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INVESTIGATION OF PHOSPHORUS RECOVERY FROM ANAEROBIC
DIGESTION SUPERNATANT OF DIVERSE WASTES : SAMSUN CASE
STUDY

SUMMARY

Due to depleting phosphorus reserves and the nonrenewable and irreplaceable nature
of phosphorus with another substance, phosphorus recovery has become increasingly
important so as one of the significiant problems awaiting emerging solution.
Phosphorus is one of the building blocks of cells and essential for the sustainability of
agricultural land as well as it is crucial for the continuation of the life cycle.

Beside of that phosphorus obtained from phosphorus rocks naturally, unnatural
phosphorus cycle can also be considered as phosphorus source. Unnatural phosphorus
cycle involves extensive applications in a variety of industries and products including
detergents, fertilizers, paints, food and baverages, pharmaceuticals also human and
animal excrement. Because this cycle is a valuable phosphorus resource, a significiant
amount of phosphorus is recovered from this cycle as well as avoiding the excess
phosphorus discharge to ecosystem. So, wastewater could be used as a major
phosphorus resource.

The aim of this study is to recover phosphorus from anaerobic digester supernatant. In
particular, studies showed that high amount of phosphorus could be recovered from
enhanced biological phosphorus removal wastewater treatment plants with anaerobic
digestion reactor.

Phosphorus recovery methods constitute the largest part of the crystallization process,
which is addition of chemicals to the wastewater or sewage sludge, the precipitated
phosphorus is provided. Product of recovered phosphorus has ability to be used as
fertilizer on agricultural land.

In this study, phosphorus is recovered from the supernatant of an anaerobic digester as
sutrivite precipitate. In order to increase both the amount of phosphorus recovered and
biogas efficiency, various wastes (sewage sludge, municipal organic waste and
leachate) were digested together anaerobically. After anaerobic digestion, phosphorus
is recovered as struvite precipitation through pH adjustment with 0,2 M NaOH without
any chemical addition. Phosphorus (total phosphorus and ortophosphate) and
ammonia nitrogen were analyzed from anaerobic digester supernatant and struvite
precipitate that is dissolved in acidic solution to measure the efficiency of recovered
phosphorus. 77 % phosphorus recovery with struvite precipitation is achieved.
Although reserves of phosphate rocks have been run out speedily and various studies
have been conducted about phosphorus recovery from wastewater treatment plants,
current recovery technologies can not cope with the mining the phoshate rocks in terms
of price. As well as necessitation of developments at phosphorus recovery studies,
restricting phosphorus use to essential uses, improving the efficiency of phosphorus
use and increasing the phosphorus recycling should be done.
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FARKLI ATIKLARIN ANAEROBIK CURUTULMESININ UST SUYUNDAN
FOSFORGERI KAZANIMININ iINCELENMESi:SAMSUN ORNEGI

OZET

Fosfor rezervlerinin tikenmeye baslamasindan ve fosforun yenilenemeyen ve yeri
baska bir elementle doldurulamayan yapisindan dolay1 fosforun geri kazanimi giderek
onem kazanan ve ¢dziim bekleyen 6nemli problemlerden biridir.

Hiicrenin yapi taglarindan birisi olan ve tarim arazilerinin siirdiiriilebilirligi i¢in biiyiik
Oonem arz eden fosfor, ayni zamanda yasam dongiisiiniin devamlilig1 i¢in zorunludur.

Fosforun, dogal kaynagi olan fosfor rezervlerinden ¢ikarilmasinin yanisira dogal
olmayan fosfor dongiisii de fosfor i¢in 6nemli bir kaynak olarak goriilebilir. Dogadaki
fosfor dongiisii, karada ve denizde olmak iizere iki ekosistemde gergeklesmektedir.
Ayrica, bir ¢ok endiistride genis uygulama alanlar1 olan ve deterjan, giibre, boya, gida,
icki, ilag gibi irlinlerin yanisira insan ve hayvan digkisinda bulunan fosfor, dogal
olmayan fosfor déngiisiinii olusturmaktadir. Onemli miktarda fosforun bu degerli
fosfor kaynagindan geri kazanilmasi ile fazla fosforun ekosisteme desarji da
Onlenebilir. Boylece atiksu, 6nemli bir fosfor kaynagi olarak kullanilabilir.

