
of a carbon source and coagulant were discussedetisas the initial mixing and
flocculation tanks. This chapter gave a descriptibithe installations, process conditions
and the methods which were used during this rekearc

3.6 References

Dutch Foundation for applied Water Research (STOW2D06). Filtratrion techniques
WWTPs, STOWA rapport 2006-21, Utrecht (in Dutch)

Dutch Foundation for Applied Water Research (STOW2P09a). Development of the 1-
STEF filter, report 34, (in Dutch)

Dutch Foundation for applied Water Research (STOW009b). Nageschakelde
zuiveringstechnieken op de AWZI Leiden Zuid-WesTTG8VA rapport 2009-32,
Utrecht (in Dutch)

76



Exall, K.N., vanLoon, G.W., (2003). Effects of ramater conditions on solution-state
aluminium speciation during coagulant dilution, aResearch, Vol. 37, pp. 3341 —
3350

Hong-Xiao, T., and Stumm, W., 1987. The coagulatiedaviours of Fe(lll) polymeric
spiecies-1, Water Research, Vol. 21, No. 1, pp.-1151

Miska-Markusch, V., (2009). Effluent filtration fanore than particle removal, PhD thesis,
Delft University of Technology

77






4 Analysing phosphorus in
filtration processes

A literature overview of research conducted at WWT® reach ultra low concentrations
for total phosphorus (Hultman et al., 1994; Hidaiaal., 2003; Takacs et al., 2006;
Husband and Becker, 2007) shows mainly informatamout soluble phosphorus
(orthophosphorus) and total phosphorus. Only a dawdies (e.g. Spivakov et al., 1999;
Shand et al., 2000; Miska-Markusch, 2008) descdbkoidal phosphorus and different
forms of phosphorus as well.

During the first period of this current researdhalready became clear that knowledge of
the different forms of phosphorus is essentialetach ultra low phosphorus concentrations
in WWTP effluent. The TU Delft phosphorus distrilaut method was developed to be able
to measure the different phosphorus forms preseMWWWTP effluent, filtrate water and
other water samples. Knowledge about phosphorushdison can be used to optimise
phosphorus removal in post-treatment techniquedistiibution of phosphorus also enables
a comparison of filter concepts and enables optititia of the initial mixing energies,
residence times in flocculation chambers and fittancepts.

This chapter describes the background of chemicakphorus analysis (Section 4.1) and
the phosphorus components which are measured ¢8etfl). Measurement errors and the
interaction between compounds are described inidect.3. The development and
evaluation of the TU Delft phosphorus distributiorethod is described in Section 4.4.



Fractionation of phosphorus sizes and profile mesamsants are discussed in Sections 4.5
and 4.6.

4.1 Chemical phosphorus analysis

Chemical phosphorus analysis is widely used bigt fitot the only way of determining the
phosphorus content of a sample. Other techniques, ekample Nuclear Magnetic
Resonance (NMR) spectroscopy, can also be used. Sp#Rtroscopy is a spectroscopic
technique based on the magnetic properties of atomilei (Lens and Hemminga, 1998).
NMR spectroscopy can be used to differentiate betwghosphorus as orthophosphorus,
monoesters, diesters, pyrophosphorus, polyphosphang phosphanates (Reizel et al.,
2006). Although this information is very usefulgetlanalysis is time consuming and too
complicated to be used at a WWTP on daily basisrd@re, the main focus of this Section
is on chemical phosphorus analysis which can bdwtted on-site to generate reliable and
accurate information about the phosphorus conteatsample.

4.1.1 Orthophosphorus analysis

The chemical determination of orthophosphorus, #kere orthophosphorus or total
phosphorus, depends in all cases on a good aralgtithophosphorus method (Broberg
and Pettersson, 1988). The most common methodui determination is the method
described by Murphy and Riley (1962). This methaedbiased on the formation of
molybdenum blue. A year after their work, Steph@r863) increased the sensitivity of the
method developed his predecessors by only incrgalsenconcentration of ascorbic acid.

The chemical principle of the molybdenum blue mdtlontains two phases, which are
described by Korn, 2002. The first phase is thetrea of orthophosphorus with molybdate
ions in an acid medium. Murphy and Riley (1962)sgrébed sulphuric acid as a medium.
In this way molybdophosphoric acid (PM0O4)* is formed. If the acidity is too low
(pH < 0.7) in this phase, a non-linear colour widvelop and molybdate will be reduced,
causing an error (Crouch and Malmstadt, 1967; Bplend Pettersson, 1988). If the
acidity is too high, the colour development willcdease.

The second phase is the reduction of the blue ¢yadér acid by a reducing agent. For this
reducing agent Murphy and Riley (1962) prescribedogbic acid, but also stannous
chloride and hydrazine sulphate have been usdukipast (Broberg and Pettersson, 1988;
Chamberlain and Shapiro, 1969). According to Brghamnd Pettersson (1988), the use of
ascorbic acid has some advantages and disadvantégescompared with other reducing
agents. The advantages are that it is less sensdihigh salt concentrations, the colour
development is relatively independent of tempemtand the colour is more stable. The
disadvantage is that the development of the coleurather slow. This slow colour
development can be accelerated by the introduci@ntimony as a catalyst. The intensity
of the blue colour after the reduction stage is pprtonal to the amount of
orthophosphorus incorporated into the formed comfdsten and Blomqvist, 1997). The
intensity, or optical density, of the solution ieasured with a spectrophotometer after a
fixed time because the formation of the molybderloe is time dependent and somewhat
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unstable (Korn, 2002). The wave length used diffstsrphy and Riley (1962) prescribed
882 nm, but Crouch and Malmstadt (1967) measuréb@tnm during their research, and
Korn et al. (2002) measured at 680 nm. Stephen83)j18laims that the extract has two
absorption maxima, namely at 690 nm and 810 nm.r&aetion time is 5 (Stephens, 1963)
or 10 minutes (Murphy and Riley, 1962).

Improvement of the analytical molybdenum blue mdthawill continue. One of the
developments is the application of ultrasonic wat@senhance the sensitivity of the
molybdenum blue method (Korn et al., 2002). By gsiftrasonic waves, the degradation
of molybdate in an acidic medium is increased, Itegy in a larger amount of
orthophosphorus able to react with the molybdatéchvincreases the sensitivity of the
measuring method. The estimated detection limittitr method is 27g/L.

8

Time (min)

T 1

] ] 10 Ili 0 5

Temperasmre { C)
Figure 4-1 — Reaction time needed for complete developmerthefmolybdenum blue
method (Sjésten and Blomgqvist, 1997). Results ahewa for orthophosphorus
concentrations of 5, 10, 25, 50, 100, 250 and&0.

Sjosten and Blomgqvist conducted research in 199%dtimate the influence of the
orthophosphorus concentration and the temperatuthe molybdenum blue method. The
experiments were conducted for seven differentopttlosphorus concentrations in the
range of 5ug/L to 500pug/L. One of the conclusions for water samples wfth same
temperature is that samples which contain low qtiogphorus concentrations need a
longer reaction time compared to samples with higithophosphorus concentrations. For
samples with the same orthophosphorus concentrhtibdifferent temperatures, it can be
concluded that the reaction rate decreases withedsing temperatures. These results
comply with the results found by Harvey alreadylBv8. The results of the temperature
influences are shown in Figure 4-1. For treatmehWWWTP effluent at, temperatures
between 9° C and 22° C (minimum temperature andirmar temperature of effluent at
the Horstermeer WWTP in 2008) with a standard reactime of 10 minutes, an
incomplete reaction occurs when the temperaturpsdb®low 10° C in combination with
orthophosphorus concentrations below 0.1 mg/L.
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4.1.2 Pre-treatment steps

By using different pre-treatment steps before catidg orthophosphorus analysis,

different forms of phosphorus can be measured. Agdtolysis at 100° C during one hour,
referred to as digestion, is a pre-treatment stejglwis very common. During this step the
organic phosphorus content of the sample is coederinto orthophosphorus

(Tchobanoglous et al., 2003). After cooling and &dglition of molybdate, molybdenum

blue is formed and the orthophosphorus concentrattan be measured. The
orthophosphorus concentration measured in the saaffgr acid hydrolysis at 100° C is

then called total phosphorus concentration, whilthe sum of organic phosphorus and
orthophosphorus.

Another pre-treatment step which can be used isatibn of the sample before
orthophosphorus is measured. Determination of pttbephorus or total phosphorus
without filtration includes, in addition to disseld phosphorus, also colloidal and
particulate phosphorus. When filtration is usedyedeling on the pore size of the filter, a
distinction can be made between dissolved, coll@dd particulate phosphorus. According
to Tchobanoglous et al. (2003) the size range lbdidal material is 0.0um up to 1.0um.

4.2 Phosphorus components

Phosphorus can be found in different forms in sigfaater and in WWTP effluent, which
was described in Section 2.1. Summarised, thesspploous forms can be divided into
dissolved and particulate phosphorus. The separditegween dissolved and particulate
fractions is usually made by filtration throughikef with a pore size of 0.45 um. This
means that a part of the colloidal phosphorus (6-QlL0O um) is measured as dissolved
phosphorus.

Figure 4-2 shows (Spivakov et al., 1999; Bratby)®&0that dissolved phosphorus can be
subdivided into dissolved reactive phosphorus @ptiosphorus including colloidal metal-
bound phosphorus), dissolved acid-hydrolysable phosis (polyphosphorus,
pyrophosphorus, metaphosphorus, lower oxidationtesta and dissolved organic
phosphorus (orthophosphate monoesters, organiplpatphorus, orthophosphate diesters,
phosphonic components). Polyphosphorus and dissaxganic phosphorus can take part
in a precipitation reaction with metal salts or @sorb to particles or carrier material.
Dissolved organic phosphorus can be bound to huamd fulvic acids. Particulate
phosphorus can be separated into particulate argahosphorus and metal-bound
phosphorus. Dissolved reactive phosphorus is medsury an orthophosphorus
measurement (Ahlgren, 2006).
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Figure 4-2 -Total overview phosphorus distribution

4.3 Interactions of components and measuring errors

Measuring orthophosphorus with the molybdenum bhe¢hod has some drawbacks which
should be taken into account when analysing theltrdBroberg and Pettersson described
the two major problems in 1988. These problems fastly, the hydrolysis of acid liable
phosphorus components, like orthophosphate mongesseme of these orthophosphate
monoesters, like adenosine monophosphate (5’-AMiE)Ehosphorylcholine chloride, are
hydrolysed within 30 seconds to nearly 100% ortlogpihorus when acid is added
(Baldwin, 1998; Broberg and Pettersson, 1988; Clafaln and Shapiro, 1969; Burton,
1973). This means that the concentration of ortbephorus can be overestimated. Several
possibilities to decrease the interaction of them®ponents have been developed over the
years, for example decreasing the reaction timeaff@ferlain and Shapiro, 1969) or
decreasing the acidity, but none of these moditioathave been widely used (Broberg and
Pettersson, 1988).

The second problem, described by Broberg and Bstter(1988) and Blomqgvist and
Westin (1998), is the interaction of simultaneouslymed complexes between molybdate
and chromate, tungstate, vanadate, silicate, arsgermanate and arsenate. The effects of
these substances (Blomqvist and Westin, 1998) dferebe an overestimation or an
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underestimation of the orthophosphorus concentrafibeasuring a low orthophosphorus
concentration increases the importance of the plessiteractions from other ions, such as
arsenic in pesticides. In the WWTP effluent, silicés the only one of these components
that can occur in concentrations that could interfgith the orthophosphorus measurement.
To minimise the effect of the presence of silicittés important to use an acid/molybdate
ratio of 4:1 which is also recommended by Murphgt &iley (1962).

Dissolved acid hydrolysable phosphorus, includinghér molecular weight species like
hexametaphosphate, are converted into orthophosphby acid hydrolysis at 100°C
(Broberg and Pettersson, 1988; Spivakov et al.99bhis conversion occurs during the
determination of organic phosphorus and implies tha amount of organic compound
might be overestimated.

Not only soluble components may interfere with thelybdenum blue method. Stainton
(1980) claims that the significance of the overeation of orthophosphorus by the
molybdenum blue method depends on the ratio betwseipresent colloidal phosphorus
and the orthophosphorus. In his article, differemtlybdenum blue methods were tested
and all of them degraded a part of the colloidabguthorus fraction to orthophosphorus.
Therefore, it can be deduced that phosphorus praséme colloids reacted with molybdate
and was measured as orthophosphorus.

In this research the distinction between dissolaad particulate phosphorus is made by
filtration through 0.45um. The use of filters with this porosity is verynemon and widely
used (Danielsson, 1982; Spivakov et al., 1999; 8hetnal., 2000; Gregory, 2006). The
filters can be of different materials, for examgldlulose acetate, cellulose nitrate, glass
fiber or polyethersulphon. It should always be taketo account that a measuring error
might occur when adsorption of phosphorus or dasormf phosphorus or heavy metals
takes place (Danielsson, 1982). This can resulextremely low or high phosphorus
concentrations in the filtered water. These prolklean be resolved by rinsing or soaking
the filter with demineralised water or with acid.i$ advisable to test if adsorption or
desorption took place before using any filter mater

When the distinction between dissolved and pasdieulis made by filtration through
0.45 um, very fine particulate phosphorus may be measaredissolved, and dissolved
phosphorus may be retained by adsorption or oariu@urton, 1973). Besides this, the
colloidal fraction is not taken into account. Thislloidal fraction can be colloidal
phosphorus or phosphorus which is associated withidal material (Stevens and Stewart,
1982). The range of colloidal material is 04 to 1pum according to Tchobanoglous et al.
(2003). This means that a part of the colloidal qwrus is measured as dissolved
phosphorus and a part as particulate phosphorusalAdissolved orthophosphorus is thus
measured after filtration through a pore size 6fl@um.

During filtration through 0.4um, cake filtration may occur when the sample costano
much colloidal or particulate material or when tamge a quantity of the sample is filtered.
Danielsson (1982) conducted experiments with Qudb Millipore and 0.40 Nucleopore
membrane filters to estimate the maximum filterdlodhe results of these experiments
showed that large errors may occur when membr#teesfare used for the removal of large
particles due to a change in the effective pore.sshand et al. (2000) reported when using
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an increasing sample volume an increasing amountomfanic phosphorus and

orthophosphorus which is retained in the filter@®p To avoid these errors, investigations
should be made to estimate the maximum filter lfmda specific sample (Sheldon and
Sutcliffe, 1969).
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Figure 4-3 - The measured distribution of phosphorus, inclgdire measured phosphorus
components. The orange areas show the measuriogs eraused by orthophosphate
monoesters, which are organic and not measurecgasio phosphorus, and dissolved acid

hydrolysable phosphorus, which is measured as ldesmrganic phosphorus while it is
not organic.

When taking into account the analytical methods alhdhe described measuring errors
which occur using the molybdenum blue method, ttleesie presented in Figure 4-2
should be rearranged. In Figure 4-3 the phosphdistsibution is shown to provide an
overview of the phosphorus forms which are actualgasured. The components which are
measured at the “incorrect” place are indicatechwaih orange colour. The figure also
shows, besides the measuring errors, the analytieghod which should be applied to
measure a certain component or a group of compsnBigsolved reactive phosphorus is
measured after filtration by acid hydrolysation gfitakes place within the molybdenum
blue method. The dissolved “organic” phosphorusnviiten between quotation marks
because during the digestion step also the diss@eil hydrolysable phosphorus, which is
inorganic, is converted into orthophosphorus. Dissb “organic” phosphorus is measured
after filtration by a total phosphorus measuremghich includes the dissolved reactive
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phosphorus. To calculate the concentration of disso “organic” phosphorus, the

dissolved reactive phosphorus needs to be subdraPrticulate organic phosphorus is
measured in a digested unfiltered sample. This mmeasent will include all phosphorus

components which need to be subtracted to calctieeparticulate organic phosphorus
concentration. Metal-bound phosphorus is converieitd orthophosphorus by acid

hydrolysation. When using the molybdenum blue metfus an unfiltered sample without

digestion, the metal-bound phosphorus concentratimtuding the dissolved reactive

phosphorus concentration is measured. After suirigathe dissolved reactive phosphorus
concentration, the metal-bound phosphorus is given.

4.4 The TU Delft phosphorus distribution method

As stated before in Section 4.1, the focus is @mibal phosphorus analysis which can be
conducted on site. This applies also for deternonabf the phosphorus distribution.
Determination has to be easy, quick and shouldnmake use of complex measurements or
pre-treatment steps. With these restrictions indmthe TU Delft phosphorus distribution
method has been developed.

4.4.1 Determination of the TU Delft phosphorus distribution

To determine the TU Delft phosphorus distributicaiso referred to as phosphorus
distribution, on site, only four measurements nieeble executed: namely, total phosphorus
(P-total) and orthophosphorus (P-ortho) in an terld sample, and total phosphorus and
orthophosphorus in a filtered sample through 0.4b Ror this filtration step, a cellulose
acetate filter is used to filter a sample volumd @fml under a limited pressure of 50 mbar.
Phosphorus concentrations are measured with HaolgeLauvette tests LCK349. This
method uses ascorbic acid for the reduction stepalTphosphorus is analysed by a pre-
treatment step of acid hydrolysis with sulphuridgdlurphy and Riley, 1962).

Figure 4-4 is made using knowledge about the chalmicthophosphorus analysis in

combination with the available pre-treatment stapsl the knowledge of the different

forms of phosphorus. The figure shows the infororatgained with each phosphorus

measurement in combination with a pre-treatmengt atel shows how these results can be
used to calculate the concentrations of the diffepghosphorus forms. The figure is an

intermediate figure used for the construction @fure 4-5.

Figure 4-5 shows how the four phosphorus fractians related to each other. Total
phosphorus (P-total unfiltered) is divided into alotdissolved phosphorus (P-total
< 0.45 um) and total particulate phosphorus (P-tmtéiltered — P-total < 0.45 um). Total

dissolved phosphorus is divided into orthophospsidRrortho < 0.45 um) and dissolved
“organic” phosphorus (P-total < 0.45 um — P-ortho0<45 pum). Total particulate

phosphorus is divided into particulate organic pihosus (total particulate phosphorus —
metal-bound phosphorus) and metal-bound phosph@®dsrtho unfiltered — P-ortho

< 0.45 pm).
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Chapter 4 — Analysing phosphorus in filtration meses
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Figure 4-4— Intermediate figure of the TU Delft phosphorigtribution method
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Figure 4-5 —TU Delft phosphorus distribution method (Scherregtet al., 2008)
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When information is required about the colloidabgphorus fractions, filtration through

0.1 um filters needs to be conducted. Orthophosphorastatal phosphorus need to be
measured in the filtrate. The colloidal fractioh®wn in Figure 4-6 can be calculated using
the same method as described in Figure 4-5.
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Figure 4-6 -Distribution of phosphorus including the colloidedctions

4.4.2 Evaluation: analysis of the errors

Construction of the on-site TU Delft phosphorustriisition method as shown in Figure
4-5 introduces inaccuracies caused by the molybddriue method and the filtration step.
It should be kept in mind that this practical methtwas been developed to determine the
phosphorus distribution on site without making usfe highly specialised laboratory
equipment.

88



The phosphorus concentrations were analysed witthHange cuvette tests (LCK349)
based on the phosphorus molybdenum blue method.r@lhgve analytical precision of
LCK349 (0.05 — 1.5 mg P-total/L) and the 95% coeffide interval are shown in Figure 4-7.
The relative precision decreases with decreasitej fthosphorus concentrations. For a
total phosphorus concentration of 0.15 mg/L, th&3®nfidence interval is + 0.0068 mg/L,
meaning that the total phosphorus concentratioim ithe range of 0.143 — 0.157 mg/L.
When different phosphorus measurements are subdractadded up, the 95% confidence
interval becomes + 0.0136 mg/L.

Result Confidence interval
50 1 0.3 mg/l +0.0063 mg/l
1 0.6 mg/l +0.0060 mg/l
40+ 0.9 mg/l +0.0059 mg/l
1.2 mg/l +0.0061 mg/l
2
@ 1.5 mg/l +0.0065 mg/l
£ 30+ mg mg
g
= 20+
Q
1.0 1
0,0 t t t t t t t t t |
0.0 03 06 09 12 15
mg/l POsP

Figure 4-7 — Relatively analytical precision of LCK349 anctB5% confidence interval
(Hach Lange, 2009)

As discussed in Section 4.3, the molybdenum bluthogealso introduces an error caused
by dissolved acid hydrolysable phosphorus and ptthephate monoesters. Based on
available information, the concentrations of thesenponents in WWTP effluent in the
Netherlands is estimated to be less than 0.01 mg/L.

To give an estimation of the error which is introdd when the colloidal fraction is not
taken into account, phosphorus distributions ardenaith 0.45um and 0.1um filters. The
phosphorus distributions are calculated using Eiglib and 4-6 for nine samples taken at
the Horstermeer WWTP. The results are shown inrgigii8 and 4-9. Figure 4-8 shows
that total phosphorus concentration mainly consigtorthophosphorus (64%). Metal-
bound phosphorus represents 21% of the total pleosphdissolved “organic” phosphorus
represents 7%, and particulate organic phosphapiesents 8%. Figure 4-9 shows that
only a small part (4% of the total phosphorus cotregion) of the orthophosphorus,
measured with the standard phosphorus distributisnactually colloidal metal-bound
phosphorus. This results in an overestimation efdtthophosphorus concentration of 7%,
on average, for these samples taken at the HorsgerdWTP.

The dissolved “organic” phosphorus concentratiomsneed with the standard phosphorus
distribution also contains colloidal organic phospls, specifically 4% of the total
phosphorus concentration is colloidal “organic” phborus and just 3% of the total
phosphorus concentration is really dissolved “oigjaphosphorus so, the colloidal fraction
causes a rather high overestimation for the dissblwrganic” phosphorus measurement
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Reaching ultra low phosphorus concentrations Igafibn techniques

with the standard phosphorus distribution of mdr@nt100% on average for the samples
taken at the Horstermeer WWTP.
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Figure 4-8 — Average (9 samples) phosphorus distribution (stahdghosphorus
distribution) for the effluent of the Horstermee WV P
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Figure 4-9 —Average (9 samples) phosphorus distribution ineclgahe colloidal fractions
for the effluent of the Horstermeer WWTP

Regarding the practical application, Figure 4-1@veh an example of the TU Delft
phosphorus distribution method (Scherrenberg et2808). This phosphorus distribution
was made on January 15, 2008, for continuous skiedA (CFA) at the Leiden Zuidwest
WWTP, with a filtration rate of 17 m/h, a coagulausage ratio of 4 mol M&mol PQ,-P,
initial mixing of 1,000 & and a flocculation time of 4 minutes. The graploveh the
phosphorus distribution into orthophosphorus, metaind phosphorus, dissolved
“organic” phosphorus and particulate organic phosps for the WWTP effluent, after
flocculation and in the filtrate water of contingsand filter A (CFA).
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Figure 4-10- Results of the phosphorus distribution of WWTfuent, after flocculation
and of the filtrate of continuous sand filter A I{fdite CFA) into particulate organic P,
dissolved “organic* P, metal-bound P and orthophosps. 15 January 2008

The results show that almost all (>90%) availabthaphosphate (green bar, first column)
is bound by metal ions after flocculation and idr@pped in flocs after flocculation
(remaining green bar, second column). The dissolvraghnic’ phosphorus decreased after
flocculation and the particulate organic phosphangseased, which suggests that part of
the dissolved “organic” phosphorus may be colloiolahssociated with colloidal material
(Stevens, 1982). About 50% of the particulate oigphosphorus was removed in the filter
bed. This is shown by the dark blue bar in filtr&@€A which is half of the dark blue bar
after flocculation. The orthophosphorus which i¢ hound after flocculation will remain
dissolved orthophosphorus and will pass throughfitter bed. In this case, 12% of the
formed metal-bound phosphorus is not removed duifiitrgtion; this could be due to a
small initial floc size or because of scouring &dck in the filter bed. Scouring will
decrease the floc size which can lead to a brealgfir of metal-bound phosphorus.

A frequently seen phenomenon is a lightly increaséal phosphorus concentration in the
upper water layer compared to the concentratiothen feed water. The cause of this
increase is not clear. Hach Lange states in théystdnformation (Hach Lange, 2009) that
Fe* and APF* do not cause interference for concentrations up5@ mg/L. The
concentrations used for ¥eand AP* never exceeded 50 mg/L, therefore, the increase,
which was measured after coagulation, was modiyliket caused by the coagulant dosage.
A cause, which is most likely responsible for therease of the total phosphorus
concentration in the upper water layer, may berenfof accumulation. The upper water
layer of a fixed bed filter can be compared withc@ntinuously stirred tank reactor,
eventhough the motions are very low. A sample takem the upper water layer will
therefore represent the situation after coagulatiuhflocculation.

4.5 Phosphorus size fractionation

To determine the size of the metal-bound phosphaus0 ml sample is filtered with a
vacuum of 50 mbar through a filter with a pore 99200 um (polycarbonate), a pore size
of 5 um (polycarbonate), a pore size of 2 um (polycarbt®nand through a pore size of
0.45 um (cellulose acetate). The use of differéiteérf materials is inevitable because
polycarbonate filters are not available with a peize of 0.8um, and cellulose acetate
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filters have a maximum pore size of Qu&. Orthophosphorus concentrations are measured
in the filtered samples and in the unfiltered saspiThe orthophosphorus concentrations
are measured with Lange cuvette tests LCK349 (Murahd Riley, 1962). The results
gained with this method show the size of the mitalnd phosphorus flocs and show
which part of the orthophosphorus remains dissolvéith these results, the estimated floc
size can be calculated by adding up the floc spmeportionally, of course without the
fraction <0.45um, which is dissolved phosphorus. Equetion 4.1 shibw cacluation.

average filter poresize[ PO, — P]
4

= estimated floc size eq. 4.1
Z[PO4 -P]

Figure 4-11 shows the results of a phosphorus fedmtionation which was made for the
dual media filter at the Horstermeer WWTP on th& aMarch, 2008. The filtration rate
was 10 m/h, the dosage ratio used was 4 mdf/xtel PQ-P, and the initial mixing energy
was 1,000 3. The flocculation time was approximately 7 minut&se phosphorus size
fractionation was made with 0.4%n, 2um and 1Qum filters.
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Figure 4-11— Results of the phosphorus size fractionation /T Effluent (red bars),
After flocculation (blue bars) and the filtrate wabf the dual media filter (green bars) at
the Horstermeer WWTP. 17 March 2008

The phosphorus size fractionation of the WWTP efitu shows that most of the
phosphorus present is orthophosphorus (red ba#5udn). Another significant amount of
the WWTP effluent phosphorus is > ith (red bar >1Qum). This was probably caused by
metal-bound phosphorus which was washed out framsttondary sedimentation tanks.
After flocculation (blue bars), orthophosphorud@ind, which is shown by the decrease of
phosphorus <0.4mwm. The amount of phosphorus which decreased infrédetion to
<0.45um is transferred to metal-bound phosphorus, whaoh lse seen by the increase in
all fractions above 0.44m. In the filtrate water of the dual media filtegréen bars), a
decrease of phosphorus can be seen for all theofinac Phosphorus below;iZn is almost
completely removed in the filter bed and large paftthe fractions 2 — 1m and > 1Qum

are removed. Since no filters with a pore size pri0are used is the average floc filter pore
size estimated. For the smaller fractions is theraye pore size 3 times the minimum pore
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size. Therefore, an average pore size ofuB0is used for the fraction >10m. The
estimated floc size in the filtrate water is:

(0-45; Zj.o.01mg /L+( 2+21(3-o.o79ng L+ 300.1089 U
0.01+ 0.07% 0.105

=18.7um

4.6 Profile measurements

In order to be able to investigate removal mechmasign the filter bed for phosphorus
removal as well as for denitrification, profile nss@ements are made on a regular basis.
For a profile measurement samples are taken oMWETP effluent, the upper water layer
of the fixed filter bed, every 10, 20 or 40 cm leffilter bed (by taps which are placed in
the wall of the filter) and in the filtrate watef the filter. Orthophosphorus (<0.45 um),
nitrate, nitrite and COD are measured in the sasnpl¢h Hach Lange cuvette tests.
Additionally, the oxygen concentration is measured.
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Figure 4-12 — Profile measurement combined with phosphorus ibigion for the
1-STEP filter 19 November 2008

Profile measurements can be combined with phosghdistributions. In this case a
phosphorus distribution is made for every sampliatp&igure 4-12 shows an example of
such a profile measurement made for the 1-STHlfer at the Horstermeer WWTP. This
profile measurement was made on th& @®November, 2008. The AIPO,-P ratio used

was 4 mol/mol and the filtration rate was 10 m/tneTprofile measurement shows the
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phosphorus distribution through the filter bed. Tihfermation provided from these results
show which phosphorus forms are removed. The grapbw the orthophosphorus (green
line), the metal-bound phosphorus (red line), thetipulate “organic” phosphorus (dark
blue line) and the dissolved “organic” phosphotigh{ blue line) concentrations through
the filter bed.