Bu c¢aligmanin amaci, biiylik 6l¢ekli olarak uygulanacak bir aritma ¢amurunun farkl
atiklarla karistirilip, anaerobik olarak ciiriitiillmesine dayanan projenin laboratuvar
Olcekli halinin incelenmesidir. Calisma genel olarak, ileri biyolojik atiksu aritma
tesisinden alinacak aritma ¢amurunun, kati atik diizenli depolama sahasinin girisinden
alinacak evsel organik atik ve ayni tesiste olugan sizint1 suyunun, bir arada anaerobik
olarak parcalanmasina dayanmaktadir. Anaerobik parcalanma sonucunda, atik,
susuzlastirma tiinitesine gelerek, kat1 kistm kompost tesisine, sivi kisimin ise %67’ si
anaerobik c¢iiriitiicii girisine geri devredilecek, kalan %33’ likk kisim ise sizint1 suyu
aritma tesisine gonderilecektir. Bu calismanin asil amaci ise tiim atiklarin beraber
anaerobik olarak ¢iiriitiilmesi sonucunda, ¢amur ¢iiriitiiciisii iist suyundan fosfor geri
kazanim veriminin incelenmesidir. Fosfor konsantrasyonunun yiiksek oldugu atiksu
aritma tesislerinin aritma ¢amurlari, fosfor geri kazanimi i¢in 6nemli bir kaynaktir. Bu
alandaki c¢aligmalar, 6zellikle ileri biyolojik fosfor giderimi ile anerobik ¢iiriitiicii
iceren atiksu aritma tesislerinden yliksek miktarda fosfor geri kazanilabilecegini
gostermistir.

Fosfor geri kazanim metodlarinin biiyiik bir kismi, atiksuya veya aritma ¢camuruna
kimyasal ilave edilerek fosforun ¢oktiiriilmesi islemi olan kristallestirme metoduna
dayanmaktadir. Kristallestirme metodu; atiksuya veya aritma ¢camuruna kimyasal ilave
ederek, ortamdaki fosforun ¢okmesi prensibine dayanmaktadir. Coktiirme sonucunda,
fosfor, ya striivit denilen; azot, magnezyum, fosfor icerigine sahip bir bilesik
olusturmakta ya da kalsiyum ile bilesik olusturarak ¢cokelmektedir. Ancak, kalsiyumun
genellikle ortamda yeterli miktarda bulunmayisi ve disaridan ilave edilmesinin
maliyeti arttirmasi nedeniyle striivit ¢oktiirmesi ¢ok daha fazla kullanilan bir yontem
olmustur. Ayrica, striivit yontemi ile geri kazanilan fosfor, direk olarak tarim
arazilerinde giibre olarak kullanilabilmektedir. Bu nedenle, bu ¢alismada da striivit
¢Oktliirmesi kullanilacaktir.