The graph shows that nearly all the orthophosplidéereasing green line), which is
available in the WWTP effluent, was transferred mietal ions after coagulation and
flocculation (see the rising red line in the uppater layer). Metal-bound phosphorus and
particulate “organic” phosphorus were removed ie fiiter bed. Dissolved “organic”
phosphorus will pass the filter bed, despite tHeerfimedia of activated carbon. The
graph also shows an increase in metal-bound phosplast before the bottom plate of the
filter bed is reached (see the cross-hatched ar€#ure 4-12). The cause of this increase
is not absolutely clear yet, but it is probably sdi by deposited metal-bound phosphorus
or sludge. Care must be used when taking a sanegleulse this deposited material might
get into the sample due to the strong flow towahdstap. This will cause a measurement
error for the particulate phosphorus forms espicifar the metal bound phosphorus.
Probably this overestimation will be occurring @ler the filter; especially at places with a
large accumulation of solids this might be the cd3e effect might be minimised when
the flow towards the tap is below the filtrationera

4.7 Summary

Knowledge of the different phosphorus forms in WW@afRuent is essential to reach ultra

low concentrations in the WWTP effluent. Differeteichniques can be used to analyse
phosphorus but chemical analysis is widely useca attivantage of chemical phosphorus
analysis is that it can be conducted on site anelsgieliable and accurate information about
the phosphorus content of a sample. The chemidatipte is based on the molybdenum

blue method. Different forms of phosphorus can beasnred depending on the pre-
treatment step of a sample. Interactions of compisnike silicate or arsenate can either
give an underestimation or overestimation of théhaphosphorus concentration in a

sample. Besides, the interaction caused by cectaimponents in the filtration step through

0.45um introduces an error in the measured concenttibhis is caused by the colloidal

phosphorus fraction. To what extent this overedionaor underestimation is made should
be investigated per location.

The TU Delft phosphorus distribution was developetiave an easy and quick method to
determine orthophosphorus, metal-bound phosphdisisplved “organic” phosphorus and
particulate organic phosphorus. To determine theD@dlft phosphorus distribution, also
referred to as phosphorus distribution, on sitéy &our measurements need to be executed,
namely total phosphorus and orthophosphorus innfittared sample and total phosphorus
and orthophosphorus in a filtered sample over Qu5Hor this filtration step a cellulose
acetate filter is used to filter a sample volumd @fml under a limited pressure of 50 mbar.
Phosphorus concentrations are measured with HaolgeLauvette tests LCK349. This
method uses ascorbic acid for the reduction stepalTphosphorus is analysed by a pre-
treatment step of acid hydrolysis with sulphuridgdlurphy and Riley, 1962).
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To determine the size of the metal-bound phosphaus0 ml sample is filtered with a
vacuum of 50 mbar through filters with different rpo sizes. Orthophosphorus
concentrations are measured in the filtered samgbesin the unfiltered samples. With
these results the floc size can be calculated lyngdup the floc sizes proportionally, of
course without the fraction <0.48n which is dissolved phosphorus. In order to be bl
investigate removal mechanisms in the filter bed ghosphorus removal as well as for
denitrification, profile measurements were made anregular basis. For a profile
measurement samples were taken of the WWTP effltiemtupper water layer of the fixed
filter bed, every 10 or 20 cm in the filter bed aindthe filtrate water of the filter. An
overestimation of the particulate phosphorus formght occur due to accumulation of
solids which will get out when taking a sample. flleomeasurements can be combined
with phosphorus distributions. In this case, a phosus distribution was made for every
sample point.
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5 Characterisation, coagulation
and flocculation

For the removal of phosphorus to ultra low conaitins, precipitation, coagulation and
flocculation processes are used. During precipitatiolloidal material is formed which is
destabilised during coagulation in a way that thessicles can grow as a result of particle
collision. Precipitation and coagulation requireg@od initial mixing to maximise the
binding of the metal salt with the available phaspis and to minimise the side reactions.
Flocculation is the process which follows aftettialimixing and has the purpose to form
flocs and aggregates from the fine particles arsfadbddised particles.

Chapter 5 illustrates the results of the charagation of the WWTP effluent (Section 5.1).

Results of different locations in the Netherlands described in this section. The minimum
initial mixing energy required for the coagulatiprocess and the influence of the retention
time on the flocculation process are investigatedSection 5.2. Results of temperature
influences on the coagulation and flocculation pescare described in Chapter 7.

5.1 Characterisation of WWTP effluent phosphorus

The results of the characterisation of the WWTHRuefft are divided into two subsections,
the first subsection, 5.1.1, deals with the resfrben the Horstermeer WWTP and the
Leiden Zuidwest WWTP, the second subsection, 5.deals with the results of other
locations where phosphorus distributions are aladen



5.1.1 Characterisation for the Horstermeer WWTP and the Leiden
Zuidwest WWTP

During both researches conducted at the HorstermM8AfTP and the Leiden Zuidwest
WWTP phosphorus distributions of the WWTP effluané made on a regular basis. In
total 90 phosphorus distributions are made at tlestdrmeer WWTP in the period
between October 2007 and November 2009. For thelebeiZuidwest WWTP 36
phosphorus distributions are made in the periodidsett October 2007 and November 2008.
In this section the average results and the chafdlee distribution with increasing total
phosphorus concentrations are shown for both loesti

Table 5-1 and Figure 5-1 show the average condé@risa and percentages for

orthophosphorus, dissolved “organic” phosphorusiti@date organic phosphorus and

metal-bound phosphorus for the Horstermeer WWTR dVerage results show that 59%
of the total phosphorus is orthophosphorus (greeasy, 25% is metal-bound phosphorus
(red areas), 10% is particulate organic phosphfaeask blue areas) and 6% is dissolved
“organic” phosphorus (light blue areas).

Table 5-1— Average (90 samples) phosphorus distributiorefiuent of the Horstermeer
WWTP. The average total phosphorus concentraticnOnvg0 mg/L.

. . Ortho- Dissolved Particulate Metal-bound
Location Unit phosphorus "organic" P organic P P
Horstermeer WWTP mg/L 0.41 0.04 0.07 0.18

25% 0.80
0.70
— 0.60
Is)
E 050
S 040
10% g
£ 030
Q
6% S 0.20
@)
@ Orthophosphorus 0.10 ¢
0O Dissolved "organic" P 0.00 4
m Particulate organic P ’
B Metal-bound P WWTP effluent

Figure 5-1— Average (90 samples) phosphorus distributiorefiuent of the Horstermeer
WWTP given in percentages (left) and concentratioigét)

Table 5-2 and Figure 5-2 show the average condé@nrtsa and percentages for

orthophosphorus, dissolved “organic” phosphorusiti@date organic phosphorus and

metal-bound phosphorus for the Leiden Zuidwest WWTIRe average results show that
71% of the total phosphorus is orthophosphorus efgrareas), 7% is metal-bound

phosphorus (red areas), 7% is particulate orgamisghorus (dark blue areas) and 15% is
dissolved “organic” phosphorus (light blue areas).
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Table 5-2— The average (36 samples) phosphorus distribétioeffluent of the Leiden
Zuidwest WWTP. The average total phosphorus conaton was 0.55 mg/L.

. . Ortho- Dissolved Particulate Metal-bound
Location Unit N o .
phosphorus organic" P organic P P
Leiden Zuidwest WWTP mg/L 0.39 0.08 0.04 0.04
0.80
0.70
15% T 060
[=2]
E 050
c
S 0.40 -
[
€ 0.30
3
5 0.20
[8)
@ Orthophosphorus 0.10 ~
0O Dissolved "organic" P 0.00

m Particulate organic P
| Metal-bound P WWTP effluent

Figure 5-2 — The average (36 samples) phosphorus distribditioeffluent of the Leiden
Zuidwest WWTP given in percentages (left) and cotregions (right)

The results show different phosphorus distributidms the WWTP effluent. The most
obvious difference between the two locations isghiecentage and concentration of metal-
bound phosphorus, which is much higher for the téonseer WWTP. The high metal-
bound phosphorus concentration is probably dudéotteatment process. The secondary
sedimentation tanks are highly loaded and frequetiicharging metal bound phosphorus.
This is not the case for the Leiden Zuidwest WWTRis results in variations of the total
phosphorus concentration in the WWTP effluent betwd®.3 mg/L and 2.7 mg/L.
Temperature, seasonal and pH influences on theppboss distribution were not found to
be significant.

In the effluent of the Horstermeer WWTP, the petages of the organic phosphorus forms
might give an incorrect image due to the highercenirations of metal-bound phosphorus
and orthophosphorus there. The sum of the partewad dissolved organic phosphorus
was almost the same for both locations: for thestbsmeer WWTP, 0.11 mg/L, and for the
Leiden Zuidwest WWTP, 0.12 mg/L. Nevertheless, thogs not automatically mean that
the concentration of organic phosphorus is alwaythis size range. During a Dutch study
(STOWA, 2009) about the biological availability mfrogen and phosphorus, the dissolved
“organic” phosphorus was measured at 23 WWTPseanNatherlands. Most of the results
were within the range of 0.03 - 0.16 mg/L, but peak 0.23 mg/L up to 0.59 mg/L were

found.

For the Horstermeer WWTP and the Leiden Zuidwest TPWthe measured phosphorus
distributions were divided into concentration rasfmr total phosphorus. The concentration
ranges for total phosphorus were 0.0 mg/L — 0.5Lm@/5 mg/L — 1.0 mg/L, 1.0 mg/L —

1.5 mg/L and >1.5 mg/L. For each concentration eatige average phosphorus distribution
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was calculated. These distributions are shown murféi 5-3. At the Leiden Zuidwest
WWTP, no total phosphorus concentrations abovenigh. were measured. Referring to
Figure 5-3, the difference between the two locaids obvious. An increasing total
phosphorus concentration shows at the HorstermeeVWTW®/ an increase in
orthophosphorus (green bars) and in metal-boundpgitayus (red bars), but shows for the
Leiden Zuidwest WWTP only an increase in orthophasps. The total amount of organic
phosphorus increased between the fractions 0.0 m@b mg/L and 1.0 mg/L — 1.5 mg/L.
The total increase for the Horstermeer WWTP wag én@/L, and for the Leiden Zuidwest
WWTP 0.06 mg/L.

2.50 2.50
Horstermeer WWTP Leiden Zuidwest WWTP
_ 200 _ 2004
) )
> >
E 150 E 150
c c
s — s _
g 100 g 100
H 5] —
8 P 8
5 050 5 0.50
il B ’ -
——
0.00 -+ T T T 0.00 E T T T
0.0-0.5mg/L 0.5-1.0mg/L 1.0-1.5mg/L >1.5mg/L 0.0-0.5mg/L 0.5-1.0mg/L 1.0-1.5mg/L > 1.5 mg/L
B Particulate organic P O Dissolved "organic" P m Particulate organic P O Dissolved "organic" P
B Metal-bound P @ Orthophosphorus m Metal-bound P @ Orthophosphorus

Figure 5-3 — Phosphorus distribution per concentration raiogehe Horstermeer WWTP
(left) and the Leiden Zuidwest WWTP (right)

The results shown in Figure 5-3 lead to Figure Sviich shows, for the Horstermeer
WWTP (left graph), a linear relationship between thtal phosphorus concentration and
the unfiltered orthophosphorus concentration (sunorthophosphorus and metal-bound
phosphorus). For the Leiden Zuidwest WWTP, a linedationship between the total

phosphorus concentration and orthophosphorus ctratien (right graph) is shown. From

this linear relationship it can be concluded tha trganic phosphorus concentration is
quite stable.

35 35
2.0 Horstermeer WWTP R? = 0.9762 2.0 Leiden Zuidwest WWTP R? = 0.9715
. + .
25

2.0

2.5
2.0 1 /
15 %5 5 151 R
1.0 A 2 1.0 M
0.5 4 / 05 e

0.0 : : : : : 0.0 . . . . .
0.0 0.5 1.0 1.5 2.0 25 3.0 0.0 0.2 0.4 0.6 0.8 1.0 12

P-total [mg/L]
P-total [mg/L]

> P-ortho _ metal-bound P [mg/L] P-ortho [mg/L]
Figure 5-4 — Relationship between total phosphorus and the afuorthophosphorus and
metal-bound phosphorus for the Horstermeer WWTR (eaph) and the relationship
between total phosphorus and orthophosphorus ®rL#iden Zuidwest WWTP (right
graph)
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5.1.2 Characterisation for other locations

The WWTP Nieuw-Vossemeer, a treatment plant of Vgateap Brabantse Delta, treats the
wastewater of 3,361 population equivalents (per136é g TOD) living in the area of West-
Brabant. The main flow of the WWTP is 730/day. The treatment plant consists of grit
removal, an oxidation ditch and final sedimentati®mosphorus is chemically removed
with polyaluminium chloride. In the period July ZDGo February 2010, in total 8
phosphorus distributions were made. In this subm®ethe average results are described.

Table 5-3 and Figure 5-5 show the average condé@nrtsa and percentages for

orthophosphorus, dissolved “organic” phosphorusiti@date organic phosphorus and

metal-bound phosphorus for the WWTP Nieuw-VosselriBlee average results show that
79% of the total phosphorus is orthophosphorus efgrareas), 8% is metal-bound

phosphorus (red areas), 5% is particulate orgamisphorus (dark blue areas) and 8% is
dissolved “organic” phosphorus (light blue areas).

Table 5-3 — Average (8 samples) phosphorus distribution fotuefft of the WWTP
Nieuw-Vossemeer. The average total phosphorus otra¢®n was 0.55 mg/L

. . Ortho- Dissolved Particulate Metal-bound
Location Unit " o .
phosphorus organic" P organic P P
WWTP Nieuw-Vossemeer mg/L 0.44 0.05 0.03 0.04
5% 0.80
8% 0.70
— 0.60
>
E 050
c
S 040
g
£ 0.30
8
5 0.20
)
@ Orthophosphorus 0.10 7 =
0O Dissolved "organic" P 0.00 -

B Particulate organic P
B Metal-bound P WWTP effluent

Figure 5-5 - Average (8 samples) phosphorus distribution fotuefft of the WWTP
Nieuw-Vossemeer

In July 2009 Waternet made phosphorus distributi@esording to the TU Delft
phosphorus distribution method for all their wasigav treatment plants. Table 5-4 and
Figure 5-6 display the results for the Westpoort WVthe Amsterdam West WWTP, the
Blaricum WWTP, the Uithoorn WWTP and the De Rondengh WWTP. The treatment
plants of Blaricum and Uithoorn make use of cheinitesphorus removal; the treatment
plants of Westpoort, Amsterdam West and De RondeWemake use of biological
phosphorus removal. The dissolved organic phospgheades between 0.07 — 0.16 mg/L,
which is comparable with the results found durimg TOWA (2009) research.

Although the phosphorus distribution made for tleatment plants all consist of only one
measurement, the results clearly show that a ploogphdistribution is site specific.
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Reaching ultra low phosphorus concentrations Igafibn techniques

Especially for orthophosphorus and for particutaiganic phosphorus, wide variations may
be found between different locations.

Table 5-4— Phosphorus distribution for the effluent of th&WWPs of Waternet

Location Unit Ortho- ) D|sso_lv:ed Partlcqlate Metal-bound
phosphorus organic" P organic P P

Westpoort WWTP mg/L 0.244 0.106 0.145 0.055
Amsterdam West WWTP mg/L 0.169 0.161 0.076 0.034
Blaricum WWTP mg/L 0.537 0.103 0.030 0.020
Uihoorn WWTP mg/L 0.459 0.081 0.194 0.056
Ronde Venen WWTP mg/L 0.210 0.070 0.192 0.078

0.80

0.70

0.60
2 o050
E
g 0.40
§ 0.30

0.20

0.10

e

Westpoort WWTP Amsterdam West Blaricum WWTP Uithoorn WWTP Ronde Venen WWTP
WWTP

W Particulate organic P O Dissolved "organic* P B Metal-bound P B Orthophosphorus

Figure 5-6 — Phosphorus distribution for the Westpoort WWTiRe Amsterdam West
WWTP, the Blaricum WWTP, the Uithoorn WWTP and tRende Venen WWTP. All
WWTPs of Waternet, July 2009.

5.2 Coagulation and flocculation

Before providing the results, an important remagkads to be made about the use of sample
points or taps when taking samples for phosphoiggilsutions and fractionations to
investigate, for example, on the influence of thaimum initial mixing energy. According

to Bratby (2006), a sharp decline in a velocitydigat, for example from 1000's0 100 &,

can have a detrimental effect on the water quétityt.a tap itself will have a high head loss
leading to a high velocity gradient, which will Bpproximately 21005 This is calculated

for a fully open tap with a diameter of 10 mm, @flof 0.18 n¥h and a water temperature
of 15° C. Due to this high velocity gradient, forngocs will break down in the tap and, as
a result, the outcome of a phosphorus size fraation will give a distorted image.
Therefore, the upper water layer was chosen asmpleapoint for all the experiments.
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Futhermore the upper water layer can be regarddm ta more or less completely mixed
tank. A disadvantage of using the upper water lagea sample point is that the processes
of coagulation and flocculation cannot be invesédaas separate processes but are always
combined.

This section is divided into 5 subsections. Sulieech.2.1 describes the jar tests which
were conducted. Subsection 5.2.2 describes thdtgesiithe experiments which were

conducted to investigate the minimum required ahithixing energy. These experiments
were conducted at the Horstermeer WWTP and at ¢fieh Zuidwest WWTP. Changes in

the phosphorus distribution due to coagulation #axtulation processes are described in
Subsection 5.2.3 and the changes in the phospleizasfractionation are described in
Subsection 5.2.4. Finally, the floc growth and thimimum required flocculation time are

described in Subsection 5.2.5.

5.2.1 Jar tests

As described in Subsections 3.1.4 for the HorsterrwdWTP and 3.2.5 for the Leiden

Zuidwest WWTP, jar tests were conducted to estirttadetype of coagulant. The results of
the jar tests for the Horstermeer WWTP (Miska-Madty 2009) showed for

polyaluminium chloride (PACI) higher removal efficicies compared to ferric(lll)chloride.

This is probably due to the low pH of the WWTP wdfht, which is pH 6.8 on average. For
the Leiden Zuidwest WWTP, the preliminary jar tegiave the best results for

ferric(lll)chloride (FeC}). The pH of the WWTP effluent is on average pH 7.0

5.2.2  Minimum initial mixing energy

Research to determine the minimum required mixingrgy which is needed to bind all

orthophosphorus was conducted at the HorstermeelT®\ahd at the Leiden Zuidwest

WWTP. Although the results led to the same conolusboth experiments are described
since the experimental situation differed greallyshould be kept in mind that samples
taken from the upper water layer were taken indipeayer of the water body which is near
the inlet of the filter and, therefore, the sampleggresent the phosphorus distribution after
coagulation.

The Horstermeer WWTP
In 2008 phosphorus distributions were made in thpeu water layer of the dual media
filter to define the influence of the initial mixgnenergy on orthophosphorus binding. The
pH of the water varied between pH 6.03 and pH ad& the temperature varied between
10° C and 22° C. The filtration rate used was 10.rihe metal/orthophosphorus ratio
varied between 1 and 5. Samples were taken ingheruvater layer of the filter. In total
35 measurements were conducted with 5 differetingst(Figure 5-7):

«  Gate valve 70% closed, G-value of 1000 s

«  Gate valve fully open, G-value of 120 s

e Injection ring 0.5 m from the corner, 1 injectionipt along the wall side

e Injection ring 0.5 m from the corner, 3 injectionits in the centre of the pipe

e Injection ring 1.0 m from the corner, 1 injectionipt along the wall side
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from the corner, from the comer, 3 .r“.m‘ {hf corner. 1
| injection point injection points in the injection point
along the wall side centre of the pipe along the wall side

Figure 5-7— Different experimental settings to define thduahce of the initial mixing
energy

By choosing 1 injection point along the wall sidel&8 injection points in the centre of the
pipe, two opposite situations were examined. Thasmeements for the injection points
0.5 metres and 1.0 metres after the corner areucted to determine the effect of the
corner on the mixing.

Figure 5-8 shows the concentratior’’Alwhich is dosed, on the horizontal axis, and shown
on the vertical axis the concentration orthophospsian the upper water layer which is
bound and converted to metal-bound phosphorus.c@heentration Al is used instead of
the orthophosphorus concentration in the feed waémause the metal/orthophosphorus
ratio varied between 1 and 5 mol/mol. The figureveh for coagulant dosage with the
injection ring a larger spread in the measuremeotspared to dosage just before the gate
valve. The orthophosphorus concentration conveidetietal-bound phosphorus is mostly
lower for dosage with the injection ring compareddbsage before the gate valve. The
difference between the initial mixing energy of 10and 1000 S is minimal for the gate
valve. The results for the measurements for thectign ring 1.0 m from the corner do not
show a decrease in converted orthophosphorus. dhgecmight be that the effect of the
corner is noticeable for several meters.
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Figure 5-8 -Influence of the initial mixing energy on the orflmsphorus binding

To estimate the effect of the corner on the initieking, three cases were simulated with
computational fluid dynamics (CFD) modelling (Deeli2008). The first case (c1) was a
simulation of the situation without a gate valvedaan long pipe without a corner. The
second case (c2) was a simulation of a long stragie with a gate valve and the third
simulation (c3) was made for the situation withadegvalve and a corner. The model made
simulates the orthophosphorus which is bound tenadium (AP after a certain distance
after dosage. The Alorthophosphorus ratio which was used for the sitimh was
approximately 4 mol/mol. The flow was calculatedhathe k-epsilon turbulence model of
Comsol Multiphysics 3.5. The calculations dealinighvthe aluminium concentrations were
based on a convection-diffusion equation. In thimiation the diffusion is caused by
turbulence.

In Table 5-5 the percentage of orthophosphorus Wwhigas converted to metal-bound
phosphorus (bound to %) is shown. These percentages were calculated é\cribss-
sections where the &l concentration was higher compared to the orthquimsis
concentration. This is the part where orthophosphaevas completely bound. For the areas
where AP*/orthophosphorus ratios were < 1 mol/mol, the ratas used to calculate the
percentage which was converted to metal-bound plooep. The sum of the percentages
for a complete binding of orthophosphorus and wietleophosphorus was partly bound is
displayed in Table 5-5. Results show that the erlee of the corner is significant. The
percentage of bound orthophosphorus for c3 afterag® is, for all distances, higher
compared to the other cases. In ¢3 almost all thephosphorus is bound to *Alafter
0.5 m.

105



Reaching ultra low phosphorus concentrations Igafibn techniques

Table 5-5 - Percentage orthophosphorus converted to metalebophosphorus
(De Niet, 2008)

Cases cl c2 c3

0.05m (0.18 s) from the injection point 16 17 24

0.28m (0.99 s) from the injection point 41 55 81

0.50m (1.77 s) from the injection point 54 74 98
After 0.28 m (0.99 s) After 0.50 m (1.77 s)

cl ¢/conc_op c/conc_oP

¢/conc_oP

c2
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After 0.28 m (0.99 s) After 0.50 m (1.77 s)

03 ¢/conc_aP cfconc_oP

V &

Figure 5-9 - Ratio of the Al" concentration and the orthophosphorus concentraiio
0.28and 0.5 meters after injection (De Niet, 2008)

Figure 5-9 shows the ratios of the *Alconcentration and the orthophosphorus
concentration at 0.28 and 0.5 meters after injacfidne figures show the injection point on
the left side of the cross-section. The non-colaeshs represent an®Abrthophosphorus
ratio <1 mol/mol. In this area, most certainly nahophosphorus will be bound to
aluminium. The colored areas represent afi/éithophosphorus ratio >1 mol/mol. In the
colored areas, orthophosphorus will be bound t8. Alhe red color represents the highest
ratio which is 4 mol/mol. The Al/orthophosphorus ratio decreases with an increasing
distance from the injection point since*Areacts with orthophosphorus. The dark blue
color represents the areas where th&/@ithophosphorus is 1 mol/mol.

The Leiden Zuidwest WWTP

In January and February 2008 phosphorus size draations and distributions with an
initial mixing of 300 & and 2,000 S were made. The pH of the effluent was 7.0, the
temperature varied between 12°C and 13°C. Thatfittn rate used was 10 m/h and the
metal/orthophosphorus ratio used was 4 mol/mol. feselts show how the phosphorus
size fractionations and phosphorus distributions emdependent of the initial mixing
energy and show the effect of increasing orthophogps concentrations in the filtrate of
the CFB (feed water). Samples were taken of theafid of the continuous sand filter B, of
the upper water layer in the dual media filter afidhe filtrate of the dual media filter.
Street A was not researched.

Figure 5-10 shows the phosphorus size fractionatiwhich were made for an initial
mixing of 300 & and 2,000 & For both tested initial mixing energies, the piusus
percentage for each fraction is set out againstotilgophosphorus concentration in the
filtrate of the CFB (feed water). The graphs wittarker belong to 300'sand the graphs
without a marker belong to 2,000".sThe results show that the distribution of the
phosphorus over the forms is independent on thialimixing. This is concluded because
the graphs of 300 sand 2,000 § are quite similar. The figure shows that the
orthophosphorus concentration in the filtrate & @FB (feed water) had a major influence
on the deviation of the phosphorus over the differéorms. With an increasing
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orthophosphorus concentration in the filtrate ofe thiCFB, the percentages of
orthophosphorus between 2 — 0.45 um decreasedgfagths) and the percentages of
orthophosphorus between 10 — 2 um increased (gpeshs). The fractions >10 um and
<0.45 um are nearly constant. It needs to be takenaccount that the coagulant dosage
ratio is constant, which implies that the*f®ncentration (mg/L) increases with an
increasing orthophosphate concentration.
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>10 um (2000s-1) 10-2 um (2000s-1) ——2-0.45 um (2000s-1) <0.45 um (2000-1)

Figure 5-10 - Results of the phosphorus forms made for afalnibixing of 300 & and
2000 &' measured with different orthophosphorus concentiatin the filtrate of the CFB
(Van den Berg van Saparoea, 2008)

Figure 5-11 shows the results of the phosphorusitalision for an initial mixing of 3005
and 2,000 & The graph shows the phosphorus concentratioradt @hosphorus form
relative to the orthophosphorus concentration & fittrate of the CFB (feed water). The
graphs without a marker belong to an initial mixemergy of 300 5and the graphs with a
marker to 2,000'5

The results show that the phosphorus distribuoimdependent of the initial mixing. This
can be concluded because the graphs for an inifidhg of 300 & and 2,000S are nearly
the same. The orthophosphorus concentration irilthete of the CFB (feed water) is an
influence on the phosphorus distribution. The mbtaind phosphorus concentration (red
graphs) in the upper water layer of the dual meiltar increased with increasing
orthophosphate concentrations in the filtrate ef @B (feed water). Dissolved “organic”
phosphorus, particulate “organic” phosphorus artdophosphate remained constant with
an increasing orthophosphate concentration (g, blue and light blue graphs).
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Figure 5-11 - Results of the phosphorus distributions madeafoinitial mixing of 300 3

and 2,000 $ with different orthophosphate concentrations ie fiftrate of the CFB (Van
den Berg van Saparoea, 2008).

5.2.3 Changes of the phosphorus distribution after coagulation

In the period from March to November 2008 a totall® phosphorus distributions were
made for the 1-STEPfilter. The average results are shown in Figute25All phosphorus
distributions were made with an AIP-ortho ratio of 4 mol/mol and a filtration raté o
10 m/h. The figure shows the phosphorus distrilbutar the WWTP effluent and the upper
water layer of the filter. The results are showrcadmcentrations and in percentages.

The top graph in Figure 5-12 shows a small incredske09 mg/L for the total phosphorus
concentration in the upper water layer compareth¢oWWTP effluent. More information
about the cause of this increase is described lis&tion 4.4.2. Apart from the higher total
phosphorus concentration, the top graph showsrgbatly all the orthophosphorus (green
bar left column) is bound to metal ions after cdation. This is seen by the remaining
green bar for the upper water layer and the iner@ashe red bar. The dissolved “organic”
phosphorus decreased after coagulation and theylaté organic phosphorus increased,
which suggests that a part of the dissolved “oaphosphorus is colloidal or associated
with colloidal material (Stevens and Stewart, 1982)
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Figure 5-12— Average (13 measurements) phosphorus distrib@ioWWTP effluent and
the upper water layer of the 1-STEP

The bottom graph in Figure 5-12 shows that thel fot@sphorus in the WWTP effluent
consists of 44% orthophosphorus, of 38% metal-bophdsphorus, of 6% dissolved
“organic” phosphorus and of 12% particulate orggutiosphorus. In the upper water layer,
the distribution shows that the total phosphorusupper water layer consists of 4%
orthophosphorus, of 79% metal-bound phosphorud%efdissolved “organic” phosphorus
and of 16% particulate organic phosphorus.

5.2.4 Changes of the phosphorus size fractionation by coagulation

At the Horstermeer WWTP as well as at the Leideid®ast WWTP, phosphorus size
fractionations are frequently made. Samples wekentdn the upper water layers of the
fixed-bed filters at both locations. Figure 5-13wfs results which are representative for
the dataset. The phosphorus size fractionatiom®fltSTEP at the Horstermeer WWTP
(left graph) was made the 23f March 2008 with a metal/orthophosphorus ratfo o
4 mol/mol and a filtration rate of 10 m/h. The pplosrus size fractionation of the dual
media filter at the Leiden Zuidwest WWTP (right gi was made on the 9®f January
2008 with a metal/orthophosphorus ratio of 4 mol/ena a filtration rate of 10 m/h.

The red bars in the graphs of Figure 5-13 showptmesphorus size fractionation of the
WWTP effluent, the blue bars show the phosphorme &iactionation in the upper water
layer after coagulant dosage. The fractionatiomhefeffluent of the Horstermeer WWTP
(left graph, red bars) illustrate that the phosphkds distributed over all the fractions. The
largest fraction is <0.45um which means that most of the present phosphosus i
orthophosphorus. The second largest fraction isra0Ofrom this it can be concluded that
the secondary sedimentation tank does not effigigamove the metal-bound phosphorus
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flocs formed in the main process of the treatmelantp After coagulant dosage the
distribution over the fractions changes (left graplue bars). Almost all the present
orthophosphorus is bound to the metal ions; this lma seen by the large decrease in the
phosphorus in the fraction <0.48n. In the upper water layer approximately 20% af th
phosphorus is within the fraction 0.45 +@, 20% is within the fraction 2 — 10m and by

far the most, approximately 40%, is in the fractidi® um.
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Figure 5-13 —Phosphorus size fractionations for the WWTP efftummd the upper water

layer of the Horstermeer WWTP (1-STERIiter) and the Leiden Zuidwest WWTP (dual
media filter). The used metal/orthophosphorus rasied was 4 mol/mol and had a filtration
rate of 10 m/h.

The results of the Leiden Zuidwest WWTP show thmesaffect, specifically a large

decrease in the phosphorus <048 in the upper water layer after coagulant dosége.

difference in the results of the Horstermeer WW3Rhat nearly all the phosphorus in the
WWTP effluent is orthophosphorus, seen in the foack0.45um. This corresponds to the

results of the phosphorus distributions describe®@eéction 5.1. Another difference is the
distribution over the fractions in the upper watgyer. At the Leiden Zuidwest WWTP,

flocs do not become larger than [1i@.

Figure 5-14 illustrates the relationship between farric(lll)chloride dosage and the
average size of the formed flocs in the upper wktger of the dual media filter at the
Leiden Zuidwest WWTP (January and February 2008)jhé graph the estimated floc size
is set out against the ferric(lll)chloride dosagbe metal/orthophosphorus was 2, 4 and
8 mol/mol. The graph clearly shows that the estmafloc size increased with an
increasing dosage. As already stated in Subsebta, the initial mixing energy had no
influence on the phosphorus size fractionation.
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Figure 5-14 — Relationship between ferric(lll)chloride dosagel dhe estimated floc size
of the formed metal-bound phosphorus for the duedlien filter at the Leiden Zuidwest
WWTP. The metal/orthophosphorus ratios used were &)d 8 mol/mol (Scherrenberg et
al., 2008)

5.2.5 Floc growth with a minimum and maximum flocculation time

The influence of the flocculation time on the estied floc size was investigated at the
Leiden Zuidwest WWTP because flocculation tankshvettotal flocculation time of 14
minutes were available, in addition to the 10-ménfibcculation time in the upper water
layer of the dual media filter. This is the maximwuawailable flocculation time for a
filtration rate of 10 m/h. The applied shear foioethe flocculation tanks under these
circumstances is 50'sPhosphorus size fractionations were made for kmripken from
the upper water layer. Since the samples were télam the upper water layer, they
represent the phosphorus size fractionation after flocculation tanks, including the
flocculation time of 10 minutes in the upper wdtgrer. When samples are taken with a tap
just above the anthracite layer (including the li@utes of flocculation time in the upper
water layer), flocs will break due to the high Ques in the tap and will therefore give an
incorrect phosphorus size distribution. The estadatioc sizes for the situation of 10-
minute and 24-minute flocculation time are set against the ferric(lll)chloride dosage.
The concentration Béwas used instead of the orthophosphorus conciemtriat the feed
water because the metal/orthophosphorus ratio dradliring the experiments. This is
shown in Figure 5-15. The average temperature ®fwthater was 12.5°C in combination
with pH 7.0.

Figure 5-15 shows that the estimated floc size \aitflocculation time of 24 minutes is

approximately 7 — 12um, which is larger compared to the size of flocarfed with a
flocculation time of 10 minutes. These flocs arpragimately 2 — jum.
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Figure 5-15— The estimated floc size set out against thedghjchloride dosage for a
minimum flocculation time of 10 minutes and a madimflocculation time of 24 minutes
at the Leiden Zuidwest WWTP (Scherrenberg et 8032

5.3 Summary

The results for the characterisation of the WWTRueft show that the phosphorus
distribution is site specific. Temperature, seab@ma pH influences on the phosphorus
distribution were not found. A linear relationshipetween the total phosphorus
concentration and the unfiltered orthophosphorusn(of orthophosphorus and metal-
bound phosphorus) or the filtered orthophosphorigdhtie found.

The initial mixing energy had no influence on thbogphorus size fractionation and
phosphorus distribution in the upper water layeadixed bed filter. This means that the
initial mixing energy of 300Sis satisfactory. Coagulant dosage in combinatiéth & 90°
bent may already be satisfactory to have a goodungof coagulant with the water.

After coagulation orthophosphorus is bound to metals and forms metal-bound
phosphorus. The dissolved “organic” phosphorus esesad after coagulation and the
particulate organic phosphorus increased, whichgestg that part of the dissolved
“organic” phosphorus may be colloidal or associatél colloidal material.

The size of the formed flocs can be influencedHeydoagulant dosage and the flocculation
time. The results show that the estimated floc wiitk a flocculation time of 24 minutes is
approximately 7 — 12um, which is larger compared to the size of flocarfed with a
flocculation time of 10 minutes, these flocs are 2um.
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6 Filtration

Granular media filtration, such as continuous séfichtion or fixed bed filtration, is
commonly used for the removal of phosphorus preatigs formed during the coagulation
and flocculation process. A sand filter (partly}aies suspended solids and ferric and
aluminium precipitates, but can also contain bisndsr the removal of dissolved
substances like nitrate. More information abotutdtion is presented in Section 2.4. During
this research, experiments with regard to the phags removal were conducted with
single media filtration (1-STEPfiltration), dual media filtration and continuowsand
filtration.

Chapter 6 deals with phosphorus removal in a fthed with and without biomass. Section
6.1 describes the results of filtration withoutrass in the filter bed. Section 6.2 describes
the results of filtration with biomass. A comparnsof the results for filtration with and
without biomass is given in Section 6.3. The resaft1-STEP filtration are described in a
separate paragraph; this is Section 6.4. An overeiephosphorus removal with different
techniques and process circumstances is givendiio®es.5.

6.1 Filtration without biomass in the filter bed

Filtration without biomass was mainly tested inegtrB at the Leiden Zuidwest WWTP
where continuous sand filtration is used as a ftep for denitrification and dual media
filtration as a second step for phosphorus remoVak results for filtration without



biomass contain phosphorus distributions, phosghorize fractionations, profile
measurements and on-line data.

This section is divided into six subsections. Sabea 6.1.1 describes the influence of
filtration on the phosphorus distribution. Subsaet6.1.2 describes how the phosphorus
size fractionation changes as a result of theafitin process. The results for the optimal
filtration rate are described in Subsection 6.I.Be influence of the floc size on the
phosphorus removal by the filter bed is descrilme8ubsection 6.1.4. This paragraph ends
with Subsection 6.1.5 which is about the influemdethe filter runtime on phosphorus
removal.

6.1.1 Changes in the phosphorus distribution after filtration

From October 2007 to January 2008, 11 phosphostshiitions were made for the dual
media filter (fine filter bed) at the Leiden ZuidsteVWTP. The average results are shown
in Figure 6-1. All phosphorus distributions wered®mawith F&*/orthophosphorus ratios of
4 mol/mol and a filtration rate of 10 m/h. The dnaghows the phosphorus distribution into
particulate organic phosphorus (dark blue barsgalved “organic” phosphorus (light blue
bars), metal-bound phosphorus (red bars) and dntegghorus (green bars) for the filtrate
of the Continuous Sand Filter B, after coagulafiothe top layer of the upper water layer
and the filtrate of the dual media filter.
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Filtrate CFB Upper water layer Filtrate DMF

Concentration [mg/L]

B Particulate organic P O Dissolved "organic" P ® Metal-bound P @ P-ortho

Figure 6-1 —Average (11 samples) phosphorus distribution fer fitrate of CFB, after
coagulation in the upper water layer and the fitraf the dual media filter (Filtrate DMF)
for the Leiden Zuidwest WWTP (fine filter bed)

Figure 6-1 shows a small increase of 0.013 mg/Ltler total phosphorus concentration
after coagulation compared to the filtrate of Cis&g Subsection 5.2.3). The graph clearly
shows that the majority of the orthophosphorusgarbar left column) is bound to metal
ions after coagulation (see the remaining greerirb#ftie middle column). A large part of
the metal-bound phosphorus, approximately 90%, iwaoved in the filter bed (see the
remaining red bar right column). Approximately 6@%the remaining orthophosphorus
concentration in the upper water layer was alsooxed in the filter bed. This 60% was
probably colloidal metal bound phosphorus and fleeeemeasured as orthophosphorus.
The dissolved “organic” phosphorus decreased aftagulation and the particulate organic
phosphorus increased after coagulation, which stggéhat it may be colloidal or
associated with colloidal material (Stevens andwvatg 1982). Most of the particulate
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organic phosphorus, approximately 87%, was remowedhe filter bed. Dissolved
“organic” phosphorus will pass through the filtexdb

6.1.2 Changes in the phosphorus size fractionation after filtration

At the Horstermeer WWTP phosphorus size fractiametiwere made for the dual media
filter without methanol dosage. Two situations epenpared, namely no coagulant dosage
and a constant coagulant dosage, which was 2 g filtration rate used was 10 m/h in
both situations.
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Figure 6-2 — Phosphorus size fractionation of WWTP effluemper water layer and dual
media filtrate of the Horstermeer WWTP. No coagtiamd no methanol dosage, 11 May
2007 (left graph) and 2 mg/L PACI dosage 1 June/Z@ight graph).

The results are illustrated in Figure 6-2, with hlosphorus size fractionation without
coagulant dosage on the left side and the phosplgire fractionation with a dosage of
2 mg/L on the right. The red bars indicate the ltedor the WWTP effluent, the blue bars
for the upper water layer and the green bars fer fitrate. The results show for the
situation without coagulant dosage that orthophorph (< 0.45um) was not removed in
the filter bed. A small removal was found for phiospus in the fraction of 0.45 —#n.
The other fractions show at least a removal ratB08b. With a constant PACI dosage of
2 mg/L, approximately 75% of the orthophosphoruthm WWTP effluent was removed in
the filter bed. An increase in the phosphorus cotredon can be seen in the fractions
0.45 — 2um, 2 — 5um and 5 — 1@um. Phosphorus in the fractions 10 42 and >20um
were nearly completely removed. On thédf June 2007, the estimated floc size in the
WWTP effluent was 26.um, in the upper water layer 18,0n, and in the dual media
filtrate 9 um.

6.1.3 Optimal filtration rate

The optimal filtration rate was investigated wittetdual media filter (fine filter bed) at the
Leiden Zuidwest WWTP. Three different filtrationtea were tested, namely 10 m/h,
15 m/h and 20 m/h. The metal/orthophosphorus rat@s 7.5 mol/mol for an

orthophosphorus concentration in the WWTP effluein€0.15 mg/L and 4 mol/mol for

orthophosphorus concentrations of >0.15 mg/L. Témults are shown in Figure 6-3: the
red bars represent the total phosphorus conceamtratithe WWTP effluent, the green bars
represent the total phosphorus concentration infittrate water for a filtration rate of

10 m/h, the dark blue bars represent 15 m/h andigheblue bars represent 20 m/h. On-
line data were used to construct Figure 6-3; theaber of data points per average value
varied between 300 and 7000. Figure 6-4 showsaim®val efficiency for total phosphorus
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for the different concentration areas. In this feyuhe green dots represent the removal
efficiency for a filtration rate of 10 m/h, the &ablue dots for a filtration rate 15 m/h and
the light blue dots for 20 m/h.
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Figure 6-3 — Average phosphorus removal for the dual medtier fat the Leiden Zuidwest
WWTP (fine filter bed) for 10, 15 and 20 m/h (STOWZ009a)

Figure 6-3 shows that a filtration rate of 10 nghegn bars) results in a very small increase
in the total phosphorus concentration in the filrafrom 0.04 mg/L to 0.1 mg/L for
increasing total phosphorus concentrations in ted fwater. The removal efficiency
(Figure 6-4) for filtration with 10 m/h was betwe80% and 94%. For a filtration rate of
15 m/h (dark blue bars), the total phosphorus catnagon in the filtrate increases from
0.09 mg/L to 0.38 mg/L. Between 0.50 — 0.75 mg/d @75 — 1.0 mg/L a sudden increase
in the total phosphorus in the filtrate can be s@gecrease of 0.13 mg P-total/L). For total
phosphorus concentrations in the feed water abavé @ng/L, the total phosphorus
concentration in the filtrate remains quite stealye removal efficiency for filtration with
15 m/h was between 59% and 73%. For a filtratide &f 20 m/h (light blue bars), the
relative increase in the total phosphorus concgatran the filtrate is more consistent
compared to a filtration rate of 15 m/h. The inse#n the total phosphorus concentration
is from 0.07 mg/L to 0.41 mg/L for increasing topdlosphorus concentrations in the feed
water. This more consistent increase results iretdatal phosphorus concentrations in the
filtrate for a filtration rate of 20 m/h compared t15 m/h for total phosphorus
concentrations in the feed water up to 1.25 mglit,tbe filter runtime decreased with 3 to
4 hours. The removal efficiency for filtration wif® m/h was between 66% and 81%.
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Figure 6-4 — Removal efficiency for the dual media filtertaé Leiden Zuidwest WWTP
(fine filter bed) for 10, 15 and 20 m/h
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Figure 6-5 —The influence of the coagulant dosage (ferric(Hljcide ) on the length of
the filter runtime for the dual media filter at theiden Zuidwest WWTP (fine filter bed)
illustrated for a filtration rate of 10 m/h, 15 nehd 20 m/h (STOWA, 2009a)

With increasing filtration rates the filter runtimean decrease because the maximum
removal capacity is reached. For a filtration ratel0 to 15 m/h in combination with a
metal/orthophosphorus ratio of 4 mol/mol and tgtiabsphorus concentrations in the feed
water of < 1.0 mg/L, the average filter runtimeit 10 hours (STOWA, 2009a). The filter
runtime depends on the total phosphorus concemttrati the feed water. The influence of
the coagulant dosage on the length of the filtatinoe for a filtration rate of 10 m/h (green
dots), 15 m/h (blue dots) and 20 m/h (red dotshiswn in Figure 6-5. The graph shows,
for all the tested filtration rates, a decreasiniferf runtime with an increasing
ferric(lll)chloride dosage. The maximum filter rime was 24 hours (1440 minutes). After
this period a backwash started automatically. Fliltration rate of 10 m/h in combination
with a maximum ferric(lll)chloride dosage of 3.5 fiagthe maximum filter runtime of
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1440 (24 hours) can be reached. A sharp decredisenereasing ferric(lll)chloride dosage
is seen for a filtration rate of 20 m/h.

6.1.4 Influence of the floc size on the phosphorus removal

The influence of the flocculation time on the estied floc size was investigated at the
Leiden Zuidwest WWTP, where flocculation tanks wahtotal flocculation time of 14
minutes were available in addition to the 10 misuwiéflocculation time in the upper water
layer of the dual media filter. The effect of tHectulation time on the phosphorus size
fractionation is described in Subsection 5.2.5. Tdmults showed that the estimated floc
size with a flocculation time of approximately 24netes was 7 — 12im which was
approximately twice the size of the flocs which &vésrmed with a flocculation time of 10
minutes.
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Concentration areas P-total filtrate CFB [mg/L]
B Feed water (Filtrate CFB) O Flocculation time 10 minutes B Flocculation time 24 minutes

Figure 6-6 — Results for phosphorus removal of the DMF atltbiglen Zuidwest WWTP
with a flocculation time of 10 minutes (light gredars) and a flocculation time of 24
minutes (dark green bars) (Scherrenberg et al8200

Figure 6-6 shows the average total phosphorus odrat®n in the filtrate of the CFB (red
bars), in the filtrate water of the dual mediaefilfor a flocculation time of 10 minutes
(light green bars), indicating that only the upp&ter layer is used, and in the filtrate water
of the dual media filter for a flocculation time 24 minutes (dark green bars), which is the
maximum flocculation time of the flocculation tankad the upper water layer together.
The figure was constructed with data from the oe-lanalysers during a two-week period
(last week of January and first week of February080 with an average
metal/orthophosphorus ratio of 4 mol/mol and thee ffilter bed in the dual media filter.
The figure shows that, for total phosphorus comnedioin of >0.50 mg/L in the feed water,
the larger flocs formed with a flocculation time &4 minutes do not result in higher
removal efficiencies in the filter bed. It even apps that the average total phosphorus
concentration after filtration with a maximum fladation time was higher compared to the
situation with a minimum flocculation time.
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As described in Subsection 5.2.5, the floc sizeeases with higher dosage ratios and/or
with an increase in flocculation time. According Yakselen and Gregory (2004) and
Gregory (2006), flocs which are formed with highdwsage ratios have a more open
structure; because of this structure, flocs cailye&al apart. Flocs which fall apart can
partly recover but will not recover to their originsize (Yukselen and Gregory, 2004).
During filtration high G-values occur in the filtdred, which only increase within the
runtime due to a decreasing porosity. Because adetthigh G-values, flocs with a more
open structure can fall apart and breakthrougtheffitter bed can occur. This might be the
explanation for the decrease in removal efficiefioy flocs formed with a maximum
flocculation time.

6.1.5 Change of phosphorus removal in the filter bed during the filter
runtime

In Figure 6-7 the phosphorus removal of the dualienélter with the fine filter bed at the
Leiden Zuidwest WWTP is shown for a three-day pkribhe figure shows the flow rate
(blue graph, secondary y-axis), which is 3&hduring this period. The sharp decreases
seen for the flow rate represent the backwashéiseofilter bed. A backwash was initiated
when the upper water layer exceeded the maximuml,lewr when the turbidity in the
filtrate water was higher than 2 NTU, or when theaximum runtime of 24 hours was
exceeded. In total, six backwashes are shown irgtheh. The dotted line represents one
backwash. The red graph represents the total pbosphconcentration in the WWTP
effluent (primary y-axis); the green graph représehe total phosphorus concentration in
the filtrate water of the dual media filter (prirgar-axis).
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Figure 6-7 - Change of phosphorus removal for the filter bedrduthe filter runtime for
the dual media filter (fine filter bed, without lonass) at the Leiden Zuidwest WWTP

Figure 6-7 illustrates the changes in the phospghoemoval in the filter bed during the
filter runtime. The graph shows a short increastial phosphorus in the filtrate water of
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the dual media filter after a backwash. The tothlogphorus concentration rises
approximately 0.1 mg/L during 30 minutes. The grafdo shows that, for a steady total
phosphorus concentration in the WWTP effluent,ttial phosphorus concentration in the
filtrate water of the dual media filter should rintrease during the filter runtime. For a
total phosphorus concentration in the WWTP efflumtve 0.5 mg/L, the total phosphorus
concentration in the filtrate water of the dual madfiter increases.

6.2 Biomass in the filter bed

Filtration with biomass was tested in Street A &t the Leiden Zuidwest WWTP. In
Street A continuous sand filtration was used fomudtaneous denitrification and
phosphorus removal. In a later stage of the rebgaontinuous Sand Filter B was bypassed
and the dual media filter of Street B was used donultaneous denitrification and
phosphorus removal. This was tested for the firgk the coarse filter bed. At the WWTP
Horstermeer results are available for the dual enditter. The results for filtration with
biomass contain phosphorus distributions, phosphorize fractionations, profile
measurements and on-line data.

The section is divided into six subsections. Sutizeds.2.1 describes the influence of
filtration with biomass on the phosphorus distribnt Subsection 6.2.2 describes how the
phosphorus size fractionation changes as a reisthiediltration process. The results on the
optimal filtration rate are described in Subsec#o?.3, and the phosphorus removal in the
filter bed in Subsection 6.2.4. Subsection 6.2.8keut the influence of the filter runtime
on the phosphorus removal. Subsection 6.2.6 desctite results of the phosphorus uptake
by denitrifying biomass.

6.2.1 Changes of the phosphorus distribution after filtration

From March to November 2008, 14 phosphorus didinbs were determined for the dual
media filter at Horstermeer WWTP. From October 2@067January 2008 in total 22
phosphorus distributions were made for ContinucarsdS-ilter A at the Leiden Zuidwest
WWTP. In August 2008 only two phosphorus distribns were made for the dual media
filter (fine filter bed) with biomass. All phosphes distributions were made with a
metal/orthophosphorus ratio of 4 mol/mol. The dilion rate for the dual media filters was
10 m/h and for the continuous sand filter A 15 -r2®. The average results are shown in
Figure 6-8 and 6-9.

The left graph in Figure 6-8 shows the phosphorigsridution into particulate organic
phosphorus (dark blue bars), dissolved “organiagmtorus (light blue bars), metal-bound
phosphorus (red bars), and orthophosphorus (graes) for the WWTP effluent and for the
filtrate of the dual media filter at the Leiden dwiest WWTP. The right graph in
Figure 6-8 shows the phosphorus distribution fa WWTP effluent, after coagulation,
and in the filtrate of continuous sand filter A.rkbe dual media filter, no data are available
after coagulation. The filter runtime at the tinfesampling was approximately 2 hours for
the dual media filter. Figure 6-9 shows the phospédistribution for the WWTP effluent,
after coagulation (the upper water layer of theef)] and for the filtrate of the filter. The
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filter runtime at the time of sampling was betweeand 11 hours for the dual media filter
at the Horstermeer WWTP.
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Figure 6-8 — Left side: average (2 samples) phosphorus distribution fer WMWTP
effluent and the filtrate of the dual media filt@iltrate DMF) for the Leiden Zuidwest
WWTP (fine filter bed).Right side: average (22 samples) phosphorus distributionHer t
WWTP effluent, after flocculation and the filtratd continuous filter A (CFA) for the
Leiden Zuidwest WWTP.
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The phosphorus distribution for the dual mediafilit the Leiden Zuidwest WWTP shows
a decrease in the orthophosphorus concentratitireifiltrate (see green bar in the WWTP
effluent and the remaining green bar in the fi#gjatApproximately 75% of the remaining
orthophosphorus concentration in the upper watgerldor the dual media filter at the
Horstermeer WWTP was removed in the filter bed. Thacentrations for metal-bound
phosphorus and particulate organic phosphorus aseck in the filtrate (see the red and
dark blue bars for the WWTP effluent and the inseeh bars for the filtrate). The
concentration dissolved “organic” phosphorus cotregion decreased (see light blue bars
in the WWTP effluent and the remaining bar in theate). The results for the filtrate of
the continuous sand filter A are comparable tofilate of the dual media filter of the
Leiden Zuidwest WWTP and with the filtrate of theatl media filter at Horstermeer.
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Figure 6-9 —average (14 samples) phosphorus distribution ferwWTP effluent, after
flocculation and the filtrate of the dual mediadil (Filtrate DMF) for Horstermeer WWTP.

When comparing the phosphorus distributions ofatwtinuous sand filter A and the dual
media filter at the Horstermeer WWTP, it is seeat th large part of the orthophosphorus
(green bar, left column) is bound to metal iongrftoagulation (see the remaining green
bar in the middle column). A large part of the mib@und phosphorus, 80% for the
continuous sand filter and 86% for the dual mediarfat the Horstermeer WWTP, was
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removed in the filter bed (see the remaining redriggat column). The dissolved “organic”

phosphorus decreased after coagulation, and thieydare “organic” phosphorus increased
after flocculation, which suggests that it may hmlaidal or associated with colloidal

material (Stevens and Stewart, 1982). From 80%-9@®%iculate organic phosphorus was
removed in the filter bed. Dissolved “organic” ppbserus will pass the filter bed. Figure
6-9 shows an increase in the total phosphorus ctraten in the upper water layer
compared to the WWTP effluent. This is seen fretjyeand was previously described in
Subsection 4.4.2.