Bu calismada, hem geri kazanilan fosfor miktarini hem de anaerobik cliriitiicliniin
biyogaz verimini arttirmak amaciyla, ¢esitli atiklar (aritma ¢amuru, organik atik ve
sizint1 suyu) anaerobik olarak birlikte ¢iirtitiilmiistiir. Anaerobik ciiriitme, 250 ml’ lik
seffaf siselerde, 37°C’ de elli glin boyunca, her giin siselerin basinglar 6lciilerek takip
edilmistir. Anaerobik ¢iirimenin gergeklestigi bes siseden, ilk {li¢ sise, atiklarin
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tamamuni, belli oranlarda (%11 aritma camuru, %11 sizint1 suyu, %11 evsel organik
atik ve %67 as1 ¢amuru) icermekte, kalan iki sise ise asi camurunun takibi amaciyla
yalnizca (%100 as1 ¢camuru) as1 ¢gamurundan olusmaktadir. Anaerobik ¢iirlime verimi,
hem oOlciilen gaz miktarinin, ideal gaz yasasina gore, biyogazin molar orani
hesaplanarak hem de birinci giin ve ellinci giinde, karisimin toplam kat1 ve ugucu kati
icerigi Olglilerek, takip edilmistir. Atiklarin anaerobik olarak c¢iiriitiilmesi sonucunda,
tiim atiklarin belirli oranlarda bulundugu, birinci, ikinci ve tigiincii siselerde, ortalama
olarak %44 ucucu katt maddenin ¢iiriimesi saglanmistir. Bunun yani sira, anaerobik
cliriitmenin ellinci gliniinde, kiimiilatif biyogaz miktar1 850 ml hacime ulagmustir.

Anaerobik ciirlitmenin ardindan, digsaridan kimyasal eklenmeden yalnizca 0,1 M
NaOH ilavesiyle pH ayarlanarak, fosfor striivit ¢oktiirmesiyle geri kazanilmistir.
Striivit ¢oktiirmesine etki eden en 6nemli noktalardan birisi pH’ dir. Ve bu ¢alismada,
tic farklh pH aralig1 (pH: 8,8; pH: 9,8 ve pH: 10,8) kullanilarak, ¢oken striivit miktari
incelenmistir. Cokelmenin en fazla oldugu, pH: 9,8’ de, 100 ml anaerobik ¢amur
cliriitiiciisii list suyundan, 8,26 gram striivit elde edilmistir. Geri kazanilan fosforun
verimini bulmak amaciyla fosfor (toplam fosfor ve ortofosfat) ve amonyum azotu,
anaerobik ¢iiriitiicliniin list suyunda ve c¢oktiiriilen striivitin asidik ¢ozeltide
coziindiiriilmesi ile elde edilen soliisyonda, analiz edilmistir.

Fosfor geri kazaniminin yani sira, ¢alismanin diger bir 6nemli noktasi; Samsun Dogu
Ileri Biyolojik Atiksu Aritma Tesisi’ nin anaerobik ¢amur ciiriitiiciisiiniin girisinden
alman aritma ¢amurlarinin, ayni sekilde Samsun Avdan Enerji Diizenli Kati Atik
Depolama Tesisi’ nden alinan evsel organik atik ve sizint1 suyu ile beraber anaerobik
olarak ciiriitiilmesidir. Bu ¢iiriitme ile hem aritim1 zor olan atiklarin bertarafi miimkiin
olmus hem de bu aritmadan biyogaz elde edilmistir. Fosfor geri kazanim potansiyeli
ve anerobik ¢iiriitiiciiniin biyogaz {iretim verimini incelemek amaciyla; anaerobik
clrlitiicii kurulmadan Once tliim atiklarda, ciiriitiiciiniin kuruldugu birinci giin
karisimda, anaerobik ¢iirlimenin stabil hale geldigi ellinci giinde karisimda, struvit
coktiirmesinden elde edilen ¢okeltinin asidik soliisyonda ¢oziilmesi ile elde edilen
sivida ve ¢oktlirmeden arta kalan filtratta; toplam kati madde, ugucu kati madde,
toplam fosfor, orto — fosfat, toplam kjeldahl azotu ve amonyum azotu analizleri
yapilmigtir. Yapilan analizler sonucunda, atiklarin olusturdugu karisimda (birinci,
ikinci ve Tl¢iincii siselerde), anaerobik ¢iiriitme ile giristeki toplam fosforun %50 si,
orto — fosfatin %77’ si giderilmistir. Bununla beraber, ¢amur ciiriitiiciisii list suyunda
yapilan striivit ¢oktiirmesi ile %75,7 toplam fosfor, %75 orto — fosfat striivit olarak
geri kazanilmistir.