6.2.2 Changes of the phosphorus size fractionation after filtration

At the Horstermeer WWTP phosphorus size fractiemstiwere made for the dual media
filter with biomass. The metal/orthophosphorusaatsed was 4 mol/mol and the filtration
rate was 10 m/h. The results are illustrated inuFég6-10. The red bars in this figure
indicate the results for the WWTP effluent and gineen bars for the filtrate. The results
show a decrease in all the size fractions withetkeeption of the fraction 2 —5m where a
small increase in phosphorus is measured. The &stihfloc size was 18.0m in the
WWTP effluent and in the dual media filtrate 14r@.
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Figure 6-10— Phosphorus size fractionation of WWTP effluerd a@oal media filtrate at
Horstermeer WWTP. PACI dosage 5 mol/mol (1.02 mghAnd methanol dosage
MeOH/NQ-N 3 g/g, 26 July 2007

6.2.3 Optimal filtration rate

The optimal filtration rate was investigated in tperiod April to October 2008 for
continuous sand filter A and for the dual medidefil(fine filter bed) at the Leiden
Zuidwest WWTP. For the continuous sand filterydition rates of 15 m/h and 20 m/h were
tested, for the dual media filter four differertrfite rates were tested: 5, 10, 15 and 20 m/h.
With both filter types, the metal/orthophosphoruatic was 7.5 mol/mol for
orthophosphorus concentrations in the WWTP efflugn&0.15 mg/L and the ratio was
4 mol/mol for orthophosphorus concentrations >0riBL.

The results for the continuous sand filter Are show Figure 6-11: the red bars represent

the total phosphorus concentration in the WWTRuefit, the light blue bars represent the
total phosphorus concentration in the filtrate wdoe a filtration rate of 5 m/h, the green
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bars represent 10 m/h, the dark blue bars represgnn/h, and the dark purple bars
represent 20 m/h. On-line data were used to cartsFigure 6-11. The number of data
points per average value varies between approxiyn2@® and 3500 for the concentration
ranges 0 — 0.25, 0.25 — 0.50 and 0.50 — 0.75 nuga®it. For the concentration ranges 0.75
—-1.0,1.0-1.25 and 1.25 — 1.50 mg P-total/Lwkeh 30 — 200 data points are available.
The results presented in Figure 6-11 show verydsgteand hardly increasing total
phosphorus concentrations in the filtrate in the WRAEffluent for all the tested filtration
rates. The removal efficiencies of the differetirdiion rates do not differ much and are
approximately 55% for total phosphorus concentretiof 0 — 0.25 mg/L in the WWTP
effluent, increasing up to 90% for total phospharascentrations in the WWTP effluent of
1.25 - 1.50 mg/L.
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Figure 6-11 — Average total phosphorus removal for the comtirsusand filter A of the
Leiden Zuidwest WWTP for filtration rates of 5 m&Q m/h, 15 m/h and 20 m/h

The results for the dual media filter are showrFigure 6-12. The red bars represent the
total phosphorus concentration in the WWTP effluéme light blue bars represent the total
phosphorus concentration in the filtrate waterddiltration rate of 5 m/h, the green bars
represent 10 m/h, and the dark blue bars represenn/h. On-line data were used to
construct Figure 6-12. The number of data points @peerage value varied between
approximately 100 and 7500. Only for the dataseb afi/h, in the concentration ranges
0.75-1.0,1.0-1.25 and 1.25 — 1.50 mg P-totalfe fewer than 50 data points available.

The results illustrated in Figure 6-12 show inchegisotal phosphorus concentrations in the
filtrate water with increasing total phosphorus @emiration in the WWTP effluent. The
total phosphorus concentrations in the filtrate raa differ much when comparing the
different tested filtration rates for the concetitna ranges 0 — 0.25, 0.25 — 0.50 and 0.50 —
0.75 mg/L. Since the dataset of 5 m/h contains fettan 50 data points in the
concentration ranges 0.75 — 1.0, 1.0 — 1.25 arsl-42.2.50 mg P-total/L, these data have a
high uncertainty. When comparing the results in ¢bacentration ranges 1.0 — 1.25 and
1.25 — 1.50 mg P-total/L for a filtration rate di in/h and 15 m/h, similar total phosphorus
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concentrations are found. The removal efficiena@éshe filtration rates of 10 m/h and
15 m/h do not differ much and are approximately @@¥%total phosphorus concentrations
of 0 — 0.25 mg/L in the WWTP effluent, increasing to 70% for total phosphorus
concentrations in the WWTP effluent of 1.25 — 1nagyL.
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Figure 6-12 — Average total phosphorus removal for the duatlimdilter of the Leiden
Zuidwest WWTP (fine filter bed with biomass) foitfation rates of 5 m/h, 10 m/h and
15 m/h
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Figure 6-13 —Average removal efficiency for continuous sancefilA and the dual media
filter of the Leiden Zuidwest WWTP (fine filter beslith biomass) for filtration rates of
5 m/h, 10 m/h, 15 m/h and 20 m/h.

In Figure 6-13 an overview of the average remov¥ftiency for the different filtration
rates which were tested for continuous sand fitend the dual media filter are presented.
This figure shows that the removal efficiency foontinuous sand filtration slightly
decreased from 77.5% to 75% with increasing filbratrates. For the dual media, the
removal efficiency increased from 60% to 67% witbreasing filtration rates.
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6.2.4 Phosphorus removal in the filter bed

Figure 6-14 shows the profile measurements madettfer dual media filter at the
Horstermeer WWTP. This profile measurement was nuadéhe 18 of November 2008.
The metal/orthophosphorus ratio used was 4 molanadl the filtration rate was 10 m/h.
The profile measurement shows the phosphorus lision through the filter bed. The
information provided from these results show whittosphorus form was removed in the
filter bed. The graphs show the orthophosphorusefgiine), the metal-bound phosphorus
(red line), the particulate organic phosphorusKddue line), and the dissolved “organic”
phosphorus (light blue line) concentrations throtlghfilter bed.
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Figure 6-14 — Profile measurement combined with the TU Delfoghorus distribution
method for the dual media filter 19 November 2008 tlee Horstermeer WWTP
(Scherrenberg et al., 2009)

Figure 6-14 shows that nearly all the orthophospdddecreasing green line) which was
available in the WWTP effluent binds to metal i@fter coagulation and flocculation (see
the increasing red line in the upper water layer) decomes metal-bound phosphorus.
Metal-bound phosphorus and particulate organic s are removed in the filter bed.
A part of the orthophosphorus which was not tramsteto metal-bound phosphorus will
still be removed in the filter bed; this is probaldue to uptake by biomass and the
flocculation of colloidal metal-bound phosphorusissolved “organic” phosphorus will
pass the filter bed. The removal of phosphorushim filter bed is strictly caused by
filtration. The figure shows an increase in metaldd phosphorus before the sand layer is
entered and before the bottom plate of the fileedt s reached (see the cross-hatched areas
in the graph). The cause of this increase was sszlin Section 4.6.
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6.2.5 Change of phosphorus removal in the filter bed during the filter
runtime

In Figure 6-15 the phosphorus removal of the duadlimfilter with the fine filter bed and
biomass at the Leiden Zuidwest WWTP is shown dutimg-and-a-half days. The figure
shows the flow rate (blue graph, secondary y-axiélich was 30 riih (filtration rate of
10 m/h) during this period. The sharp decreaseabérflow rate represent backwashes of
the filter bed. A backwash was initiated when thper water layer exceeded the maximum
level, or when the turbidity in the filtrate wateras higher than 2 NTU, or when the
maximum runtime of 24 hours was exceeded. In tstalcomplete backwashes are shown
in the graph. The filter runtime varied in the skmoperiod between 8.5 and 10.5 hours. The
dotted line represents one backwash. The red graeplesents the total phosphorus
concentration in the WWTP effluent (primary y-axig)e green graph represents the total
phosphorus concentration in the filtrate watertefdual media filter (primary y-axis).

1.0 T 35
<+— Backwash

0.9

30
0.8

07 25

0.6

N
]

Flow rate [m3/h]

0.5

[
a

0.4

P-total concentration [mg/L]

0.3

10

0.2 o —_— |
5
0.1
0.0 T T 0
07-06-08 08-06-08 09-06-08
= P-total WWTP effluent P-total filtrate DMF = Flow rate DMF Time [dd-mm-yy]

Figure 6-15— Change in the phosphorus removal for the filteat during the filter runtime
for the dual media filter (fine filter bed, withdrhass) at the Leiden Zuidwest WWTP

Figure 6-15 illustrates the changes in phosphagu®owal in the filter bed during the filter
runtime. The graph shows a short increase of ftakphorus in the filtrate water of the
dual media filter after a backwash. The total pimasps concentration rose by
approximately 0.1 mg/L in 55 minutes. Another aspet the graph is that the total
phosphorus concentration in the filtrate watetef dual media filter increased at the end of
the filter runtime. This is called a breakthroughtbe filter bed. The backwash was
initiated by the upper water layer which exceededrhaximum level.
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6.2.6 Phosphorus uptake by denitrifying bacteria

At the WWTP Leiden Zuidwest WWTP research was cotetll to determine the
phosphorus uptake by denitrifying bacteria. Thegatent dosage for continuous sand filter
A was paused for a week in March 2008, but the areth dosage continued with
5 kg methanol/kg N@N. The filtration rate was 15 m/h. Figure 6-16 \s8che results for
the orthophosphorus removal in the filter bed (bldets) for removed NEN
concentrations of 0 mg/L to 8 mg/L and shows ttemtetical orthophosphorus removal for
the methanol dosage (red line). To construct Figui®, only the results which contained
between 100 to 500 data points were used.

Figure 6-16 shows that the orthophosphorus remisvaitially higher. This is seen in the
graph for a removal of 0.0 mg/L where the orthopimasus theoretically is 0.0 mg/L, but
the trend line of the measured data shows an dntigghorus removal of 0.033 mg/L. The
slope of the trend line made for the practical da@ 018 mg P-ortho/mg NEN removed.
The slope of the theoretical orthophosphorus remgs/@.010 mg P-ortho/mg NEN
removed. The effect of this higher orthophospheemoval might have been caused by the
biological conversion of (ortho)phosphorus, remoeficolloidal and bound (particulate)
phosphorus by the biofilm and the filter bed, or hgsorption (STOWA, 2009a).
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Figure 6-16 — A comparison of the theoretical orthophosphoreiioval by biomass
(methanol dosage, STOWA, 2009a) and the measusedtsef Continuous Sand Filter A
without coagulant dosage.

6.3 Comparing with or without biomass

The previous sections presented the results oétiibin without biomass (Section 6.1) and
filtration with biomass (Section 6.2). Results loé rombination of adsorption and filtration
with biomass are described in Section 6.4. Thelteshown in this section are the results
of the dual media filter of the Leiden Zuidwest WWIT The average phosphorus
distribution of the filtrate (Subsection 6.3.1)etdifferences in the phosphorus removal in
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the filter bed (Subsection 6.3.2), the decreasstonage capacity of the filter bed due to
biomass and the decrease in filter runtime areribest (Subsection 6.3.3).

6.3.1 Comparison of the phosphorus distribution after filtration

The average phosphorus distributions for the duedlianfilter at the Leiden Zuidwest

WWTP (fine filter bed) were used to compare the gpimrus removal with or without

biomass. The average phosphorus distribution with@mmass was previously described in
Subsection 6.1.1 and with biomass in Subsectior 6.2
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Figure 6-17 — Left: Average (11 samples) phosphorus distribution ferfiltirate of CFB,
after coagulation in the upper water layer andfiltwate of the dual media filter (Filtrate
DMF) for the Leiden Zuidwest WWTP (fine filter bedjthout biomass). Right: Average
(2 samples) phosphorus distribution for the WWTHRueht and the filtrate of the dual
media filter (Filtrate DMF) for the Leiden ZuidweatWTP (fine filter bedwith biomass).

For both situations the initial total phosphorusngentration in the feed water was
approximately 0.7 mg/L. The fine filter bed withdhibmass reached the average removal
efficiency for total phosphorus of approximately%80for filtration with biomass the
average removal efficiency was approximately 70%isTas largely caused by the metal-
bound phosphorus concentration which was 0.10 rimgthe filtrate of the dual media filter
with biomass and was 0.05 mg/L for filtration witlidoiomass. Another difference which
is seen when comparing the two situations is theokal of the organic phosphorus forms.
The feed water for filtration without biomass cdn&l, 0.09 mg/L dissolved “organic”
phosphorus and 0.01 mg/L particulate organic phaggh for filtration with biomass the
feed water contained 0.08 mg/L dissolved ‘orgampibbsphorus and no particulate organic
phosphorus was present. In the case of filtratigihout biomass, the concentration of
dissolved “organic” phosphorus was 2.5 times theceatration of filtration with biomass.
This might have been caused by the compositiorhefdissolved “organic” phosphorus
which may contain varying concentrations of colididrganic phosphorus.

6.3.2 Changes in the removal in the filter bed

The pressure along the filter bed is read by mamermevhich are attached on the taps
which can be used for sample tanking, by doing ahisndquist diagram can be made (see
also Section 3.4). Lindquist diagrams were conspdidor the dual media filter at the
Leiden Zuidwest WWTP for the situations with andtheut biomass. The Lindquist
diagrams which are shown in Figure 6-18 were mada ffiltration rate of 10 m/h and a
constant ferric(lll)chloride dosage of 5.0 mg/L.€eTteft graph represents the Lindquist
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diagram without biomass and the right diagram regmés the results with biomass.
Pressure readings were conducted during the filbetime (different lines, legend shows
the minutes of the filter runtime), which was appneately 11 hours for the situation
without biomass and approximately 6 hours for fiieasion with biomass. The horizontal
axis represents the pressure in the meter watameoblnd the vertical axis represents the
filter bed height.
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Figure 6-18 —Lindquist diagram for the dual media filter of theiden Zuidwest WWTP
(fine filter bed). Top graph shows the Lindquisagliam during the filter runtime without
biomass, the bottom graph shows the Lindquist diagrwith biomass. In both situations a
filtration rate of 10 m/h and a constant coaguizgage of 5 mg B&L was used (Van den
Berg van Saparoea, 2008).

The top graph of Figure 6-18 shows that, for tiieasion without biomass, the pressure is
increasing in the anthracite layer, just above shad layer. The maximum filter bed
resistance was found in the middle of the sandr/ayreund a filter bed height of 50 cm and
at approximately 1.2 mWC. The Lindquist diagramhwiiiomass (bottom graph) shows a
maximum filter bed resistance at the transitiompdietween the anthracite layer and the
sand layer. The maximum filter bed resistance a@pmately 1.1 mWC. From this it can
be concluded that the removal in the anthraciterlay higher when biomass is present in
the filter bed compared to the situation withowtrbass.
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6.3.3 Decrease of storage in the filter bed; decrease of the runtime

A decrease in the storage capacity for phospharespected for filtration with biomass
when compared with filtration without biomass. Twaéstigate this, the ferric(lll)chloride
concentration was measured in the filtrate of thel dnedia filter at the Leiden Zuidwest
WWTP for the fine filter bed. The ferric(lll)chlate concentration is comparable to the
phosphorus concentration, but the advantage isfénac(lll)chloride can be dosed in a
constant amount which makes it easier to compdferelnt settings. Table 6-1 shows the
results for a filter bed with and without biomafs, a filtration rate of 10 m/h and 15 m/h
combined with ferric(lll)chloride dosages betweerb 2mg/L and 7.5 mg/L. The
ferric(lll)chloride storage in the filter bed waalculated by making a mass balance over
the filter bed.

Table 6-1— Average phosphorus removal of the dual medierfiduring the filter runtime
(Van den Berg van Saparoea, 2008)

Filtration FeCl; dosage Runtime F&in Fe** storage
Situation rate filtrate
[m/h] [mg/L] [I/h] [min] [mg/L] [kg/run]
Without biomass 10 5.0 0.77 745 0.85 1.70
10 7.5 1.12 435 0.62 1.57
Without biomass 15 3.2 0.74 435 1.50 0.76
15 5.0 1.15 265 1.12 0.86
15 7.5 1.72 195 0.94 1.02
With biomass 10 2.5 0.38 550 1.20 0.41
10 5.0 0.77 370 0.90 0.80
10 75 1.12 365 0.73 1.27
With biomass 15 2.5 0.57 320 0.52 0.54
15 5.0 1.14 200 0.69 0.71

As described in Subsection 6.1.3, the coagulanagiéas a major influence on the filter
runtime. This was confirmed by the results showrTable 6-1, indicating a decreasing
filter runtime for an increasing ferric(lll)chlorddosage. It should be taken into account
that the filter runtime presented in the table ddfiltration rate of 10 m/h without biomass
in combination with 5 mg B&L is extremely long when compared with the (avejaon-
line data. Therefore, it can be assumed that ttex funtime for filtration with biomass is
approximately 70 — 150 minutes shorter comparefittation without biomass. The Be
storage shows increasing values for increasingc{éijchloride dosages except for a
filtration rate of 10 m/h without biomass in comdiion with 5 mg F&/L. The available
storage in the filter bed was approximately 0.76.7 kg F&'/run for filtration without
biomass and 0.41 — 1.27 kg®Heun for filtration with biomass. The difference storage
gives an estimation of the biomass present inittee bed. The measured difference irf Fe
storage between filtration with and without biomasapproximately 0.39 kg Eérun.
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6.4 Filtration with the 1-STEP © filter

This section describes the results of the 1-STHRer which was used at the pilot
installation at the Horstermeer WWTP. The resubs the 1-STEP filter contain
phosphorus distributions, phosphorus size fractions, profile measurements and on-line
data. This section is divided into six subsectidhisbsection 6.4.1 describes the results of
the influence of 1-STEP filtration on the phosphorus distribution. Subgett6.4.2
describes the results of 1-STERiltration on the phosphorus size fractionatiorheT
optimal filtration rate and the consequences ofvfluctuations with regard to the
phosphorus removal are described in Subsectio3.6Rhosphorus removal through the
filter bed is described in Subsection 6.4.4. Sutimed.4.5 describes the adsorption of
phosphorus onto the activated carbon and Subse6tif describes the changes in the
phosphorus removal during the filter runtime.

6.4.1 Influence of 1-STEP® filtration on the phosphorus distribution

In the period from March to December 2008, a tofal4 phosphorus distributions were
made; the averaged results are shown in Figure. &L9hosphorus distributions were
made with a metal/orthophosphorus ratio of 4 mol/aral a filtration rate of 10 m/h. The
graph shows the phosphorus distribution into paldie organic phosphorus (dark blue
bars), dissolved “organic” phosphorus (light blaed), metal-bound phosphorus (red bars)
and orthophosphorus (green bars) for the WWTP aftiuthe upper water layer of the filter
and the filtrate. The results are shown in conediatns.

Figure 6-19 shows an increase in the total phosghooncentration in the upper water
layer compared to the WWTP effluent. The cause hi§ tncrease was discussed in
Subsection 4.4.2. Apart from this, the graph shdves nearly all orthophosphorus (green
bar, left column) is bound to metal ions after adatjon and flocculation (see the
remaining green bar in the middle column). Neallytlze orthophosphate which is not
bound will pass the filter bed. Almost all the mié¢iaund phosphorus, approximately 93%,
was removed in the filter bed (see the remainiigoar in the right column). The dissolved
“organic” phosphorus decreased after flocculatiod the particulate organic phosphorus
increased after flocculation, suggesting that iy/rina colloidal or associated with colloidal
material (Stevens and Stewart, 1982). The partieutaganic phosphorus was almost
completely removed in the filter bed (removal efficy of 95%). Dissolved “organic”
phosphorus will pass through the filter bed.
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Figure 6-19 -Average phosphorus distribution (14 measuremeatshe 1-STEP filter at
the Horstermeer WWTP (STOWA, 2009b)
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6.4.2 The influence of 1-STEP® filtration on the phosphorus size
fractionation

At the Horstermeer WWTP, phosphorus size fractionat were made for the 1-STEP
filter. The metal/orthophosphorus ratio was 4 molmnd the filtration rate was 10 m/h.
The results are illustrated in Figure 6-20. Thelvads in this figure indicate the results for
the WWTP effluent and the green bars for the fifira’he results show a decrease for all
the size fractions with the exception of the fractD.45 — 2um where a small increase in
phosphorus was found. The estimated floc sizeenWWTP effluent was 10..im and in
the filtrate 4.3um
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Figure 6-20— Phosphorus size distribution of WWTP effluend afithe 1-STEP filtrate
of 23 March 2008
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6.4.3 Optimal filtration rate: flow fluctuations compared with a constant
filtration rate

To investigate whether a constant filtration ratewarying filtration rate has an influence
on the phosphorus removal, experiments were coadu€br the constant flow situation a
filtration rate of 10 m/h was used. On-line datatfte period January — August 2008 were
analysed. For the flow fluctuations, a simulatioithva filtration rate of 10 m/h (16 hours)
and a filtration rate of 15 m/h (6 hours) was ranSeptember and October 2008. When
changing the filtration rates, a period of 1 hoaswsed to slowly increase or decrease the
filtration rate to the new setting. The resultslioth situations are illustrated in Figure 6-21.
The top graph shows the results for a constamatfiith rate of 10 m/h. The bottom graph
shows the results of flow fluctuations. The red sbaepresent the total phosphorus
concentration in the WWTP effluent, these conceioima are calculated with Figure 5-4,
because only the orthophosphorus concentrationessared in the WWTP effluent. The
blue bars represent the sum of the orthophosplardgshe metal-bound phosphorus in the
filtrate, and the green bars represent the totakphorus concentration in the filtrate. The
number of data points used for the constant fitiratate varied between 50 and 4300. For
the total phosphorus concentrations in the WWTHRiefit< 1.0 mg/L, more than 200 data
points were available. For the dry weather andyrameather simulations, between 10 and
4200 data points were available. For total phosphooncentrations in the WWTP effluent
< 0.7 mg/L, more than 150 data points were available

The results for the flow fluctuations show an imged phosphorus removal for total
phosphorus concentrations in the WWTP effluent ®f3>mg/L compared to a constant
filtration rate, but this was probably caused by $imall number of data points which were
available in this concentration range. Both situai show, for total phosphorus
concentrations in the WWTP effluent between 0.1.3-rhg/L, a very steady phosphorus
removal with total phosphorus concentrations in fiieate around 0.1 mg/L. The filter
runtimes decreased from 12 hours to approximatelyoérs during the simulation test
period.

135



Filtration rate 10 m/h
16

1.4
=
3 12
E
= 1.0
8
B 0.8
S 061
g
S 0.4
o
0.2 1
0.0
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 11 1.2 13 1.4 15
Flow fluctuation: 16h 10m/h and 6h 15 m/h Concentration P-total WWTP effluent [mg/L]
1.8
1.6
o) 1.4
=2
£ 1.2
c 1.0
k<]
g 08
S 06
g
S 0.4
0.2
0.0
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 11 1.2 13 1.4 15 1.6
Concentration P-total WWTP effluent [mg/L]
B P-tot WWTP effluent By P ortho_metal-bound filtrate @P-total filtrate

Figure 6-21— A constant filtration rate of 10 m/h comparedidov fluctuations

During the test period, the influence of the fiitbpa rate on the phosphorus removal was
investigated. Normally, increased filtration ratats the wastewater treatment plant are
caused by storm water; in that case the increasigediltration rate will be combined with

a dilution of the wastewater. This effect was resttéd and therefore the presented results
will overestimate the concentrations of the WWTfueht.

6.4.4 Removal of phosphorus through the filter bed

Figure 6-22 shows a profile measurement which wadenin combination with phosphorus
distributions. This profile measurement was madettn 19' of November 2008. The
metal/orthophosphorus ratio used was 4 mol/mol taedfiltration rate was 10 m/h. The
profile measurement shows the phosphorus distdbutirough the filter bed. The
information provided from these results show whittosphorus form was removed in the
filter bed. The graph shows the orthophosphorusefgiine), the metal-bound phosphorus
(red line), the particulate organic phosphorusKddue line) and the dissolved “organic”
phosphorus (light blue line) concentrations throtlghfilter bed.

Figure 6-22 shows that nearly all the orthophospdddecreasing green line) which was
available in the WWTP effluent is bound to metalsaafter coagulation and flocculation
(see the increasing red line in the upper wategrfagnd becomes metal-bound phosphorus.
Metal-bound phosphorus and particulate organic jpimsis were removed in the filter bed.
Dissolved “organic” phosphorus will pass the filbexd, despite the filter media of activated
carbon. Adsorption of “organic” phosphorus did netur. The removal of phosphorus in
the filter bed was strictly caused by filtratiorhel profile measurement shows an increase
in metal-bound phosphorus just before the bottaatepdf the filter bed is reached (see the
cross-hatched area in the graph). The cause afitrisase was discussed in Section 4.6.
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Figure 6-22 — Profile measurement combined with the TU Delfoggphorus distribution
method for the 1-STE¥filter, 19" November 2008 at the Horstermeer WWTP

6.4.5 The adsorption of organic phosphorus

Activated carbon samples were taken at three diffefilter bed heights to investigate the
adsorption of organic phosphorus forms on the atgty carbon. The sample points are

* new activated carbon;

» upper layer of the filter bed (0 - 40 cm depth);

* middle layer of the filter bed (80 - 120 cm depth);

» bottom layer of the filter bed (147 - 187 cm depth)
The determination of the phosphorus was conductedNbrit. The results are shown
inTable 6-2.

To determine the phosphorus concentrations in atetily carbon samples, first the mass
percentage of total phosphorus was analysed fothall different samples. This was
converted to the theoretical orthophosphorus cdmagon by multiplying the mass
percentage of total phosphorus with the molar wegfhorthophosphorus divided by the
molar weight of the phosphorus element. Acid exiomc of the orthophosphorus
(extractive P-ortho) made it possible to measueedtithophosphorus concentration which
was attached to the activated carbon. It shoulddied that metal-bound phosphorus will
dissolve and form orthophosphorus due to the anidrenment and, therefore, will be
measured as orthophosphorus.
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Table 6-2— Phosphorus measurements activated carbon (STQ00%b)

P-total E;t_roari:]ige Trlligrrfrt]i(():al Difference P-ortho
Sample point [M%] [M%)] [M%] [M%]
Unused activated carbon 121 4.70 3.71 1.03
Upper layer 1.09 3.40 3.34 0.06
Middle layer 1.06 3.60 3.25 0.35
Bottom layer 1.01 3.45 3.10 0.35

Comparison of the mass percentages for the mastimearetical orthophosphorus with the
measured orthophosphorus shows that the measutieopbosphorus concentrations are
higher for all samples. These results indicate aiahe phosphorus which is present in the
activated carbon samples is orthophosphorus. likédy that organic phosphorus is not
adsorbed or that very little is adsorbed to thévatdd carbon. The removal mechanism for
organic phosphorus is filtration.

6.4.6 Change of phosphorus removal of the filter bed during the filter
runtime

Figure 6-23 shows the changes in the phosphorusvann the filter bed during the filter

runtime. To determine the changes in the phosph@mval on-line data were used for
the period June to November 2008. From June toeBdpr, a constant filtration rate of
10 m/h was used, and in October and November angather and rainy weather (see
Subsection 6.4.3) simulation program was used.m&amum filter runtime was 12 hours,
with bump cleanings every 3 hours. The metal/oftagphorus ratio used was 4 or
5 mol/mol.

The results shown in Figure 6-23 are average vafiepproximately 300 data points for
orthophosphorus and for total phosphorus in theafé during the filter runtime. The
shaded areas represent the bump cleanings. Thagaveatal phosphorus concentration in
the filtrate varies between 0.0075 mg/L and 0.1¥Lmé@lthough this difference is very
small, a clear pattern is visible. Just after akbesh, at the beginning of a filter run, the
orthophosphorus and the total phosphorus concentrai the filtrate rose for about 50
minutes. The concentrations will decrease untilump cleaning starts; after a bump
cleaning the orthophosphorus and the total phospghooncentrations rose again. This is
especially true after the third bump cleaning. Frarfilter runtime of 7 hours, the
orthophosphorus and the total phosphorus concentran the filtrate increased. This
increase is partly recovered after the third buhgaring, but after a filter runtime of 10
hours the concentrations increased again.
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Figure 6-23 —Orthophosphorus and total phosphorus concentratiotise filtrate of the
1-STEP filtrate (Horstermeer WWTP) during the filter rime. The runtime is 12 hours,
every three hours a bump cleaning takes place. rébalts show average values of
approximately 300 measurements

6.5 Phosphorus removal from WWTP effluent

This section presents the phosphorus removal fahaldifferent filtration techniques and
process conditions which were tested during théeaech. Subsection 6.5.1 describes the
results of the dual media filtration at the Leidémdwest WWTP without biomass for a
fine and a coarse filter bed. Subsection 6.5.2rd@s the results of filtration with biomass.
Dual media filtration at the Horstermeer WWTP, @ombus sand filtration and dual media
filtration at the Leiden Zuidwest WWTP (coarse dimé filter bed) are described in this
subsection. 1-STEFfiltration is described in Subsection 6.5.3. Fiyed comparison of the
removal efficiencies of the different techniquegiigen in Subsection 6.5.4.

6.5.1 Filtration without biomass

To investigate the total phosphorus removal from WRAeffluent for a fine and a coarse
filter bed without biomass, on-line data for thealmedia filter of the Leiden Zuidwest
WWTP was used. Data used for the coarse filterviber@ from January 2007 to mid- June
2007 and for the fine filter bed from mid-June 2Q0%il mid-April 2008. In Figure 6-24,
the results are illustrated for the coarse filted land the fine filter bed. Data used for the
construction of the graph all had a filtration rafe10 m/h and a metal/orthophosphorus
concentration of 4 mol/mol. The red bars in Fig&®4 represent the average total
phosphorus concentration in the WWTP effluent;dheen bars represent the average total
phosphorus concentration in the filtrate of thelduadia filter with the coarse filter bed.
The blue bars represent the average total phospltoncentration in the filtrate of the dual

139



media filter with the fine filter bed. The numbédrdata points used to calculate the average
concentrations were between 100 and 4300.

The results provided in Figure 6-24 show increasatgl phosphorus concentrations in the
filtrates of both filter beds for an increasingalophosphorus concentration in the feed
water. The difference between the total phosphoongentration in the filtrate for the fine

and the coarse filter bed is quite constant andnisaverage 0.13 mg P-total/L. The
difference between the coarse filter bed and the filter bed is clearly seen for all total

phosphorus concentrations in the WWTP effluent.d&tne filter bed, the total phosphorus
concentration in the filtrate increased in stag@s. increase in the total phosphorus
concentration can be seen for total phosphorus ecdrations in the feed water of

0.2 — 0.6 mg/L. For total phosphorus concentrationhe feed water of 0.7 — 1.1 mg/L a
total phosphorus concentration of approximatelf0®y/L can be found in the filtrate. For

total phosphorus concentrations in the feed watet.d — 1.5 mg/L, a total phosphorus

concentration of approximately 0.4 mg/L can be fbimthe filtrate.
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Figure 6-24— Average total phosphorus removal for a coarse dimedilter bed without
biomass. Made with on-line data available for tleéden Zuidwest WWTP

The removal efficiency for total phosphorus for ttearse filter bed is approximately 26%
for a total phosphorus concentration in the WWTHRueft of 0.2 mg/L, and is
approximately 50 - 60% for total phosphorus conegiuns in the WWTP effluent of
0.6 mg/L to 1.5 mg/L. The removal efficiency fotabphosphorus is for the fine filter bed
approximately 65 - 75% for total phosphorus conegiuns in the WWTP effluent of
0.2 mg/L to 1.5 mg/L.

6.5.2 Filtration with biomass

Phosphorus removal in combination with denitrificatwas tested with the Continuous
Sand Filter A and the dual media filter at the legidZuidwest WWTP and with the dual
media filter at the Horstermeer WWTP. The resultfhese three installations are presented
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in this section. For the dual media filter at theiden Zuidwest WWTP, results are shown
for the fine and the coarse filter beds.

Dual media filter at the Horstermeer WWTP

Figure 6-25 was made with the on-line data from7280d 2008. The reason for the use of
two years of on-line data is the frequent malfumttof on-line analysers. Data with
metal/orthophosphorus ratios between 3 and 5 mbMrace selected. The figure shows the
total phosphorus concentration in the WWTP efflugatl bars). These concentrations are
calculated with Figure 5-4, because only the ortlogphorus concentration is measured in
the WWTP effluent. The blue bars represent the siiithe orthophosphorus and metal-
bound phosphorus in the filtrate, and the grees bapresent the total phosphorus in the
filtrate. The concentrations shown are averageegslThe number of data points used to
calculate the average concentrations are betweeand02500 data points. For the total
phosphorus concentrations in the WWTP effluent .8f idg/L and higher, fewer than 50
data points were available. Because of this, taplgonly shows an orthophosphorus range
in the WWTP effluent of 0.1 mg/L to 1.0 mg/L.
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Figure 6-25— Removal of phosphorus with coagulant and methdasage for the dual
media filter at the Horstermeer WWTP

Figure 6-25 shows for increasing total phosphomscentrations in the WWTP effluent
also increasing orthophosphorus (+metal-bound pgimsig) and total phosphorus
concentrations in the filtrate. The removal efficig for total phosphorus was
approximately 60% for total phosphorus concentretian the WWTP effluent of

0.2 - 0.5 mg/L and was approximately 70% for tgthbsphorus concentrations in the
WWTP effluent of 0.6 mg/L to 1.0 mg/L.
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Continuous sand filtration at the Leiden Zuidwest WNTP

For the construction of Figure 6-26, on-line datarf January 2008 to July 2008 were used.
These are the data which were available for afitin rate of 20 m/h in combination with a
metal/orthophosphorus ratio of 7.5 for orthophospbBoconcentrations in the WWTP
effluent < 0.15 mg/L and a ratio of 4 mol/mol forttmphosphorus concentrations in the
WWTP effluent > 0.15 mg/L. The figure shows theatqgthosphorus concentration in the
WWTP effluent (red bars), the sum of the orthoplhosps and metal-bound phosphorus in
the filtrate (blue bars), and the total phosphoimsthe filtrate (green bars). The
concentrations shown are average values. The nuaflgata points used to calculate the
average concentrations are between approximately d@@l 1500 data points for the
concentration area of 0.1 — 0.7 mg/L and betweenaB@ 50 data points for the
concentration area of 0.8 — 1.5 mg/L.

Figure 6-26 shows, for increasing orthophosphorscentrations in the WWTP effluent,
very steady orthophosphorus (+metal-bound phosghorand total phosphorus
concentrations in the filtrate. The total phosplsononcentration in the filtrate varies
around 0.15 mg/L for the whole range. The removéctiency for total phosphorus is
approximately 30% for a total phosphorus conceioinah the WWTP effluent of 0.1 mg/L
and is 90% and higher for total phosphorus conaéotrs in the WWTP effluent of
0.8 mg/L to 1.5 mg/L.
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Figure 6-26— Removal of phosphorus with coagulant and methdosage for continuous
sand filter at the Leiden Zuidwest WWTP

Dual media filtration at the Leiden Zuidwest WWTP

To investigate the total phosphorus removal from WRAEffluent for a fine and a coarse
filter bed with biomass, on-line data were usecke dhta used for the coarse filter bed were
from mid-April 2008 to mid-October 2008 and for tfine filter bed from mid-October
2008 until mid-January 2009. In Figure 6-27 thaultssare illustrated for the coarse filter
bed and the fine filter bed with biomass. Data usedhe construction of the graph all had
a filtration rate of 10 m/h and a metal/orthophaspis concentration of 4 mol/mol. The red
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bars in Figure 6-27 represent the average totagiarus concentration in the WWTP
effluent; the green bars represent the averagepbtsphorus concentration in the filtrate
of the dual media filter with the coarse filter b&dhe blue bars represent the average total
phosphorus concentration in the filtrate of thelduadia filter with the fine filter bed. The
number of data points used to calculate the avecageentrations were between 20 and
1100 data points for the coarse filter bed and betws0 and 3700 data points for the fine
filter bed.

The results displayed in Figure 6-27 show increpsital phosphorus concentrations in the
filtrates of both filter beds for an increasingalophosphorus concentration in the feed
water. The total phosphorus concentration in theafe of the coarse filter bed increased
more rapidly compared to the fine filter bed. Forat phosphorus concentrations in the
WWTP effluent of 0.8 — 1.3 mg/L, the total phosplmrconcentrations in the filtrate of the
coarse filter bed are approximately double the eatration of the fine filter bed. The
removal efficiency for total phosphorus is approxiety 50% for a total phosphorus
concentration in the WWTP effluent of 0.2 mg/L ihet coarse filter bed, and is
approximately 25 - 35% for total phosphorus conegiuns in the WWTP effluent of
0.8 mg/L to 1.3 mg/L. The removal efficiency fotabphosphorus is approximately 20%
for a total phosphorus concentration in the WWTHueit of 0.1 mg/L for the fine filter
bed, and is approximately 60 - 70% for total phasph concentrations in the WWTP
effluent of 0.3 mg/L to 1.5 mg/L.
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Figure 6-27— Average total phosphorus removal for the coargkthe fine filter bed with
biomass and a filtration rate of 10 m/h. Made wath line data available for the Leiden
Zuidwest WWTP

6.5.3 1-STEP®filtration

Figure 6-28 was made using the on-line data of 2@@8a with metal/orthophosphorus
ratios between 3 and 5 mol/mol were selected. Tduerd shows the total phosphorus
concentration in the WWTP effluent (red bars). Ehesncentrations are calculated with
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Figure 5-4, because only orthophosphorus of the W\Weffluent were measured. The blue
bars represent the sum of the orthophosphorus atal-mound phosphorus in the filtrate,

and the green bars represent the total phosphoriiee ifiltrate. The concentrations shown
are average values. The number of data points tosealculate the average concentrations
were between 75 and 8300 data points. For the fdtakphorus concentrations in the
WWTP effluent of 1.2 mg/L and higher, less than 2@fa points were available.

The results show a consistent response. The tbtaphorus concentration in the filtrate
slightly increased with an increasing total phospsaconcentration in the WWTP effluent
up to 1.3 mg/L. When the total phosphorus concéatran the WWTP effluent exceeded
1.3 mg/L, the total phosphorus concentration irgedarapidly. The removal efficiency for
orthophosphorus was between 80% and 90% for tdtakghorus concentrations in the
WWTP effluent of 0.2 mg/L to 1.3 mg/L.
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Figure 6-28 - Removal of phosphorus with coagulant and methamsdage for the
1-STEP filter at the Horstermeer WWTP
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6.5.4 Comparing the removal efficiencies

In Figure 6-29 the total phosphorus removal efficies for dual media filtration at the
Leiden Zuidwest WWTP (coarse filter bed, withoubroass), dual media filtration at the
Leiden Zuidwest WWTP (fine filter bed, without biess), dual media filtration at the
Horstermeer WWTP (with biomass), continuous saftdafion at the Leiden Zuidwest
WWTP (with biomass), dual media filtration at theiden Zuidwest WWTP (coarse filter
bed, with biomass), dual media filtration at theédem Zuidwest WWTP (fine filter bed,
with biomass) and 1-STEHiltration are presented.
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The two lowest removal efficiencies (black and geatines) shown in Figure 6-29 were
reached by the dual media filter in combinationhvifie coarse filter bed (with and without
biomass) at the Leiden Zuidwest WWTP. The remoffadiencies remained mainly below
60%. For the same dual media filter but with theeffilter bed (pink and green lines) the
removal efficiencies are comparable for the sitrativith or without biomass, namely
between 60% and 70%. The dual media filter at tbestérmeer WWTP (with biomass)
shows removal efficiencies in the range of 60%3&8red line). The 1-STEilter at the
Horstermeer WWTP (blue line) shows higher removitiencies compared to dual media
filtration, namely a removal efficiency in the rangf 60% up to 90% for total phosphorus
concentrations of 0.2 — 1.2 mg/L. The highest reamhcefficiencies were reached with
Continuous Sand Filter A (turquoise line) at theidem Zuidwest WWTP, removal
efficiencies of 90% up to 95% were reached forItptaosphorus concentrations in the
WWTP effluent of 0.7 — 1.5 mg/L.
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Figure 6-29 — Removal efficiencies for the different filtratidechniques with or without
biomass at the Horstermeer WWTP and the Leidenviiesd WWTP

6.6 Summary

This chapter describes the phosphorus removal siitlgle media filtration (1-STEP
filtration), dual media filtration and continuouarsl filtration. Phosphorus distributions,
phosphorus size fractionations and profile measergsnare presented for filtrate water
using different filtration techniques. The resullsscribe the optimal filtration rate, the
influence of the floc size on the phosphorus rerhae removal of phosphorus through
the filter bed, the changes in the phosphorus ramduring the filter runtime and the
phosphorus uptake by denitrifying bacteria. Themisidings in this chapter are described
in this summary.
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. Increasing total phosphorus concentrations in el fwater result in increasing
total phosphorus concentrations in the filtrate emafThe coagulant dosage is of major
influence on the filter runtime. With increasingagmlant dosage, the filter runtime
decreases.

. Larger flocs formed with a flocculation time of &dinutes do not result in higher

removal efficiencies in the filter bed. It appedtst the average total phosphorus
concentration after filtration with a maximum fladation time is higher compared to the
situation with a minimum flocculation time. Not grik the floc size important but the floc

strength is also of high importance.

. For dual media filtration, increasing total phospl®concentrations in the feed
water result in increasing total phosphorus comegiohs in the filtrate water, but for
continuous sand filtration this increase did notdleto higher total phosphorus
concentrations in the filtrate.

. The removal mechanism of particulate organic phosgh and dissolved
“organic” phosphorus is filtration. This can be chmled from the profile measurements
and the phosphorus determination on the activadguba.

. 1-STEP filtration reaches higher removal efficiencies @amed to dual media
filtration. Continuous sand filtration reached thghest removal efficiencies for total
phosphorus concentrations of 0.1 — 1.5 mg/L.
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7 Temperature influences

The influence of temperature on the coagulation #occulation processes is a known
phenomenon and many literature references can ured f¢Subsections 2.2.2 and 2.3.2).
However, information about temperature influencegphosphorus removal by filtration is
hard to find. Research was conducted at the Honster WWTP and at the Leiden
Zuidwest WWTP to investigate the temperature infbeeon the coagulation, flocculation
and filtration processes.

This chapter describes the temperature influencehenphosphorus distribution in the
WWTP effluent and after coagulation/flocculatiore¢Bon 7.1). Experiments to investigate
how the floc size is influenced by the temperatwere conducted with jar tests. Water
samples from the effluent of the Horstermeer WWT the Leiden Zuidwest WWTP

were used. The results of these jar tests are idedcin Section 7.2. The results of the
temperature influence on the filtration are desmtin Section 7.3.

7.1 Temperature influence on the phosphorus

distribution

To determine the effect of the temperature on thesphorus distribution of WWTP
effluent data from the Horstermeer WWTP are usdte Tataset is divided into water
temperatures of <13°G13 - <18°C and> 18°C. The results are shown on Figure 7-1. In
the graph the green bars represent orthophosphtireisied bars represent metal-bound
phosphorus, the light blue bars represent dissdieaghnic” phosphorus and the dark blue



bars represent particulate organic phosphorus. figpere shows the highest total
phosphorus concentrations for water temperatures1@°C. This is mainly caused by
increased metal-bound phosphorus (red bars) angatieulate organic phosphorus (dark
blue bars) concentrations when compared to highemperatures. The orthophosphorus
concentration (green bars) is constant for all terafures and is approximately 0.3 mg/L.
The dissolved “organic” phosphorus concentratiggh{lblue bars) is also constant and is
approximately 0.04 mg/L for all temperature rangdfie lowest total phosphorus
concentration in the WWTP effluent is found for emmatemperatures of13 - <18°C.
Temperatures higher than 18°C mainly show an isereaf metal-bound phosphorus
compared tx13 - <18°C.

1.0

0.9

0.8

0.7

0.6

0.5

0.4 1

0.3 7

Phosphorus concentration [mg/L]

0.21

0.1+

0.0 4
<13T <13T-<18T 218T

Temperature ranges [C]
W Particulate organic P O Dissolved “"organic” P B Metal-bound P @ P-ortho

Figure 7-1 - Comparison of the phosphorus distribution of WWe&Huent for water
temperatures of <13°C (6 data points)3 - <18°C (16 data points) ard18°C (46 data
points)

It can be concluded that the water temperatureuénites the concentrations of the
particulate phosphorus forms in this WWTP effluéiifte optimal temperature range<is3
- <18°C.

7.2 Temperature influence on coagulation

To determine the effect of temperature on coagquiatdata from the Leiden Zuidwest
WWTP were used. Figure 7-2 shows the results of ghesphorus distributions in
concentrations and proportionally for a water terapee higher than 15°C (4
measurements) and lower than 15°C (13 measureméntshe graphs, the green bars
represent orthophosphorus, the red bars represetat-bound phosphorus, the light blue
bars represent dissolved “organic” phosphorus aeddairk blue bars represent particulate
organic phosphorus. Samples were taken of the WW&afuent and after
coagulation/flocculation, which was from the uppeater layer of the dual media filter.

When comparing the phosphorus distributions for°€l&nd >15°C, it becomes clear that
no obvious differences can be found for the WWTRIefit as well as after coagulation. In
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Chapter 7 — Temperature influences

both situations the orthophosphorus concentratidché WWTP effluent was about 75% of
the total phosphorus concentration. ApproximateBf68of the orthophosphorus was
transferred to metal-bound phosphorus after coagdlesage. This was independent of the
temperature.
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Figure 7-2 - Comparison of the phosphorus distribution of WWe&fluent and after
coagulation (upper water layer of the dual medigrji for water temperatures of >15°C
(left) and <15°C (right)

7.3 Temperature influence on the floc size

The effect of temperature on floc formation and flize was tested with jar tests at three
different temperatures. The results are divided imto subsections: the first, Subsection
7.3.1, deals with the data available for the Homsee=r WWTP where PAX-11 (poly
aluminium chloride) was used as a coagulant. Thersk Subsection 7.3.2, deals with the
results of the Leiden Zuidwest WWTP where ferrig¢ihloride and Q-pus (poly aluminium
chloride) were used as the coagulants.

7.3.1 Flocculation with poly aluminium chloride at the Horstermeer WWTP

The jar tests at the Horstermeer WWTP were conduati¢h PAX-11 (poly aluminium
chloride) at temperatures of 10°C, 15°C and 20°e Tmetal/orthophosphorus ratio used
was 16 mol/mol and the pH of the WWTP effluent \p&s6.1. The metal/orthophosphorus
ratio is relatively high; this is due to a constdosing of 7 mg AT/L to be able to compare
the results with the experiments conducted at thiddn Zuidwest WWTP. Table 7-1 and
Figure 7-3 show the results of the phosphorus fsasionations for WWTP effluent (red
bars), after coagulation and flocculation at 10b@i€ bars), at 15°C (green bars) and at
20°C (purple bars).
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Table 7-1 and Figure 7-3 show that the WWTP efftumsists mainly of orthophosphorus
(red bar <0.45 um). After coagulant dosage, ortbsphorus is transformed to metal-
bound phosphorus (see fraction <0.45 um for the,bijpreen and purple bars). Results
show that the temperature had no effect on thesfoamation of orthophosphorus to metal-
bound phosphorus. This can be concluded becaus®rthephosphorus concentration
(<0.45um) after coagulation and flocculation was 0.005 Pagrtho/L for the three tested
temperatures. This confirms the results presenmte@®edction 7.2. A clear temperature
influence cannot even be found in the fraction of20.45 pm. With an increasing
temperature, the estimated floc size increased fr@rhum to 13.9um. The concentration
of metal-bound phosphorus between 5 — 2 uym deatesitle increasing temperatures. The
concentration of metal-bound phosphorus in thetifvas 10 — 5 um and >10 pm shows an
increasing trend, which means that flocs becongetawith higher temperatures.

Table 7-1 - Results of jar tests with PAX-11 at 10°C, 15°C darR0°C.
Metal/orthophosphorus ratio of 16 mol/mol.

A .
Dosage  Temperature ﬂ(\)’sr:}g: Concentration [mg/L]
: m nfiltere pm pm pm A5 pm
[mg/L] [°C] u Unfiltered 10 5 2 0.45
7 10 12.1 0.626 0.468 0.162 0.020 0.005
7 15 14.7 0.622 0.400 0.111 0.040 0.005
7 20 13.9 0.635 0.445 0.053 0.011 0.005
0 12 3.6 0.586 0.524 0.529 0.512 0.498
_ 06
2 os
o
T 04+
:i 0.3 1
gl 0.2 §
£ 011
<
W 0+
<0.45 0.45-2 2-5 5-10 >10

Phosphorus fraction [um]
B WWTP efluent mT=10C @T=15C ®mT=20T

Figure 7-3 - Effects of temperature on phosphorus size digtioh. Results of jar tests with
PAX-11 at 10°C, 15°C and 20°C. Metal/orthophospkaatio of 16 mol/mol.

7.3.2 Flocculation with ferric(lll)chloride and poly aluminium chloride at
the Leiden Zuidwest WWTP

The jar tests at the Leiden Zuidwest WWTP were ootetl with ferric(lll)chloride and

Q-pus (poly aluminium chloride) at temperatures 1°C, 15°C and 20°C. The

metal/orthophosphorus ratio used was 4 mol/moltaedoH in both situations was pH 7.0

before and after dosage. Photographs of the difterén floc formation at 10°C and 20°C
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with ferric(lll)chloride are shown in Figure 7-3h& photographs show hardly any flocs at
10°C, but at 20°C many flocs can be seen.

Figure 7-4 - Photograph of flocculation with ferric(lll)chlaté at a metal/orthophosphorus
ratio of 4 mol/mol at temperatures of 10°C (leftifdaf 20°C (right)

The results of the jar tests conducted with fehtichloride are shown in Table 7-2 and
Figure 7-5, for Q-pus in Table 7-3 and Figure B6th figures show the phosphorus size
fractionations of the WWTP effluent (red bars)geaftoagulation and flocculation at 10°C
(blue bars), at 15°C (green bars) and at 20°C (purars).

Table 7-2 and Figure 7-5 show that the WWTP effluamainly consisted of
orthophosphorus (red bar <0.45 pm). After coaguldosage, orthophosphorus is
transferred to metal-bound phosphorus (see fractiod5 pm for the blue, green and
purple bars). After coagulation and flocculatiohge torthophosphorus concentration is
smaller than 0.03 mg/L, which means that 97% ofdhéophosphorus is transferred to
metal-bound phosphorus. These results, which amapamable to the results of the
Horstermeer WWTP conducted with PAX-11, show tiat temperature has no effect on
the transfer of orthophosphorus to metal-bound phous. With increasing temperatures
the estimated floc size increases. The concentrationetal-bound phosphorus between 2
— 0.45 um decreases with increasing temperaturdhophosphorus remains constant.
The concentration of metal-bound phosphorus ineeas the fractions 5 — 2 pum, 10 - 5
pm and >10 pm which means that flocs became lavigerhigher temperatures.

Table 7-2 - Results of jar tests with ferric(lll)chloride &0°C, 15°C and 20°C.
Metal/orthophosphorus ratio of 4 mol/mol.

Dosage Temperature Qc\)/srsailgzg: Concentration [mg/L]

[mg/L] [°C) [um) Unfiltered 10 um 5um 2um 0.45 um
7 10 3.6 1.050 1.010 0.904 0.595 0.013
7 15 5.0 1.050 0.982 0.774 0.440 0.027
7 20 5.7 1.030 0.953 0.694 0.334 0.028
0 12 1.0 1.040 1.020 1.020 1.030 1.010
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Figure 7-5 - Effects of temperature on the phosphorus sizgilgigion. Results of jar tests
with ferric(lll)chloride at 10°C, 15°C and 20°C.dtl/orthophosphorus ratio of 4 mol/mol.

In Table 7-3 and Figure 7-6 results for Q-pus aesented for the same feed water as used
for ferric(lll )chloride. The metal/orthophosphoruatio again is 4 mol/mol. After the
coagulant dosage of 0.1 mg/L, orthophosphorus wats transferred to metal-bound
phosphorus. This residual orthophosphorus condenmtras higher compared to that of
ferric(lll)chloride. Comparable to ferric(lll)chlate is that flocs become larger with
increasing temperatures. See the decrease of tta-ne&ind phosphorus concentrations
between 2 — 0.45um and the increase between 2 +ifpfigure 7-6. A difference which
can be seen when comparing ferric(lll)chloride witfpus is that flocs become larger with
ferric(lll)chloride at all temperatures. The estteth floc sizes for ferric(lll)chloride are
between 3.6 um (10°C) and 5.7 um (20°C) and fou®@gpproximately 3.0 um. For Q-pus
flocs hardly become larger than 5 um, even withnaperature of 20°C.

Table 7-3- Results of jar tests with Q-pus at 10°C, 15°C 28tC. Metal/orthophosphorus
ratio of 4 mol/mol.

Average Concentrations [mg/L]
Dosage Temperature floc size
[mg/L] [°C] [um] Unfiltered 10 pm 5um 2 um 0.45 um
7 10 3.3 1.05 0.980 0.990 0.890 0.090
7 15 1.9 1.02 1.010 0.990 0.860 0.100
7 20 2.8 1.03 0.990 0.980 0.730 0.140
0 12 1.0 1.040 1.020 1.020 1.030 1.010
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Figure 7-6 — The effect of temperature on the phosphorus disggibution. Results of jar
tests with polyaluminiumchloride at 10°C, 15°C &@fC. Metal/orthophosphorus ratio of
4 mol/mol.

7.4 Filtration

Temperature influences on the total phosphorus vairoy filtration were investigated at

the Horstermeer WWTP and at the Leiden Zuidwest VIPWThis section is divided into

four subsections. Subsection 7.4.1 describes thpdarature influence on filtration with a

dual media filter with biomass. Subsection 7.4.8cdibes the influence of temperature on
filtration with a continuous sand filter. Dual mediltration with biomass is described in

Subsection 7.4.3, and 1-STEftration is described in Subsection 7.4.4.

7.4.1 Dual media filtration without biomass

To investigate the temperature influence on totabgphorus removal from the WWTP
effluent for a fine filter bed without biomass, tbe-line data for the dual media filter of the
Leiden Zuidwest WWTP were used. The data were froigh-June 2007 until mid-April
2008. In Figure 7-7 the results are illustratedtaDased for the construction of the graph
had a filtration rate of 10 m/h and a metal/orthagghorus concentration of 4 mol/mol. The
figure shows the orthophosphorus concentratioménWWTP effluent (red bars), the total
phosphorus concentration in the filtrate for a terapure of < 13°C (dark blue bars), the
total phosphorus in the filtrate for a temperatbeéween 13°C and 18°C (green bars) and
the total phosphorus in the filtrate for a tempamrat 18°C (light blue bars). The shown
concentrations are averaged values. The numbetafpbints used to calculate the average
concentrations were between 20 and 2200. For teatpes <13°C at least 235 data points
were available per concentration in the WWTP efftudor temperatures 18°C few data
were available.

Figure 7-7 shows increasing total phosphorus cdrations in the filtrate for increasing

total phosphorus concentrations in the WWTP effluBor total phosphorus concentrations
in the WWTP effluent of 0.8 mg/L and higher, théatgphosphorus concentrations in the
filtrate for temperatures between 13°C and 18°C anmpared to the total phosphorus
concentration at temperatures <13°C. For total phosis concentrations in the WWTP
effluent from 0.2 mg/L up to 0.8 mg/L, the lowestal phosphorus concentrations in the
filtrate were reached at temperaturet8°C.
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Figure 7-7 — Temperature influence on the total phosphoruseanation in the filtrate of
the dual media filter (without biomass, fine filtbed) at the Leiden Zuidwest WWTP.
Filtration rate of 10 m/h and a metal/orthophospkaroncentration of 4 mol/mol.

7.4.2 Continuous sand filtration

To investigate the temperature influence on totabgphorus removal from the WWTP
effluent for continuous sand filtration, on-line tdawere available from the Leiden
Zuidwest WWTP. For the construction of Figure A& on-line data were from January
2008 until July 2008. These data were availableddiltration rate of 15 - 17 m/h in
combination with a metal/orthophosphorus ratio & for orthophosphorus concentrations
in the WWTP effluent < 0.15 mg/L and a ratio of 4olfmol for orthophosphorus
concentrations in the WWTP effluent > 0.15 mg/LeTigure shows the orthophosphorus
concentration in the WWTP effluent (red bars), th&l phosphorus concentration in the
filtrate for a temperature of < 13°C (dark blued)athe total phosphorus in the filtrate for
temperatures between 13°C and 18°C (green barsjhentbtal phosphorus in the filtrate
for a temperature 18°C (light blue bars). The shown concentratiorsaveraged values.
The number of data points used to calculate theageeconcentrations were between
approximately 100 and 6300. For the concentratiea af 0.9 — 1.5 mg/L for temperatures
between 13°C and 18°C and for the concentratioa afdl.2 — 1.5 mg/L for temperatures
> 18°C, fewer than 100 data points were availableall the other cases, at least 100 data
points were available.

For temperatures of <13°C and between 13°C and ,18fgure 7-8 shows gradually
increasing total phosphorus concentrations in itttk for increasing total phosphorus
concentrations in the WWTP effluent. For temperguof> 18°C the total phosphorus
remains steady at a concentration of approximadl mg/L. For all the total phosphorus
concentrations in the WWTP effluent, a decreasiegd is shown for total phosphorus
concentrations in the filtrate with increasing texrgiures.
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Figure 7-8— Temperature influence on the total phosphoruseatnation in the filtrate of
the Continuous Sand Filter A at the Leiden Zuidw&SvVTP. filtration rate of 15 -17 m/h
and a metal/orthophosphorus concentration of 4.\nel/mol.

7.4.3 Dual media filtration with biomass

For the construction of Figure 7-9, the on-lineadat 2007 and 2008 for the dual media
filter at the Horstermeer WWTP were used. For te@én Zuidwest WWTP insufficient
data were available to investigate the influencéeafperature on filtration. The reason for
the use of two years of on-line data is the regulalfunction of the on-line analysers. Data
with metal/orthophosphorus ratios between 3 andoBmol were selected and a filtration
rate of 10 m/h. The figure shows the total phospd@oncentration in the WWTP effluent
(red bars; calculated with Figure 5-4), the totabgphorus concentration in the filtrate for a
temperature of < 13°C (dark blue bars), the toltaigphorus in the filtrate for temperatures
between 13°C and 18°C (green bars), and the tdiabghorus in the filtrate for a
temperature> 18°C (light blue bars). The shown concentratiores averaged values. The
number of data points used to calculate the avecageentrations were between 100 and
1400. For the orthophosphorus concentrations inNMWYTP effluent of 0.8 mg/L and
higher, fewer than 100 data points were availaB&rause of a further decreasing number
of data points for concentrations above 1.0 mdik,draph only shows an orthophosphorus
range in the WWTP effluent of 0.2 mg/L to 1.0 mg/L.

Figure 7-9 shows for all temperatures, an increpsital phosphorus concentration in the
WWTP effluent and an increasing total phosphorushin filtrate. The total phosphorus
concentrations in the filtrate for temperaturesweein 13°C and 18°C (green bars) are
lower when compared with the results for tempeesturl3 °C and 18°C. This is clearly
seen in the range of orthophosphorus concentraiiotiee WWTP effluent of 0.6 mg/L up
to 1.0 mg/L. The total phosphorus concentratiothanfiltrate remains more consistent and
does not increase as fast as in other temperatinges. The rapid increase in the total
phosphorus concentration in the filtrate for terapres >18°C was probably caused by the
more open structure flocs get with higher tempeestuThis issue was already described in
Subsection 2.3.2.
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Figure 7-9 — Temperature influence on the total phosphorusemnation in the filtrate of
the dual media filter at the Horstermeer WWTP. r&ilon rate of 10 m/h and a
metal/orthophosphorus concentration of 3 - 5 mol/mo

7.4.4 1-STEP®filtration

For the construction of Figure 7-10 the on-lineadaf 2008 were used. Data with
metal/orthophosphorus ratios between 3 and 5 mblace selected and a filtration rate of
10 m/h. The figure shows the total phosphorus cotnaton in the WWTP effluent (red
bars; calculated from Figure 5-4), the total phasph concentration in the filtrate for a
temperature of < 13°C (dark blue bars), the totmigphorus in the filtrate for temperatures
between 13°C and 18°C (green bars), and the tdiakghorus in the filtrate for a
temperatureg 18°C (light blue bars). The concentrations shownaveraged values. The
number of data points used to calculate the avecageentrations were between 5 and
3200 data points. For temperatures < 13°C theahlaildata points for the total phosphorus
concentrations of 1.1 — 1.5 mg/L in the filtraterevdewer than 20. Therefore, these data
can be considered highly inaccurate.

Figure 7-10 shows that the total phosphorus conagms in the filtrate for a temperature
of <13°C (blue bars) are always higher comparecbtcentrations at higher temperatures.
For total phosphorus concentrations in the WWTRiefit of 0.3 — 0.8 mg/L, a decreasing
trend is shown for total phosphorus concentratiamsthe filtrate with increasing
temperatures. For total phosphorus concentrationke WWTP effluent of 0.9 mg/L and
higher, the total phosphorus concentration in iltwate for temperatures <13°C ard8°C

is higher compared to temperatures between 13°C H8f€. The total phosphorus
concentration in the filtrate increased for tothbpphorus concentrations in the WWTP
effluent of 0.9 mg/L and higher for temperatures3*«d and >18°C, but remained
consistent for temperatures between 13°C and 18R€.differences are probably due to
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the more open structure of the flocs formed at éiighmperatures, which probably results
in floc breakage in the filter bed.
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Figure 7-10— Temperature influence on the total phosphoruseatnation in the filtrate of
the 1-STEP at the Horstermeer WWTP. Filtration rate of 10 mAnd a
metal/orthophosphorus concentration of 3 - 5 mol/mo

7.5 Summary

The phosphorus distribution and the phosphorus fsiionation showed that the rate of

metal-hydroxide precipitation (the transfer of @phosphorus to metal-bound phosphorus)
is not significantly inhibited by temperature. Tja& tests conducted in combination with

the phosphorus size fractionations showed thatsfloecome larger with increasing

temperatures.

All tested filtration techniques contained the @ghtotal phosphorus concentrations in the
filtrate for water temperatures of < 13°C. Howewdifferences exist between down flow
depth filtration and continuous sand filtration. w.gphosphorus concentrations in the
WWTP effluent show decreasing total phosphorus eotnations for down flow depth
filtration in the filtrate for increasing tempera¢s. For higher phosphorus concentrations,
the optimal temperature range is between 13°C &A@ and not-18°C. The turning point
varied per installation and was probably influenbgdhe velocity (shear rate) in the filter
bed and the floc strength. For continuous sandhfidin, increasing temperatures result in
decreasing total phosphorus concentrations inilthaté.
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8 Phosphorus limitation

When combining nitrogen and chemical phosphorusowaiin a single filter, phosphorus
limitation may occur (see also Subsection 2.5.4 fmore information). Low
orthophosphorus concentrations may affect the diécdtion conversion rate by inhibiting
the rapid growth of heterotrophic microorganismsdsponse to increasing nitrate (NK)
loads (Husband and Becker, 2007). Inhibition ofdkeaeitrification can be caused by many
factors besides a shortage of phosphorus. For dgaiti@ presence of oxygen, the pH,
toxic substances and a shortage of carbon sourge als® cause inhibition of the
denitrification.

To be able to exclude inhibition by oxygen, cher@maygen demand (COD) and pH from
the datasets used, profile measurements for thendesia filter and 1-STEPfilter at the
Horstermeer WWTP were made for oxygen and COD tk®iContinuous Sand Filter A at
the Leiden Zuidwest, WWTP the oxygen and COD cotrations were regularly measured
in the feed water and in the filtrate water of fileer. At both locations, the pH was
regularly measured in the feed water and filtratgew of the filters. Profile measurements
show that the oxygen concentrations in the secatiddf the filter bed and in the filtrate
water of the filters were always below 0.5 mg/L asttbuld therefore not inhibit the
denitrification (Van der Graaf, 1996). COD concatitins in the feed water were 1 or
2 mg/L higher compared to the concentrations irfittrate water which varied between 25
and 35 mg COD/L. Therefore, denitrification was fikely to be inhibited by the COD
concentration. The average pH in the feed water fitmdte water of the filters at the
Horstermeer WWTP was 6.4 and was 7.0 for the featbwat the Leiden Zuidwest
WWTP. The optimal pH range for denitrification is—79 (Van der Graaf, 1996) and,



therefore, the pH of the feed water of the filtatsthe Horstermeer WWTP might cause
inhibition of the denitrification. However, the pbf the feed water was approximately 6.4
all year and inhibition of the denitrification immbination with nitrite accumulation of 2 —
4 mg/L was rarely found.

In Section 8.1 in this chapter, the minimum reqiiRO-P/NO,-N ratio for denitrification
conversion rates of 70% and higher is determinededisas which denitrification reduction
step is sensitive to low RE@P/NQ-N ratios. In Section 8.2 profile measurements are
described to locate phosphorus limitation. Sec8dh gives a possibility for solving the
phosphorus limitation and, finally, in Section 84 new coagulant dosage system is
introduced. This dosage system minimises the risphmsphorus limitation and saves
coagulant.

8.1 Minimum required PO 4-P/NO,-N ratio

Theoretically, phosphorus becomes a limiting fadimr the denitrification rate when
concentrations are below 0.04 mg P/mg,NDin the feed water, assuming 3 mg of
methanol (MeOH) per mg NEN (deBarbadillo et al., 2006; Husband and BecRkéq7).
Research (e.g. deBarbadillo et al., 2006; Hanned.eP003) shows that a RB/NQ-N
ratio of approximately 0.02 mg/mg or higher does ayopear to have any impact on the
denitrification rate. Differences in the minimum PR/NQ-N ratio might be due to the
culture history (Nordedeit et al., 1994). See asotion 6.2.6. This section describes the
results for the Horstermeer WWTP (Subsection 8.arig the Leiden Zuidwest WWTP
(Subsection 8.1.2). The results presented for thieldn Zuidwest WWTP are based on
Scherrenberg et al. (2008). For both locationsniiremum required PE@P/NQ,-N ratio is
defined for denitrification conversion rates of 7@¥d higher. The orthophosphorus, nitrate
and nitrite analyses made for grab samples takeheotWWTP effluent and the filtrate of
the 1-STEP filter at the Horstermeer WWTP were used to inigese which denitrification
reduction step is sensitive to low RPB/NQ,-N ratios.

8.1.1 The Horstermeer WWTP

As stated before, the literature values for theimirm required PQP/NQ-N ratio to
prevent inhibition of the denitrification efficiepacaused by phosphorus limitation differ.
To determine the minimum R@/NQ,-N ratio required for denitrification conversiortea
(i.e. removal efficiency) of 70% and higher, thelo®e data from August — October 2009
were used for the 1-STEPfilter at the Horstermeer WWTP. In this period.e th
metal/orthophosphorus ratio for the 1-STHier was between 0 and 5 mol/mol.

On the left side of Figure 8-1, the N removal efficiency relates to the PB/NQ.-N
ratio in the WWTP effluent is shown, and on thehtigide how the removal efficiency
relates to thé POy-P_metal-bound phosphorus/N8 ratio in the filtrate water. The cross-
hatched areas in the graphs show thaf-N@emoval rates below 70% occur frequently for
POy-P/NQ-N ratios below 0.055 mg/mg in the WWTP effluenddior Y PO,-P_metal-
bound phosphorus/NEN ratios of 0.035 mg/mg in the filtrate water. these cross-
hatched areas, phosphorus limitation might be these of the decreasing denitrification
efficiency.
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Figure 8-1 -Influence of the PE@N/NO,-N ratio of the WWTP effluent (left graph) and the
filtrate (right graph) on N@N removal efficiency

The relative number of measurements with an,-NCremoval efficiency of <70% was
calculated per PEP/NQ-N ratio; this is shown in Figure 8-2. This figushows no
significant percentages for RB/NO,-N ratios >0.055 mg/mg, meaning that nearly all the
measured NON removal rates are above 70%. For,/INQ-N ratios <0.055 mg/mg,
percentages up to 30% were found, meaning thahtimber of data points for NEN
removal rates of <70% are significant. Therefohe $et point for the 1-STEFilter at
Horstermeer WWTP is 0.055 mg/mg.
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Decreasing removal efficiencies for M as shown in Figure 8-1 are caused by a
decreasing efficiency of the denitrifying reductieteps of either N — NO, or
NO, — NO. Normally, nitrite is consumed at a rate twite nitrate reduction rate;
therefore, the rate-limiting step for denitrificati is the reduction from nitrate to nitrite
(Timmermans and Van Haute, 1983).

Figure 8-3 shows which reduction step causes theredse in the NEN removal
efficiency and is therefore more sensitive to 10@,#/NQ-N ratios in the feed water.
Figure 8-3 shows how the N concentrations in the WWTP effluent and in tiedte
(top graph) and the NEN concentrations in the WWTP effluent and in thieate (bottom
graph) vary with the PEOP/NQ,-N ratio in the WWTP effluent. All data presentedthe
graphs are the result of grab samples. In everyp g@mple the nitrate, nitrite and
orthophosphorus concentrations were measured. @atg with a maximum NN
concentration of 10 mg/L in the WWTP effluent al®wn. The two grab samples with
POs-P/NQ-N ratios of 0.17 and 0.21 mg/mg indicate a malfiomc at the WWTP:
orthophosphorus concentrations in the WWTP effleet 1.14 mg/L and 1.57 mg/L, yet
the yearly average in 2008 was 0.4 mg,#0. (see also Section 3.1). The top graph in
Figure 8-3 shows that the N®I concentration in the WWTP effluent varied betwee
approximately 4 mg/L and 10 mg/L. The ME concentrations in the filtrate water always
vary between 0 mg/L and approximately 1.5 mg/L netrough the PEP/NQO,-N ratios are
below 0.05 mg/mg. It can therefore be stated thatNQ — NO, reduction step is not
sensitive to low PEP/NQ.-N ratios.
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The bottom graph of Figure 8-3 shows that the.fNzoncentration in the WWTP effluent
was close to 0 mg/L, though sometimes higher canagons were found. The NN
concentrations in the filtrate water varied betw8ang/L and 2.6 mg/L. The results of the
NO,-N measurements in the filtrate water show that, 7% of the measurements, an
increase in the N&N concentration of 0.5 mg/L or more, a% of the
measurements show an increase in the-N@oncentration of 1.0 m/L or more. These
results suggest that the NG~ NO reduction step is sensitive to low PRINO,-N ratios

in the WWTP effluent and, therefore, nitrite acclation might occur in the filter bed
during periods of low PEP/NQ,-N ratios.

8.1.2 The Leiden Zuidwest WWTP

In March 2007 experiments are conducted to deterrtiie minimum PQP/NQ-N ratio
required for denitrification. During this periodetmitrate concentrations in the WWTP
effluent were extremely low. Therefore sodium ndravas dosed at the feed water of
continuous sand filter A to reach average nitratecentrations of 8 mg/L. No coagulant
dosage is used in this period. The filtration iat82.5 m/h. The orthophosphorus analyser
measures the orthophosphorus concentration witHittuation through 0.45um and
therefore metal-bound phosphorus is included, asribed in Section 3.2.8. But the results
of the TU Delft phosphorus distribution method (settion 5.1.1) show that on average
0.04 mg/L (7% of the total phosphorus concentratisnmetal-bound phosphorus. The
orthophosphorus concentration is on average 0.34 ril% of the total phosphorus
concentration) and therefore the concentration Inetand phosphorus can be neglected
and the P@P/NQ-N ratio can determined with the analyser.
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Figure 8-4 shows the removal efficiency (primargxyis) for NQ-N for continuous sand
filter A and the P@P/NQO-N ratio (secondary y-axis) in the WWTP effluentidg a week.
Results show that no limitation of denitrificatiefficiency occurs even with RGP/NQ-N
ratios of 0.025 mg/mg, denitrification conversiates stay at 90%.

In February and March 2008, experiments with low,APINQ-N ratios in the WWTP
effluent were repeated, this time with ferric(Ihjoride dosage. To reach total phosphorus
concentrations of approximately 0.20 mg/L, extrarié¢lll)chloride was dosed in the
activated sludge process of the WWTP. The expettisneere conducted with continuous
sand filter A with a filtration rate of 15 m/h. Fex(lll)chloride was dosed with a
metal/orthophosphorus ratio of 4 mol/mol. Duringstperiod the nitrate concentrations in
the WWTP effluent were again extremely low. Therefesodium nitrate was dosed at the
feed water of continuous sand filter A. AccordirmgMalsch (2008), the orthophosphorus
consumption for the growth of biomass in continuaend filter A is 0.057 mg
orthophosphorus per mg NI. Figure 8-5 shows the NN removal efficiency (primary
y-axis) in continuous sand filter A, the orthophlospus concentrations and the total
phosphorus concentrations in the WWTP effluentdsdary y-axis). The average nitrate
concentration in the feed water was 8 mg/L durimg period; therefore, the variations in
the PQ-P/NQO-N ratio are the result of fluctuations in the /@ concentration in the
effluent. This figure shows that the denitrificaticemoval efficiency varied between 30%
and 90%.
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Figure 8-5 - Results of the NN removal efficiency (primary y-axis) in continumsand
filter A, the orthophosphorus concentration and tie¢al phosphorus concentration
(secondary y-axis) in the WWTP effluent (Malsh, 8D0Average nitrate concentration in
this period was 8 mg/L.

Figure 8-6 is derived from Figure 8-5 and showsNi@-N removal efficiency (primary y-
axis) and the average RB/NQ-N ratio in the WWTP effluent (secondary y-axisher
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figure shows in the first period, from the"22 27" of February 2008, that adaptation of the
biomass occurs in response to increased nitrateeotrations, due to the sodium nitrate
dosage. In the second period, from thé" 27 February to the "5 of March 2008, the
average P®P/NQ-N ratio is 0.04 mg/mg. During this period the N removal
efficiency slowly decreased, which might be intetpd as a critical PAP/NQ,-N ratio. In
the third period, from the"5— 9" March 2008, recovery of the N removal efficiency
took place at a PEP/NQO-N ratio of 0.05 mg/mg. The fourth period, from ®f&— 13" of
March 2008, shows what was probably phosphorustdiioh. During this period the
average P@P/NQO-N ratio is 0.02 mg/mg. This period shows that thenitrification
removal efficiency decreased rapidly from 90% t&635n the fifth period, from the 13-
16" of March 2008, the PEP/NO-N ratio increased to 0.09 mg/mg and the ,NND
removal efficiency recovered rapidly to the initi@lue of the first period.

Figure 8-6 indicates that phosphorus might becontieniing factor for denitrification
efficiency when P@P/NQ-N ratios are below 0.05 mg/mg. This ratio is higbempared
to the ratio found without ferric(lll)chloride doge, which was 0.025 mg/mg. Therefore, it
can be concluded that metal-bound phosphorus idlyhar not at all available for the
heterotrophic microorganisms.
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Figure 8-6 - Results of the denitrification conversion rate ifmary y-axis) and the average
POs-P/NQO-N ratio (secondary y-axis) calculated with concatibns before coagulant
dosage (Malsch, 2008)

To determine the minimum R@/NQ,-N ratio required for denitrification conversiortea
(i.e. removal efficiency) of 70% and higher, onelidata were used for the continuous sand
filter A. Figure 8-7 shows how the denitrificatimemoval efficiency depends on the
PO,-P/NQ-N ratio in the WWTP effluent. The cross-hatchedaashows that NEN
removal rates below 70% occurred frequently fogHPONO,-N ratios below 0.05 mg/mg in
the WWTP effluent. In this cross-hatched area, phorus limitation might be the cause of
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the decreasing denitrification efficiency. This e@ponds with the results shown in Figure
8-6.
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Figure 8-7 - The NQ-N removal efficiency in relation to the R®/NQO-N ratio in the
WWTP effluent

Phosphorus distributions made for the WWTP efflleamd after coagulant dosage for the
different installations at the Leiden Zuidwest WW@&Rd the Horstermeer WWTP show
that approximately 90% of the available orthophasph in the WWTP effluent was bound
to metal salt after coagulant dosage. Thereforercaqupately 10% of the available
orthophosphorus in the WWTP effluent remained diesb after coagulation. The results
of the Leiden Zuidwest WWTP show that metal-bouhdgphorus was hardly or not at all
available for the heterotrophic microorganisms. réf@e the actual PAP/NQ-N ratio in
the feed water entering the filter bed, after ctagfudosage, is just 10% of the ratio found
for the WWTP effluent before coagulant dosage. THeisults in a minimum required
POy-P/NQ-N ratio of 0.0055 mg/mg for the Horstermeer WWTel @ PQ-P/NQ-N ratio

of 0.005 mg/mg for the Leiden Zuidwest WWTP. Theakies are much lower compared
to the values found in the literature.

8.2 Locating phosphorus limitation in a filter bed

In order to investigate the decreasing denitrifaratefficiencies which are found for

PO4-P/NQ-N ratios of 0.055 mg/mg in the WWTP effluent, pl®fmeasurements were

made on a regular basis. For a profile measurensamples are taken of the WWTP
effluent (see also Section 4.6), the upper watgerlaf the fixed filter bed, every 10 or

20 cm in the filter bed, and in the filtrate watdrthe filter. The orthophosphorus, nitrate,
nitrite, and COD are measured. The /AANQ-N ratio in mg/mg is calculated for every

sample point. This section gives the results ofptedile measurements for the dual media
filter (Subsection 8.2.1) and the 1-STERIter (Subsection 8.2.2), both located at the
Horstermeer WWTP.
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8.2.1 Dual media filtration

In July 2008 nitrite formation was measured aftereéasing the filter bed height from
120 cm (80 cm anthracite and 40 cm sand) to 15@8&htm anthracite and 70 cm sand).
One of the profile measurements from this periodhswn in Figure 8-8. The pH in the
feed water was approximately 6.4 and the COD cdnaon in the filtrate water was
57.2 mg/L. In the upper graph of the figure, thieate (NQ-N; brown line) and the nitrite
(NO.-N; green line) concentrations are presented on prenary y-axis and
orthophosphorus (P&P; blue line) concentration is presented on treosgary y-axis. In
the bottom graph, the R®/NQO,-N ratio is given for every sample point. The grajghow
that nitrate is mainly removed in the sand layetha lower part of the filter bed. The
orthophosphorus concentration decreases more yapiahpared to nitrate concentration,
causing the PEP/NQ-N ratio to decrease. The ratio even goes belovetitieal value of
0.0055 mg/mg after coagulant dosage. The combmatichis low PQ-P/NQ,-N ratio in
the filter bed and nitrite accumulation, almost ¢/Innitrite is measured in the filtrate,
indicates that phosphorus limitation is likely tocar.
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Figure 8-8 - Profile measurements for dual media filtratiorthanitrite accumulation, 24
July 2008 (Scherrenberg et al., 2009b)

From August to November 2008 the filter bed heiglits reduced stepwise to 120 cm
(80 cm of anthracite and 40 cm of sand) to investigwhether the problem of nitrite
accumulation could be solved. By changing the rfilbed configuration, the pattern of
nitrate and orthophosphorus removal in the filted lwan be influenced. When nitrate and
orthophosphorus are removed in parallel throughfiltker bed, the P@P/NQ-N ratio
remains constant and phosphorus limitation mayrbeemted as long as the PRYNQ,-N
ratio in the WWTP effluent is higher than the i ratio.
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Figure 8-9- Profile measurements for dual media filtrationhout nitrite accumulation, 15
January 2009 (Scherrenberg et al., 2009b)

Figure 8-9 shows a profile measurement made fon#we filter bed configuration. In the
upper graph of the figure, the nitrate (NK; brown line) and the nitrite (N&N; green line)
concentrations are presented on the primary y-axisthe orthophosphorus (RB; blue
line) concentration is presented on the secondasxis. In the bottom graph, the
POy-P/NQ-N ratio is given for every sample point. This figishows that nitrate is linearly
removed in the anthracite layer. The nitrate rerhe¥ficiency is low, namely 44%. The
POy-P/NQ-N ratio in the WWTP effluent is 0.10 mg/mg and ghuell above the critical
value of 0.055 mg/mg which is required in the WW@afuent before coagulant dosage.
The ratio remained, after coagulant dosage andmitie filter bed, above the critical value
of 0.0055 mg/mg. However, phosphorus is not remotedhe desired level. Nitrite
accumulation was not found and therefore no indicadf phosphorus limitation was found.

8.2.2 1-STEP®filtration

Figure 8-10 shows a profile measurement of th& 26 February 2009. The COD
concentration in the filtrate water was 24.9 mgth..the upper graph of the figure, the
nitrate (NQ-N; brown line) and the nitrite (N&N; green line) concentrations are presented
on the primary y-axis and the orthophosphorus,#{P(blue line) concentration is presented
on the secondary y-axis. In the lower graph the-PMDIO-N ratio is given for every
sample point. The upper graph shows that the aitratoval is almost complete and no
nitrite formed. The bottom graph shows that the-PINO,-N ratio amply remains above
the critical value of 0.0055 mg/mg. Because noitaitaccumulation was measured, the
nitrate removal is almost complete and the,/PONO-N ratio is well above the critical
value; no indication was found for phosphorus latidn.
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Figure 8-10- Profile measurements for the 1-STHiMer without nitrite accumulation, 25
February 2009 (Scherrenberg et al., 2009c)

When comparing Figure 8-9 and 8-10 it is noticeat #ven though the RB®/NQ,-N ratio

is within the same range and in both situationsitrite is formed that the NEN removal
efficiency of the dual media filter is just 44% afod the 1-STEP filter >95%. This might
be explained by the research of Sison et al. (1988) also section 2.6. This study shows
that granular activated carbon can function asrgpteary storage for the supplied external
carbon source. The denitrifying bacteria consune ¢hrbon source during periods of
shortage.

In November 2008 nitrite formed in the 1-STERIter. The cause of this rapid nitrite
formation is not clear. Profile measurements wer@den see Figure 8-11. The COD
concentration was 26 mg/L in the filtrate waterthe upper graph of the figure, the nitrate
(NOs-N; brown line) and the nitrite (N&N; green line) concentrations are presented on the
primary y-axis and the orthophosphorus (FRQ blue line) concentration is presented on the
secondary y-axis. In the lower graph the,;fRINQ,-N ratio is given for every sample point.
The upper graph in Figure 8-11 shows that nitratmainly removed in the first 65 cm of
the filter bed. Orthophosphorus is almost compjetemoved in the first 25 cm of the filter
bed. The P@P/NQ-N ratio in the WWTP effluent is above the criticahlue of
0.055 mg/mg, the ratio decreased in the filter beldw the critical value of 0.0055 mg/mg
which is required after coagulant dosage. Nitrivenfed in the filter bed up to almost
4 mg/L. All these results indicate that phosphdrimstation might occur. The filter bed
configuration of this filter cannot be changed;réfere, the PACI dosage is decreased from
a metal/orthophosphorus ratio of 4 mol/mol to 1 /mol to increase the available
orthophosphorus concentration in the filter bee (®ection 8.3).
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Figure 8-11 -Profile measurements for the 1-STHiMer with nitrite accumulation, 7
November 2008 (Scherrenberg et al., 2009b)

8.3 Solving phosphorus limitation

In the beginning of February 2009, nitrite formatiprobably caused by phosphorus
limitation again occurred in the 1-STEHRilter. This time the metal/orthophosphorus ratio
was 5 mol/mol. Nitrite concentrations in the fiteavater measured around 4 mg/L. Figure
8-12 illustrates the NEN concentrations in the WWTP effluent (blue liremd in the
filtrate water (green line). From time to time th&©,-N concentration in the WWTP
effluent exceeded the measuring range of the an-dinalyser (max. 15 mg N®I/L)
causing a flat line in the graph. The nitrate aitdt@ concentrations which are represented
by the dots in the graph were measured by grab Isamphe metal/orthophosphorus ratio
was decreased from 5 mol/mol to 1 mol/mol on 12r&aty. The decrease in PACI dosage
resulted in an increase in the PRYNQ,-N ratio in the filter bed because less metal-bound
phosphorus formed, therefore, more orthophosphwas available for the heterotrophic
bacteria. During this period the orthophosphorusceatration in the WWTP effluent was
steady around 0.3 mg/L. The graph shows very glé¢bdt the NQ-N concentration in the
filtrate water decreased. The grab samples shotthikanitrite concentration decreased to
close to 0 mg/L within 8 days, even though a bprfiod with an MeOH shortage occurred.
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2009c)

8.4 A new coagulant dosage system - Preventing
phosphorus limitation

This section first explains the developed coaguldsdage system (Scherrenberg et al.,
2009a) used to maintain high removal efficiencimsritrate and orthophosphorus and to
reduce the risk on phosphorus limitation. Afteratiésng the coagulant dosage system, the
results and cost savings are described. Next, ¢ggattions for the coagulant dosage system
are provided. It should be remembered that phosshonitation cannot be prevented in all
cases. When the R®/NQ,-N ratio in the WWTP effluent is already below tbetical

PO,-P/NQ-N ratio, the coagulant dosage has to stop, busgtarus limitation might still
occur.

8.4.1 The coagulant dosage system

The developed and tested coagulant dosage syst&mua in Figure 8-13. For this dosage
system, three on-line analysers are required, namel

e an orthophosphorus analyser in the WWTP effluent;

e atotal phosphorus analyser in the filtrate;

e an NQ-N analyser in the WWTP effluent.
When a relationship between the orthophosphorusaatphosphorus concentration in the
WWTP effluent or in the filtrate water is establsh an orthophosphorus or a total
phosphorus analyser can be used. The total phasplomncentration in the filtrate was
measured every 10 minutes; this value was compaitidthe set point “P-total set point”
in Figure 8-13. When the measured total phosphecoasentration was higher than the set
point (this is the maximum allowable total phosptsoconcentration in the filtrate water, or
the discharge limit), the coagulant dosage waseas®d with “+Delta MeP” (per 10
minutes), meaning that the metal/orthophosphorwesRMatio increased with a certain step,
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for example 0.5 mol/mol per 10 minutes. The maxiniéwtual MeP ratio” which can be
applied is 5 mol/mol. When the total phosphoruscemtration in the filtrate water was
below or equal to the “P-total set point”, two tgnwere checked:

1. The orthophosphorus concentration in the WWTP efftuvas compared with the
“minimum PQ-P set point”. This minimum set point representse th
orthophosphorus concentration which is removed he filter bed by the
denitrifying biomass without coagulant dosage.

2. The PQ-P/NO-N ratio in the WWTP effluent was compared with the
“P limitation set point” which represents the minim PQ-P/NO-N ratio
required to prevent phosphorus limitation. Thisuesils location specific.

The “actual MeP ratio” will decrease with “-Delta e®” (per 10 minutes) if the
orthophosphorus concentration in the WWTP effluentthe PQ-P/NQO-N ratio in the
WWTP effluent is below the set points. The minimtiattual MeP ratio” which can be
applied is 0 mol/mol. The “actual MeP ratio” wilklunchanged when the orthophosphorus
concentration in the WWTP effluent and the /RBINQ,-N ratio in the WWTP effluent is
higher than the given set point.

PO4-P < minimum PO;-
WWTP effluent P set point

- Delta MeP
< P-total set (minimum 0)
point

< P limitation set
point

NOx-N
P-total [l WWTP effluent
filtrate

oint maximum §
Figure 8-13 -Coagulant dosage system as tested at the HorsteWsWwda P (Scherrenberg
et al., 2010)

8.4.2 Phosphorus and nitrogen removal

Phosphorus removal with a continuous MeP ratio (fomer situation)

Figure 8-14shows the phosphorus removal for a continuous roetiabphosphorus ratio of
4 mol/mol in combination with a filtration rate @0 m/h. The period in question is 15 - 20
August 2008. The dark blue line represents theoptibsphorus concentration in the
WWTP effluent, the green line represents the tpkadsphorus concentration in the filtrate
water, and the light blue line represents the gfiosphorus concentration in the filtrate
water. The red line represents the total phosphtatget concentration, which was set
during this period at 0.15 mg P-total/L in therfile water. The figure shows that the total
phosphorus concentration in the filtrate water eotv the target concentration and even
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below 0.10 mg/L except when the orthophosphoruceatnation in the WWTP effluent
dramatically increases.
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Figure 8-14 - Phosphorus removal for a continuous coagulanggmsof 4 mol/mol
(Scherrenberg et al., 2010)

Phosphorus removal with the new coagulant dosagestgm

The set points used during the test period fromustigo October 2009 are described in
Table 8-1. The filtration rate during this periocasv10 m/h. Figure 8-15 shows the
phosphorus removal from 15 to 20 August. The datke bline represents the

orthophosphorus concentration in the WWTP effluémé, green line represents the total
phosphorus concentration in the filtrate water, dhe light blue line represents the
orthophosphorus concentration in the filtrate wafBne red line represents the target
concentration of 0.15 mg P-total/lL. The figure sbBowhat the total phosphorus
concentration in the filtrate water varies betw@8 mg/L and 0.17 mg/L but remains
stable even when the orthophosphorus concentratithe WWTP effluent increases.

Table 8-1 -Set points used during the testing period

Parameter Set point Unit

P-total set point 0.15 mg/L

P-limitation set point 0.06 g PO4-P/g NOx-N
+ Delta MeP 2 mol/mol/10 min

- Delta MeP 0.5 mol/mol/10 min
Minimum PQ-P set point 0.1 mg/L
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Figure 8-15- Phosphorus removal during the test period (Sehberg et al., 2010)

The PQ-P/NQ-N ratio in the WWTP effluent was, on average, @.0dg/mg and in the
filtrate water 0.127 mg/mg during the test peribdr the same period in 2008 (August to
October), a continuous coagulant dosage of metatiphosphorus was 4 mol/mol as the
POs-P/NQ-N ratio, in the WWTP effluent 0.036 mg/mg, and time filtrate water
0.101 mg/mg. The higher R®/NQO,-N ratio in the filtrate water of 0.02 mg/mg duritige
test period reduced the risk of phosphorus linotati

The results in Figure 8-16 show the average phasgh@moval during the test period and
during 2008. The red bars represent the orthoplawaphconcentrations in the WWTP
effluent, the blue bars represent the average pitasphorus concentrations in the filtrate
water during the test period and the green barsesept the average total phosphorus
concentration in 2008. The error bars show the 8b6%6idence interval. The results during
the test period show higher total phosphorus cdamagons for orthophosphorus
concentrations in the WWTP effluent of 0.1 — 0.6/Imgompared to the results of 2008;
this is due to the “P-total set point” for the rite which was 0.15 mg/L. For
orthophosphorus concentrations in the WWTP efflueft 0.9-1.2 mg/L, the total
phosphorus concentrations in the filtrate water Wagher during the test period when
compared with 2008. The cause might be a too sHBklta MeP” or the time loop of 10
minutes is too long. With this set point, the cdagtidosage system reacts too slowly on
peak loads. The target concentration of 0.15 mgot&l/t can be fulfilled for
orthophosphorus concentrations in the WWTP efflweithh a maximum of 0.7 mg/L. This
is for the test period as well as for the result2aD8.
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Chapter 8 — Phosphorus limitation
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Figure 8-16 - Average phosphorus concentration during the tesbgeompared to the
2008 yearly average

Nitrogen removal

The results displayed in Figure 8-17 show the ayerBlQ-N removal during the test

period and during 2008. The red bars represeniNtbgN concentrations in the WWTP

effluent, the blue bars represent the averagg-N@oncentrations in the filtrate water
during the test period, and the green bars reprélserNQ-N concentrations in the filtrate

water for 2008. The error bars show the 95% confiddanterval. During the test period the
NO,-N concentrations in the filtrate water are lowempared to the 2008 yearly average.
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8.4.3 Cost savings

The developed dosage system, which greatly redilheeshances of nitrite accumulation,
reduces the total coagulant dosage. Table 8-2 shioevditers of coagulant which were
dosed durig the test period. The coagulant dosagehwvould be dosed if a continuous
coagulant dosage ratio of metal/orthophosphorus o¥/nmol or metal/orthophosphorus
5 mol/mol would have been used was calculated Hertest period and is presented in
Table 3. The results show a reduction in the caagutiosage for the coagulant dosage
system of 11% when compared to a continuous dosage of metal/orthophosphorus 4
mol/mol and a reduction of 29% when compared tooatiouous dosage ratio of
metal/orthophosphorus 5 mol/mol.

Table 8-2 - Total coagulant dosage during the test period with dosage system and
calculated coagulant dosage for a continuous dosage of metal/orthophosphorus
4 mol/mol and metal/orthophosphorus 5 mol/mol

Total Coagulant dosage Coagulant reduction
(L] (%]
Coagulant dosage system 183
Continuous MeP 4 mol/mol 207 11%
Continuous MeP 5 mol/mol 258 29%

For the WWTP Horstermeer a flow of 25,008/ day (average 1040¥h) with an average
orthophosphorus concentration of 0.37 mg/L needsettreated. This requires a coagulant
dosage of 1640 Hy when the coagulant dosage system is used (dele 8e8). Compared
to a continuous coagulant dosage ratio of metaldptiosphorus 4 mol/mol, the coagulant
can be reduced by 211%mr even 672 rhof coagulant when compared with a continuous
coagulant dosage ratio of metal/orthophosphorus d¥nmol. The cost savings varies
between €5,300 and €17,000 when making use of PAX-1

Table 8-3 - Overview of the cost savinsof coagulant by using the coagulant dosage
system

Dosage per year Costs per year Cost saving
[m’] [€] [€]
Coagulant dosage system 1640 41,525 -
Continuous MeP 4 mol/mol 1851 46,867 5,342
Continuous MeP 5 mol/mol 2312 58,540 17,015

% Price for poly aluminium chloride (PAX-11): €2p&r 1000 kg (July 2009).

8.4.4 Optimised coagulant dosage system

After the test period with the coagulant dosageesysa few changes were made. These
changes are explained below. The same three omtialysers are required, namely:

» an orthophosphorus analyser in the WWTP effluent;

» atotal phosphorus analyser in the filtrate water;
e an NOx-N analyser in the filtrate water.
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When a relationship between the orthophosphorusaatphosphorus concentration in the
WWTP effluent or in the filtrate water is establsh an orthophosphorus or a total
phosphorus analyser can be used. The total phaspltoncentration in the filtrate water
was measured every 10 minutes; this value is coedptar the set point “P-total set point”
in Figure 8-18. When the measured total phosphoousentration was higher than the set
point (this is the maximum allowable total phosptsoconcentration in the filtrate water, or
the discharge limit), the coagulant dosage waseas®d with “+Delta MeP” (per 10
minutes), meaning that the metal/orthophosphorusRMatio was increased with a certain
step, for example 0.5 mol/mol per 10 minutes. Theximum “Actual MeP ratio” which
can be applied is 5 mol/mol.

When the measured total phosphorus concentratitimeifiiltrate water was lower or equal
to the set point, the orthophosphorus concentratiotne WWTP effluent was measured
and compared to the minimum set point for orthophosus. This minimum set point
represents the orthophosphorus concentration whiah removed in the filter bed by the
denitrifying biomass without coagulant dosage. Wtienorthophosphorus concentration in
the WWTP effluent was equal to or below the minimarthophosphorus concentration,
the dosage of coagulant stopped, as shown in Figut8 (i.e. MeP 0). When the
orthophosphorus concentration in the WWTP effluamts higher than the minimum
orthophosphorus concentration, the ;A/RAINQ-N ratio in the WWTP effluent is of
importance. Therefore, the N®! concentration in the WWTP effluent was measufidee
POy-P/NQ-N ratio in the WWTP effluent was compared to tlie limitation set point”
which represents the minimum BRB/NQ-N ratio required to prevent phosphorus
limitation. This value is location specific. Whehet PQ-P/NO-N ratio in the WWTP
effluent is higher or equal to the minimum P lintida set point, the metal/orthophosphorus
ratio needs to be decreased to prevent phosphoaoritigtion in the filter bed. This is shown
in Figure 8-18 as “—Delta MeP”. When the PRINO-N ratio in the WWTP effluent is
higher than the minimum P limitation set point, thetal/orthophosphorus ratio remains
unchanged, shown as “Delta MeP=0".

< minimum PO4-P

< Ptotal PO4-P set point
WTS ofuent

MeP 0

> minimum PO4-P
set point

< P limitation - Delta MeP
set point (to minimal 0)

Ptotal
Filtrate

> P limitation
set point

Delta MeP =0

NOx-N
WWTP effluent

> Ptotal + Delta MeP
set point to maximum 5

Figure 8-18- Coagulant dosage system
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8.5 Summary

When combining nitrogen and chemical phosphorusowain a single filter, phosphorus
limitation may occur. Inhibition of the denitrifitan can be caused by many factors
besides a shortage of phosphorus. For exampleprigence of oxygen, the pH, toxic
substances and a shortage of carbon source magalse inhibition of the denitrification.
Therefore, the oxygen and COD concentrations and/gddes were measured frequently
during this research.

Data analyses made for the Horstermeer WWTP and.éfden Zuidwest WWTP show
that inhibition of the denitrification, probably o phosphorus limitation, might occur for
PO;-P/NQ-N ratios below 0.055 mg/mg in the WWTP effluensséiming that 90% of the
orthophosphorus is transformed into metal-boundsphorus after coagulant dosage and
that metal-bound phosphorus is hardly or not ahadiilable for heterotrophic bacteria, the
minimal PQ-P/NQ-N ratio is 0.0055 mg/mg entering the filter beteatoagulation. This
value is lower than the values in the literature.

Profile measurements were made for the dual mela &nd the 1-STEPfilter at the
Horstermeer WWTP. The profiles showed that forditeation that the P£P/NQ,-N ratio
goes below 0.0055 mg/mg after coagulation for @agemperiod of time, orthophosphorus
limitation might occur.

Experiments with a decreasing coagulant dosagetlafore increased R®/NO-N
ratios after coagulant dosage showed a rapid isergathe denitrification efficiency. The
newly developed coagulant dosage system increabed PQ-P/NQO-N ratio after
coagulation, in the filter bed, and in the filtratempared to a continuous dosage ratio of
4 mol/mol. This decreased the risk of phosphomg#dition.

Besides a decreasing risk of phosphorus limitagiod therefore a more stable process, also
a reduction of the coagulant dosage was foundhiemew coagulant dosage system. The
coagulant dosage was reduced by 11 % when compdoeda continuous
metal/orthophosphorus dosage ratio of 4 mol/molraadiced by 29% when compared to a
continuous metal/orthophosphorus dosage ratiodBmol.
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9 Evaluation and discussion

In Chapter 9 the results presented in Chaptersabigifn 8 are evaluated and discussed. This
chapter is divided into four sections; each sectwaluates the results of the chapters in
this thesis. The results of the characterisatiophaisphorus and the distribution of total
phosphorus into orthophosphorus, metal-bound playsgh dissolved *“organic”
phosphorus and particulate organic phosphorus iaceisted in Section 9.1. This section
also deals with the results of coagulation andcilitetion. In Section 9.2 the different
aspects and results of the filtration processesdieussed. Section 9.3 evaluates and
describes the influence of temperature on coaguafiocculation and filtration processes.
Section 9.4 describes the possibility of phosphdimgation when combining biological
denitrification with advanced phosphorus removal.

9.1 Characterisation, coagulation and flocculation

The phosphorus distribution method developed aDEUt is used to characterise the total
phosphorus concentration in the WWTP effluent (itistion of total phosphorus into four
forms, namely metal-bound phosphorus, orthophogghalissolved “organic” phosphorus
and particulate organic phosphorus) and to deterithie optimal conditions for coagulation
and flocculation. This method is described in Chapt. An important issue that is
described in this chapter is the measurement dhat is introduced by the colloidal
fraction due to filtration through 0.4f&m. The colloidal fraction causes an overestimation
of the dissolved “organic” phosphorus concentratidviore information about the
uncertainties of the TU Delft phosphorus distribatimethod can be found in Subsection
442,



This section is divided into two subsections. Thst,f Subsection 9.1.1, describes the
results of the characterisation of the WWTP effluehhe second, Subsection 9.1.2,
describes the results of the coagulation and flaticun processes.

9.1.1 Characterisation of WWTP effluent

Characterisation of the total phosphorus conceatrah the WWTP effluent shows a site-
specific distribution. Variation in the distributiomay be caused by the treatment plant
itself. A treatment plant that removes phosphorith wetal salts is expected to have a
higher concentration of metal-bound phosphorugsreffluent, compared to a treatment
plant where phosphorus is removed biologically. [a®1 and Figure 9-1 present the
average phosphorus distribution of the WWTP efftulem four WWTPs with chemical
phosphorus removal and four WWTPs with biologicdlogphorus removal. All the
WWTPs are within Waternet's district. The resultsow that the orthophosphorus
concentration (green bars) and the particulateracgahosphorus concentration (dark blue
bars) are higher for the treatment plants with dgalal phosphorus removal. The metal-
bound phosphorus concentration (red bars) in theTWWffluent of the treatment plants
with chemical phosphorus removal is higher compatedthe treatment plants with
biological phosphorus removal.

Table 9-1— Average phosphorus distributions for WWTP effluentfour WWTPs with
chemical phosphorus removal and four WWTPs withdgiical phosphorus removal within
the Waternet district

. . Ortho- Dissolved  Particulate Metal-
Location Unit " o .
phosphorus organic organic bound
Chemical phosphorus removal mg/L 0.32 0.07 0.12 90.1
Biological phosphorus removal mg/L 0.42 0.07 0.18 .120
1.0
0.9
- 08
3 0.7
% 0.6
£ 05
£ 04
S 03
8 0.2
0.1
0.0
Chemical phosphorus removal Biological phosphorus removal

| Particulate organic P O Dissolved "organic" P @ Metal-bound P @ P-ortho

Figure 9-1— Average phosphorus distributions for WWTP effluehfour WWTPs with
chemical phosphorus removal and four WWTPs withldgical phosphorus removal,
within the district of Waternet
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Highly loaded secondary sedimentation tanks mag etmtribute to higher metal-bound
phosphorus and particulate organic phosphorus otrat®ns due to poor settling of
particles and sludge. Discharges from industrieshensewage system may influence the
phosphorus distribution. For example, in a forestegh higher concentrations of humic and
fulvic acids are expected in the WWTP effluent amel;ause phosphorus can be an integral
part of humic and fulvic acids, higher dissolveddanic” phosphorus concentrations are
expected. Seasonal, temperature and pH influentéseophosphorus distribution were not
found.

A linear relationship in the WWTP effluent betweade total phosphorus concentration and
the unfiltered orthophosphorus (sum of orthophosph@nd metal-bound phosphorus) or
the filtered orthophosphorus concentration was dourhis is illustrated in Figure 9-2 for
the Horstermeer WWTP (left graph) and the Leidendi&ast WWTP (right graph).
Relationships between phosphorus forms might ke specific and should therefore be
investigated per location.
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Figure 9-2 — Relationship between total phosphorus and the afuorthophosphorus and
metal-bound phosphorus for the Horstermeer WWTHR (eaph) and the relationship
between total phosphorus and orthophosphorus frL&iden Zuidwest WWTP (right

graph)

9.1.2 Coagulation and flocculation

For chemical phosphorus removal, the coagulantgingae initial mixing energy and the

estimated floc size are expected to be importam. fEsults of the investigations for these
different aspects are evaluated in this subsect@search was conducted with jar tests,
phosphorus size fractionations and phosphorusilgliions. Subsection 9.1.2.1 describes
the results of the coagulant dosage; Subsectior2.9.1describes the results of the
experiments conducted to find the optimal initiaikimg energy, and Subsection 9.1.2.3
describes the changes in the phosphorus distribatio the phosphorus size fractionation.

9.1.2.1 Coagulant dosage

The type of coagulant used was investigated btejgts. For the Horstermeer WWTP, poly
aluminium chloride was used with a metal/orthopthwmsps ratio of 4 mol/mol. For the

Leiden Zuidwest WWTP ferric(lll)chloride was usedttwa metal/orthophosphorus ratio of
8 mol/mol for orthophosphorus concentrations in feed water of <0.15 mg/L and a
metal/orthophosphorus ratio of 4 mol/mol for orthopphorus concentrations in the feed
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water of >0.15 mg/L. The strategy of applying a Heig dosage ratio for low

orthophosphorus concentrations was developed atéfden Zuidwest WWTP to make

sure that enough metal hydroxide complexes werdadla to create a floc large enough to
be removed in the filter bed.

9.1.2.2 Optimal initial mixing energy

In the literature, contradictory initial mixing ewgges, or so called G-values, are given for
the optimal initial mixing energy required for affi@gent coagulation. Nevertheless, an
initial mixing energy of 1,000"sis commonly used. Experiments to determine therat
initial mixing energy were conducted at the Honsteer WWTP and at the Leiden
Zuidwest WWTP. These experiments were conductedh Witvalues varying between
300 ' and 2000 S, The results show that the initial mixing energg mo influence on the
phosphorus size fractionation and also no influesrwehe phosphorus distribution in the
upper water layer of a fixed bed filter. This meé#mat an initial mixing energy of 300'ss
satisfactory, which leads to energy savings becafisess head loss. Coagulant dosage in
combination with a 90° angle may already be sudfitito have a good mixture of
coagulant with the feed water.

9.1.2.3 Changes in the phosphorus distribution and size fractionation

The phosphorus distribution and the phosphorusfeaotionations after coagulation show
that orthophosphorus is bound to metal ions andngometal-bound phosphorus; this
complies with the literature. The results of thpemments conducted show that the size of
the formed flocs increases with an increasing claagwlosage. The results presented in
Figure 9-3 show an increasing estimated floc sizeah increasing coagulant dosage.
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Figure 9-3 — Relationship between ferric(lll)chloride dosagel ahe estimated floc size of
the formed metal-bound phosphorus for the dual andilier at the Leiden Zuidwest

WWTP. The metal/orthophosphorus ratios used were &)d 8 mol/mol (Scherrenberg et
al., 2008).
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The relationship between the coagulant dosage landidc size was used to develop the
coagulant dosage strategy at the Leiden ZuidwestTWW his strategy was developed to
create flocs large enough to be removed in therfitted even though orthophosphorus
concentrations in the WWTP effluent were below O0.4fg/L. By increasing the
metal/orthophosphorus ratio from 4 mol/mol to 8 fmall, the metal salt concentration
increased and therefore the floc size increasedhwhade it possible to remove the flocs
in the filter bed. Besides the coagulant dosagm, tile flocculation time can also influence
the floc size. When extra flocculation tanks withretention time of 24 minutes are
compared to a flocculation time of 10 minutes, ribégults show that the estimated floc size
almost doubled to 7 — L2m.

Phosphorus distributions show that the dissolvethdnic” phosphorus concentration
decreases after coagulation and the particula@na@ghosphorus concentration increases.
This suggests that a part of the dissolved “ordapttosphorus may be colloidal or
associated with colloidal material. This is foumdthe literature and in the results of the
error analysis conducted for the phosphorus digioh which shows an overestimation for
the dissolved “organic” phosphorus concentratiamsed by colloidal material.

9.2 Filtration processes

For phosphorus removal by filtration, the optinilitdtion rate, the filter bed configuration
and the presence/absence of biomass are expecbsddbimportance. The results of the
investigations for these different aspects are uatatl in this section. Research was
conducted with phosphorus size fractionations andsphorus distributions, but mainly
data available from the on-line analysers were used

9.2.1 Changes in the phosphorus distribution and size fractionation

The phosphorus distributions (in the upper watgedafter coagulation/flocculation and in
the filtrate water), which were made for the diffiet filter concepts in combination with or
without biomass, showed comparable results:

- orthophosphorus in the upper water layer was paetiyoved (40% - 75%) in

the filter bed;

- metal-bound phosphorus was removed in the filtelr (88% - 93%);

- dissolved “organic” phosphorus will pass the fillxed;

- particulate organic phosphorus was removed inittez bed (80% - 95%).
The 1-STEP filter shows the highest removal efficiencies &firphosphorous forms. The
removal of orthophosphorus in the filter bed wasbably due to orthophosphorus uptake
by biomass and the flocculation of colloidal meialind phosphorus. This colloidal metal-
bound fraction in the upper water layer was partasured as orthophosphorus due to the
filtration step through 0.4pm.

When comparing total phosphorus removal for filtnatwith and without biomass, it is
expected that the phosphorus removal efficiency valhigher for filtration with biomass.
Firstly, this is expected because of the decreapmg size due to the biomass, which
increases the capacity to maintain smaller pagitighe filter bed, and, secondly, because
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the biomass requires orthophosphorus for growth. 8eomparison of the phosphorus
distributions made for filtration with and withodtiomass shows something different.
Namely, the results show higher removal efficieadier filtration without biomass, see
Figure 9-4.

The higher removal efficiency for filtration withbhiomass was, for a large part, caused by
the metal-bound phosphorus concentration, which@/A3 mg/L in the filtrate water of the
dual media filter with biomass and was 0.05 mg/terafiltration without biomass. An
increase in the metal-bound phosphorus concentratidhe filtrate water may have been
caused by higher velocity gradients in the filtedbwith biomass due to lower filter bed
porosities. This might have caused a breakageoo$ thnd finally a breakthrough of metal-
bound phosphorus. Another difference which is sgken comparing the two situations is
the removal of the organic phosphorus forms. Insihgation of filtration without biomass,
the concentration of dissolved “organic” phosphoisi®.5 times the concentration after
filtration with biomass. This might have been calibg the composition of the dissolved
“organic” phosphorus which may have contained vayyconcentrations of colloidal
organic phosphorus. Since there are no phosphastigbdtions available for the upper
water layer for filtration with biomass, it is diffilt to assert that the difference in the
dissolved organic phosphorus concentration wasechbg the biomass.
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Figure 9-4 — Left: Average (11 samples) phosphorus distribution ferftlirate water of
CFB, after coagulation in the upper water layer #mel filtrate water of the Dual media
filter (Filtrate DMF) for the Leiden Zuidwest WWT@ine filter bed,without biomass).
Right: averaged (2 samples) phosphorus distributiothi@WWTP effluent and the filtrate
water of the dual media filter (Filtrate DMF) fdnet Leiden Zuidwest WWTP (fine filter
bed,with biomass).
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The left graph of Figure 9-4 shows a phenomenorchwiig frequently seen, namely an
increase in the total phosphorus concentratiohenupper water layer compared to the total
phosphorus concentration in the feed water of ilter.f The cause of this increase is not
clear. Hach Lange states in the product informatiéach Lange, 2009) that #eand AP*

do not cause interference for concentrations uptang/L. The concentrations used for
Fe** and AF* never exceeded 50 mg/L, therefore, the increabihvwas measured after

coagulation, was most likely not caused by the olzag dosage. A cause, which is most
likely responsible for the increase of the totabgphorus concentration in the upper water
layer, may be a form of accumulation. The upperewé&yer of a fixed bed filter can be

compared with a continuously stirred tank reaaegn though the motions are very low. A
sample taken from the upper water layer will therefrepresent the situation after
coagulation and flocculation.
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With a constant coagulant dosage without biomasssghorus concentrations in the
fractions 0.45 — 2um, 2 — 5um and 5 — 1@um increased and the phosphorus concentrations
in the fractions 10 -2@m and >20um are nearly completely removed. For the situation
with biomass and coagulant dosage, phosphorus otyatiens in the fractions 0.45 —uen

and 2 — um slightly increase and the phosphorus concentrsiio the fractions 5 — 40m,

10 -2Qum and >2Qum are nearly completely removed. Smaller partickas be removed by
filtration with biomass, thus the biomass contrésuto the filtration process, possibly by
decreasing the pore size in the filter bed.

9.2.2 Need for flocculation

The estimated floc size can be influenced by tteguatant dosage and the flocculation time.
Phosphorus size fractionations show that an eltidlation time of 24 minutes almost
doubles the estimated floc size (2 #rB with 10 minutes flocculation time and 7 - it
with 24 minutes) compared to a situation withoutr&xlocculation time. The aim of this
extra flocculation time is to reach higher remoetficiencies for total phosphorus, but a
comparison of the phosphorus removal for both sdna shows that this is not the case. It
appears that the average total phosphorus contientrafter filtration with an extra
flocculation time of 24 minutes is actually higr@ympared to the situation without extra
flocculation time.

As the literature shows (Subsection 2.3.1), the fize increases with an increased
flocculation time. These large flocs may have aemgpen structure and as a result of this
structure the flocs can easily fall apart. Duriilg&tion, high velocity gradients occur in
the filter bed. Due to the high velocity gradierftscs with a more open structure can fall
apart and a breakthrough of the filter bed can octhis might be an explanation for the
decrease in removal efficiency for flocs formedhagt maximum flocculation time. It can
be concluded that additional flocculation tanks ao¢ necessary when using dual media
filtration.

9.2.3 Phosphorus removal in the filter bed

Profile measurements make it possible to investigiosphorus removal in the filter bed.
The results described below are all based on déewn depth filtration (dual media filter
with and without biomass and the 1-STHiter). When taking samples, it should be taken
into account that deposed sludge will be drawntogéether with the water when opening
the tap for sampling, even though this effect inimised by running the tap for 20 seconds
before taking a sample. The result is an overesomaf the particulate phosphorus forms
and therefore also an overestimation of the tdtakphorus concentration.

Lindquist diagrams (see Figure 6-18) were usednt@stigate the differences between
filtration with and without biomass. For the sitoat without biomass, the pressure
increases in the anthracite layer, just above #med dayer. The maximum filter bed

resistance is found in the middle of the sand lageyund a filter bed height of 50 cm. The
Lindquist diagram with biomass shows a maximunefilbed resistance at the transition
point of the anthracite layer to the sand layercadise of this it can be concluded that the
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removal of suspended solids in the anthracite l&syaigher when biomass is present in the
filter bed compared to the situation without biosashis is probably due to a decrease in
the pore size in the filter bed caused by the b&sna
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Figure 9-5 —Lindquist diagram for the dual media filter of theiden Zuidwest WWTP
(fine filter bed). Left graph shows the Lindquisagiam during the filter runtime without
biomass and the right graph shows the Lindquigirdims with biomass. In both situations
a filtration rate of 10 m/h and a constant coagutiosage of 5 mg B&L was used (Van
den Berg van Saparoea, 2008).

Removal of the different phosphorus forms throulg filter bed is defined with profile
measurements. Phosphorus distributions were madeach sample point. The results
show that orthophosphorus, metal-bound phosphondsparticulate organic phosphorus
are removed in the filter bed. Dissolved “organitiosphorus will pass the filter bed. The
removal of phosphorus in the filter bed is mairdyised by filtration. These results comply
with the results of the phosphorus distributiorcdised in Subsection 9.2.1. An increase in
metal-bound phosphorus can be found around thsiti@m layer of the filter bed media or
just above the bottom plate. This increase wasalrlybcaused by deposited metal-bound
phosphorus or sludge.
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The results of the activated carbon analyses fer #STEP filter conducted by Norit
(Subsection 6.4.5) indicate that all phosphorusctvlis present in the activated carbon, is
orthophosphorus. Therefore, it is likely that origgshosphorus is not adsorbed to activated
carbon. Because of this, it can be concluded Heteémoval mechanism for particulate and
dissolved “organic” phosphorus is filtration. Thomplies with the results of the
phosphorus distributions (Subsection 9.2.1) angtbéle measurements.

9.2.4 Decrease of the filter runtime caused by biomass

The results presented in Subsection 6.3.3 showthigafilter runtime for filtration with
biomass was approximately 70 — 150 minutes shartenpared to filtration without
biomass. The available storage in the filter bed approximately 0.76 — 1.7 kg ¥un
for filtration without biomass and 0.41 — 1.27 ke’#un for filtration with biomass. The
difference in storage gives an estimation of themass present in the filter bed. The
measured difference in Festorage between filtration with and without biomais
approximately 0.39 kg B&run.

The phosphorus removal efficiency for a dual mdilier in combination with the coarse
filter bed (with and without biomass) at the Leidnidwest WWTP shows removal
efficiencies mainly below 60%. For the same duatlimdilter but with the fine filter bed,
the removal efficiencies are comparable for theasibn with or without biomass, namely
between 60% and 70%. Thus, filtration with dual radidtration with or without biomass
gives comparable removal efficiencies. But the athwge is, as discussed in Subsection
9.2.1,, that smaller particles can be removed Ibnafion with biomass.

9.2.5 Continuous or downflow depth filtration

During this research the differences between caaotie and discontinuous filtration (down

flow depth filtration) with regard to phosphorusnmaval were investigated. A comparison

of the removal efficiencies between the two filsattechniques shows the highest removal
efficiencies for continuous sand filtration.

The effect of increasing total phosphorus concéptra in the feed water of the different
filtration techniques differs. Increasing total gpbiorus concentrations in the feed water of
down flow depth filters (dual media filter with amdthout biomass and the 1-STEHiter),
shows increasing total phosphorus concentrationsdrfiltrate water. This phenomenon is
not seen for continuous sand filtration, where tibi@l phosphorus concentration in the
filtrate water remains stable. The difference migatdue to the rapidly increasing velocity
gradient in a down flow depth filter bed caused ébylecreasing pore size. These high
velocity gradients will result in floc breakage ltobed by a breakthrough of metal-bound
phosphorus. This is emphasised by results whiclvsholear decrease in the filter runtime
for an increasing coagulant dosage, which occurs liggher total phosphorus
concentrations in the feed water. The velocity gnaiin the filter bed of a continuous sand
filter remains quite stable because the sand bednnuously washed.
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9.2.6 Single layer or double layer filter bed

The differences between a single layer filter bed a double layer filter bed are described
in Subsection 2.4.2. The main findings when conmgai@a single layer filter bed with a
double layer filter bed are that the turbidity heftfiltrate water is comparable between the
two filter types, but the filter runtime for the @lumedia filter is 3 to 4 times higher. This
phenomenon is explained by the removal of largetighas in the coarse anthracite layer,
whereas the smaller particles are trapped in ther fiand layer. This maximises the filter
loading and, therefore, the filter runtimes aregilencompared to single media filtration
runtimes.
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Figure 9-6 — Removal of metal-bound phosphorus through ttierfibed for dual media
filtration and 1-STEP filtration (single media filtration)

The dual media filter and the 1-STE#ter at the Horstermeer WWTP can be described as
down flow depth filters with a single layer and aublle layer. It is valid to describe the
1-STEP filter as a single layer filter bed because thsults show that the removal of
phosphorus in the 1-STERilter is most likely only by filtration (see als®ubsection 9.2.3).
This means that the granular activated carbon eazompared with sand or anthracite with
the same grain size. A comparison of the phosphamsval in the filter bed shows for the
1-STEP filter a more gradual decrease in metal-bound phosis and particulate organic
phosphorus compared to dual media filtration. IguFé 9-6 the removal of metal-bound
phosphorus is presented for the dual media filted (ine) and the 1-STEFfilter (green
line). The irregular removal in the dual media€filtis mainly caused by the transition
between the anthracite layer and the sand layergls® Figure 9-6, at a filter bed height of
125 cm). In this transition area the metal-boundspiorus concentration increased and
therefore the measured total phosphorus concemiratcreased; this might be caused by a
form of cake layer filtration on top of the sangda due to a decrease in the pore size. A
more gradual decrease in the pore size might maairttis effect. The dual media filter
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shows removal efficiencies in the range of 70% 568 The 1-STEP filter shows higher
removal efficiencies, namely in the range of 80% tap 90% for orthophosphorus
concentrations of 0.2 — 1.2 mg/L.

9.3 Temperature influences

Temperature influences were investigated with ¢ats and with the on-line data available
from the on-line analysers at the Horstermeer WVHE the Leiden Zuidwest WWTP.
There was no influence found for temperature onctbegulation. This complies with the
results of the experiments conducted by Morris Endcke (1984) which showed that a
low temperature (1°C) does not significantly inhilthe rate of metal-hydroxide
precipitation and that precipitation occurs withiminute. The results of the jar tests show
that the temperature influences phosphorus sizgtidration. For higher temperatures,
larger flocs are found. The fact that higher terapes produce larger flocs is a commonly
found result in other research. However, thesesflreak more easily and reform less well
than flocs produced at lower temperatures (Fitigdagt al., 2004).

The results of the different filtration techniqual show the highest total phosphorus
concentrations in the filtrate water for water temgiures <13°C. This might be due to the
smaller floc sizes which are harder to retain im filter bed. The results of the continuous
sand filter show for increasing temperatures destngatotal phosphorus concentrations in
the filtrate water. Thus, the removal efficiency tiftal phosphorus increases with
increasing temperatures. The highest removal effy is found for temperatured.8°C.
The results of the dual media filters and the 1-BTHlter show for low phosphorus
concentrations in the WWTP effluent decreasingltpteosphorus concentrations in the
filtrate water for increasing temperatures. Agéie, highest removal efficiency is found for
temperatureg 18°C. For higher phosphorus concentrations, thienap temperature range
is between 13°C and 18°C. The turning point vapes installation and is probably
influenced by the velocity (shear rate) in theefilbed in combination with floc strength. As
stated before, higher temperatures produce lalges, fout these flocs break more easily.

9.4 Phosphorus limitation

When combining nitrogen and chemical phosphorusowaiin a single filter, phosphorus
limitation may occur (see also Subsection 2.5.4 fmore information). Low
orthophosphorus concentrations may affect the dcdtion conversion rate by inhibiting
the rapid growth of heterotrophic microorganismsdsponse to increasing nitrate (NK)
loads. Theoretically, phosphorus becomes a limitawgor when concentrations are below
0.04 mg P/mg N@N in the feed water, assuming 3 mg of methanol @g per mg
NO,-N.

9.4.1 Minimum required PO4-P/NO,-N ratio

At the WWTP Horstermeer and the WWTP Leiden Zuidviee minimum P@P/NQ,-N
ratio which was required for denitrification consiem rates (i.e. removal efficiency) was
determined as 70% and higher. The results showNIgatN removal rates below 70%
occur frequently for PEP/NQ-N ratios below 0.055 mg/mg in the WWTP effluenn A
investigation to determine which denitrificationduetion step was responsible for the

191



decreasing denitrification efficiency showed thdirite concentrations of 1 mg/L and
higher were only found for PAP/NQ-N ratios of approximately 0.06 mg/mg and lower.
Because of these results, it seems safe to sayhth&dtQ — N, reduction step is sensitive
to low PQ-P/NO-N ratios in the WWTP effluent and, therefore, itgtraccumulation
might occur in the filter bed during periods of |B#-P/NO,-N ratios.

Phosphorus distributions made for the WWTP effluesmd after coagulant dosage for the
different installations at the WWTP Leiden Zuidwestd the WWTP Horstermeer show
that approximately 90% of the available orthophasphk in the WWTP effluent is bound to
metal salt after coagulant dosage. Therefore, appetely 10% of the available
orthophosphorus in the WWTP effluent remains digslafter coagulation. The results of
the WWTP Leiden Zuidwest show that metal-bound phosus is hardly or not at all
available for the heterotrophic microorganisms.réfare, the actual PAP/NQ-N ratio in
the feed water, after coagulant dosage enterindjlittebed, is just 10% of the ratio found
for the WWTP effluent before coagulant dosage. THeisults in a minimum required
POy-P/NQ-N ratio of 0.0055 mg/mg for the WWTP Horstermeed @ PQ-P/NO,-N ratio

of 0.005 mg/mg for the WWTP Leiden Zuidwest. Theaties are much lower compared
to the values found in the literature.

Profile measurements made it possible to invegigditere and when phosphorus limitation
occurs in a filter bed. The results show that i ¢tAse where orthophosphorus is removed
more rapidly compared to nitrate, the FRINO,-N ratio decreases in the filter bed. When
the PQ-P/NO-N ratio goes below 0.0055 mg/mg for a certain geriof time,
orthophosphorus limitation might occur. The hetenphic bacteria use phosphorus for
growth and, because of this, the effect of,fiFINO,-N ratios below the critical value will
not be directly noticeable as it would be if phaspls was needed for the process of
NO,-N removal.

9.4.2 Preventing phosphorus limitation — A new coagulant dosage system

Generally, phosphorus will be added to the feecemwaten phosphorus limitation occurs,
see Subsection 2.5.4. Of course, this increaseschienical dosage needed for good
operation of the denitrification and therefore tlosts increase. Results during this research
showed that a decrease in coagulant dosage resolted increase in the R®/NO-N
ratio in the filter bed because less metal-boundsphorus formed and therefore more
orthophosphorus was available for the heterotrophitteria. During a period when nitrite
concentrations of 4 mg/L occurred in the filtratater, the coagulant dosage was decreased
from a metal/orthophosphorus ratio of 5 mol/mol.tmol/mol. The results showed that the
nitrite concentration decreased to close to 0 mugithin 8 days, even though a brief period
of an MeOH shortage occurred. This contributedhi development of a new coagulant
dosage system.

The dosage system was developed to prevent phasphimitation, without increasing the
risk of exceeding the discharge limit for total ppborus. The coagulant dosage system
increases the PEP/NQO-N ratio in the filtrate water compared to a contos
metal/orthophosphorus dosage ratio of 4 mol/mois Tlecreases the risk of phosphorus
limitation because a higher concentration of ortlagphorus was available through the
filter bed. A reduction of the coagulant dosagd b®6 was found for the coagulant dosage
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system when compared to a continuous metal/orttegitmus dosage ratio of 4 mol/mol
and a reduction of 29% when compared to a contigunetal/orthophosphorus dosage
ratio 5 mol/mol.

9.5 Applications

To summarise this chapter, cases have been maltlestaate how the knowledge collected
during this research can be applied. Subsectiod $9ll6strates under which circumstances
a particular technique can be applied. This sulzsed$ based on Section 6.5. Subsection
9.5.2 illustrates how the TU Delft phosphorus distiion method can be applied to
investigate causes of unacceptable phosphorus emov

9.5.1 Choosing a filtration technique for extension of an existing WWTP

This subsection describes three different cases away to illustrate which of the tested
techniques (dual media filtration (with or withdibmass), continuous sand filtration or
1-STEP filtration) should be applied in a certain case.

Case 1.A WWTP in the Netherlands which treats the wastewaf >100.000 p.e. has to
fulfil the current discharge limit of 1 mg P-total(see also Table 1-2 on page 19). In the
future, due to the European waterframework direcfWFD), this discharge limit will
become 0.3 mg/L. The current yearly average conatéon in the WWTP effluent of total
phosphorus is 0.9 mg/L, with wide variations durihg year (0.15 — 1.5 mg P-total/L).
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Figure 9-7- Removal of phosphorus with coagulant and methdoshge for a continuous
sand filter at the Leiden Zuidwest WWTP
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The decision is made to extend the treatment plétfit a filtration technique to remove
total nitrogen and total phosphorus simultaneousiy, the question is: which technique
should be applied? The answer to this questionnsiruous sand filtration (see Figure 9-7).
This technique has proven ability to remove totabgphorus below 0.3 mg/L for total
phosphorus concentrations in the feed water bet®@eker 1.5 mg/L. A 1-STEPfilter (see
Figure 9-7) which also produces consistent resulih regard to phosphorus removal, is
an alternative but the results show that 0.3 mg/thé filtrate water can only be reached for
orthophosphorus concentrations in the feed watefl.@f mg/L (approximately 1.3 mg
P-total/L).

Case 2. A WWTP in the Netherlands which treats the wastewaf >100.000 p.e. has to
fulfil the current discharge limit of 1 mg P-total(see also Table 1-2 on page 19). In the
future, due to the WFD, this discharge limit wikdbome 0.15 mg/L. The current yearly
average concentration in the WWTP effluent forltpteosphorus is 0.5 mg/L. The WWTP
produces effluent with rather steady concentratimingtal nitrogen and total phosphorus
all year. The decision is made to extend the treatmlant with a filtration technique, but
the question is: which technique should be appliEu® answer to this question is 1-STEP
filtration. This technique proved capable of tregtthe feed water to a total phosphorus
concentration below 0.15 mg P-total/L for total ppborus concentrations in the feed water
of 0.8 mg P-total/L. An alternative would be conidus sand filtration. Dual media
filtration would not fulfil the discharge limits.
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Figure 9-8 - Removal of phosphorus with coagulant and methaoséde for the 1-STEP
filter at the Horstermeer WWTP
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Case 3. A WWTP in the Netherlands which treats the wastewaf <100.000 p.e. has to
fulfil the current discharge limit of 2 mg P-tofal(see also Table 1-2 on page 19). In the
future, due to the WFD, this discharge limit witldome 0.5 mg/L.
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Figure 9-9 — Average total phosphorus removal for the coargkthe fine filter beds with
biomass and a filtration rate of 10 m/h. Made wotirline data available at the Leiden
Zuidwest WWTP

The current yearly average concentration in the ViAAéffluent of total phosphorus is 1.0
mg/L, with wide variations during the year (0.5 -5 Ing P-total/L). The decision is made
to extend the treatment plant with a filtrationhteijue to remove total nitrogen and total
phosphorus simultaneously, but the question isclviéchnique should be applied? This
can be continuous sand filtration or dual medi&diion. Dual media filtration with
biomass and a fine filter bed is able to fulfil tdescharge limit for total phosphorus
concentrations in the feed water up to 1.5 mg/le @so Figure 9-9). This is not reached
for a dual media filter with a coarse filter bethprovement of the wastewater treatment
plant is another option which should be considdrefbre choosing and placing filtration
techniques.

9.5.2 Finding the cause when phosphorus removal is not satisfying

A WWTP is extended with dual media filtration foerdtrification and simultaneous
chemical phosphorus removal. The phosphorus remsvabt optimal and the discharge
limit for total phosphorus, which is 0.15 mg/L, it reached. Total phosphorus
concentrations in the filtrate water are on avef@gemg/L. Knowledge of the phosphorus
distribution is required to be able to solve thisigem. The phosphorus distribution will
show whether all the orthophosphorus in the feetewss transferred to metal-bound
phosphorus in the upper water layer. The coagulasage should be checked whether the
phosphorus distribution in the upper water layevshan orthophosphorus concentration
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of nearly 0 mg/L. When the phosphorus distributionthe upper water layer mainly
contains metal-bound phosphorus but the phosphdisaisbution in the filtrate water also
contains metal-bound phosphorus, a breakthrougtheffilter bed occurs. The velocity
gradients in the filter bed may be too high, cagdliaoc breakage. Therefore, a backwash of
the filter bed is required. The available storage the filter bed is approximately
0.41 — 1.27 kg F&/run for filtration with biomass. Metal-bound phbspus in the filter
bed may also be caused by over-dosage of coagdtangxample, or by high water
temperatures. Besides a problem with the transfeorthophosphorus to metal-bound
phosphorus and the retention of flocs in the filted, low removal rates can also be caused
by high concentrations of dissolved “organic” phosqus in the feed water. Only some of
the colloidal organic phosphorus might be remowvael i coagulation/flocculation, the part
which is not within flocs will be transported thgiu the filter bed. The phosphorus
distribution will make this visible, too. If this ithe problem, research should be conducted
to find the source of the high concentrations ekdived “organic” phosphorus. It may be
caused by industrial discharges into the sewer.

9.5.3 Choosing the optimal filtration rate

The decision is made to treat WWTP effluent wittaldonedia filtration for the removal
phosphorus. The discharge limit for this locatierDil5 mg P-total/L. A fine filter bed is
chosen to improve the phosphorus removal, becauseriot a denitrifying filter. The
question is which filtration rate is optimal? Thatimal filtration rate is 10 m/h. When this
filtration rate is applied, can the filter fulfithe discharge limit up to total phosphorus
concentrations of 1.5 mg/L in the WWTP effluent. &dhhigher filtration rates are applied
will the discharged limit be exceeded for total ghleorus concentration in the WWTP
effluent of 0.5 mg/L for 15 m/h and 0.75 mg/L fdd gh/h. With increasing filtration rates
the filter runtime can decrease because the maximamoval capacity is reached. For a
filtration rate of 10 to 15 m/h in combination with metal/orthophosphorus ratio of 4
mol/mol and total phosphorus concentrations inféeal water of < 1.0 mg/L, the average
filter runtime is 8 to 10 hours (STOWA, 2009).
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Figure 9-10 — Average phosphorus removal for the dual mediarfiat the Leiden
Zuidwest WWTP (fine filter bed) for 10, 15 and 2¢hniSTOWA, 2009)

9.5.4 What's the limit?

Finalising this thesis with the title “Reaching raltlow phosphorus concentrations by
filtration techniques” raises the question whethira low phosphorus concentrations are
reached by the filtration techniques used. Firstlbit should be defined, what an ultra low
phosphorus concentration is. Ultra low is defineithin this thesis as total phosphorus
concentrations below 0.15 mg/L (see Section 1.3 Tiltration techniques used have
proven to be able to produce filtrate water wittnaulow phosphorus concentrations.

If ultra low is defined as total phosphorus concatiins which approach 0 mg/L, are other
techniques like membrane filtration required. Thieate water of the filtration techniques
examined for this research all contain metal-bophdsphorus and a small fraction of
particulate organic phosphorus. The concentratfanaial-bound phosphorus in the filtrate
water of the filtration techniques varied betwee®30- 0.1 mg/L. This fraction of metal-
bound phosphorus needs to be removed from thatéltwater when total phosphorus
concentrations need to approach 0 mg/L. This caddoe, for example, by ultrafiltration.
When this fraction is removed from the filtrate watby membrane filtration, total
phosphorus concentration below 0.05 mg/L can behexh(see also section 2.7).
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10 Conclusions

Main research goal:

* Ultra low phosphorus concentrations can be reacehigid effluent filtration but
under stringent conditions and with specilised/aeldfiltration systems.

« 1-STEP filtration reaches higher removal efficiencies qamed to dual media
filtration. Continuous sand filtration reaches thighest removal efficiencies for
total phosphorus concentrations of 0.1 — 1.5 mg/L.

Sub-questions:

e The TU Delft phosphorus distribution (Section 4s developed to have an easy
and quick method to determine orthophosphorus, Irbetand phosphorus,
dissolved “organic” phosphorus and particulate oigghosphorus. The method
makes it possible to compare different filter cqrtseand different process settings.

* Orthophosphorus, metal-bound phosphorus and phaticarganic phosphorus are
removed in the filter bed. Dissolved “organic” ppberus will be transported
through the filter bed. The removal of phosphomsthe filter bed is mainly
caused by filtration (Subsections 6.2.4 and 6.4.4).
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An initial mixing energy of 300'Sis satisfactory (Section 5.2).

The size of the formed flocs (Subsection 5.2.5) maimfluenced by the coagulant
dosage and flocculation time. The results show thaitestimated floc size with a
flocculation time of 24 minutes is approximately-712 um, which is larger than
the size of flocs formed with a flocculation timé 1 minutes, these flocs are
approximately 2 — wm. But these larger flocs formed with a flocculattime of
24 minutes do not result in higher removal efficies in the filter bed. Therefore
additional flocculation is not necessary. This ssgig that not only is the floc size
important but the floc strength is also of high arance.

Increasing total phosphorus concentrations in el fwater result in increasing
total phosphorus concentrations in the filtrateengBection 6.5). The coagulant
dosage is of major influence on the filter runtinWith increasing coagulant
dosage the filter runtime is decreasing. For cawtirs sand filtration, increasing
total phosphorus concentrations in the feed watemaot result in higher total

phosphorus concentrations in the filtrate water.

The rate of metal-hydroxide precipitation (the &fem of orthophosphorus to
metal-bound phosphorus) is not significantly intedi by temperature, but flocs
become larger with increasing temperatures (Secti@). During filtration all
tested filtration techniques contain the highe&tltphosphorus concentrations in
the filtrate for water temperatures of < 13°C (&ett7.3). For continuous sand
filtration results an increasing temperature in rdasing total phosphorus
concentrations in the filtrate. This same trendfasnd for down flow depth
filtration techniques but for higher phosphorus aamtrations (>0.8 mg/L) the
optimal temperature range is between 13°C and EfCno longer18°C. The
turning point varies per installation and is praoainfluenced by the velocity
(shear rate) in the filter bed and the floc strangt

Inhibition of the denitrification (Section 8.1), gvably due to phosphorus
limitation, might occur for PEQP/NQ,-N ratios below 0.055 mg/mg in the WWTP
effluent. A newly developed coagulant dosage systigoreases the risk of
phosphorus limitation (Section 8.4) and, besidés #hreduction in the coagulant
dosage is found.
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