Deneysel analizlerin disinda, atiklarin karakterizasyon degerleri kullanilarak,
anaerobik c¢iiriitiiciiniin birinci ve ellinci giin degerleri teorik olarak da hesaplanmustir.

Karadeniz Bélgesinin en biiyiik atiksu aritma tesisi olan, Samsun Dogu Ileri Biyolojik
Atiksu Aritma Tesisi, biyolojik olarak azot ve fosforu aritan proseslere sahiptir. On
aritma ve biyolojik aritma sonucunda, birincil ¢oktiirme ve son ¢oktiirme tanklarindan
elde edilen aritma ¢amurlari, anaerobik olarak ciiriitiilmektedir. Aritilan atiksu ise
derin deniz desarj1 ile yeniden dogaya donmektedir. Calismada, numunesi kullanilan
diger bir tesis ise; Samsun Avdan Enerji Diizenli Kat1 Atik Depolama Tesisi’ dir ve
hem Samsun Ilinden hem de cevre illerden toplanan evsel kati atiklarin diizenli
depolama ile uzaklastirildig bir tesistir.

Fosfat kayaglarinin hizla tiikenmesi ve fosforun atiksudan geri kazanimi {izerine bir
¢ok c¢aligma vyiriitilmesine kargin varolan geri kazanim teknolojileri, fosfat
rezervleriden elde edilen fosforun maliyetinden ¢ok daha yiiksektir. Dolayisiyla, fosfor
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geri kazanim caligmalarinin gelistirilmesinin zorunlu olmasinin yam sira fosforun
kullanimima kisitlamalar getirilmeli, fosfor kullanim verimi yiikseltilmeli ve
ekonomide fosforun geri donlisimii  arttirllmalidir. Aymi zamanda, fosfor geri
kazaniminda kullanilan kimyasal maddeler hem maliyeti yiikseltmekte hem de fosfor
geri kazaniminmi smirlamaktadirlar. Bu nedenle, yeni teknolojilerin, kimyasal
kullanimin1 en aza indirmesi gerekmektedir. Bu da; ihtiya¢ duyulan kimyasal
maddelerin atiklardan saglanmasi ile miimkiin olacaktir. Bu ¢alismanin amaclarindan
birisi de, yiiksek azot icerigine sahip sizint1 sularinin, striivit ¢oktiirmesinde gerekli
olan azot, magnezyum ve fosfat molar oranmin 1:1:1 olmasim saglamaktir. Sizinti
suyu kullanimi, gerekli olan azot miktarin1 karsilamakla kalmayip, sizint1 sularinin
arittmmin da anaerobik olarak ger¢eklesmesine olanak vermistir. Ayni sekilde,
calismada kullanilan evsel organik atiklarin hem fosfor hem de organik madde
iceriginin zengin olusu, anaerobik aritmanin biyogaz iiretim potansiyelini arttirmak ve
fosfor konsantrasyonunu yiikseltmekle kalmayip, bu atiklarin aritimini da saglamistir.
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1. INTRODUCTION

“We may be able to substitute
nuclear power for coal,
and plastics for wood,
and yeast for meat,
and friendliness for isolation,
but for phosphorus there is neither substitute nor replacement ”
Isaac Asimov (1920 bis 1992)
First published 1959 (Life’s bottleneck)

Beside of phosphorus is the fundamental part of the biochemical reactions in nature, it is an
essential nutrient as a fertilizer in agriculture. Nevertheless, remaining phosphorus rock
reserves will diminish in 50 — 100 years (Steen, 1., 1998). Hence, we need to recover phosphorus
as much as possible. One of the main sources of phosphorus is wastewater containing human
excrement and detergents. Phosphorus recovery from wastewater not only ensures the
sustainability of the phosphorus but also improves biological nutrient removal operations and

reduces the amount of the sewage sludge.

1.1 Aim of The Thesis

In recent years, few studies have been conducted for phosphorus recovery from wastewater
treatment plants cause of that phosophorus is an irreplaceable and non — renewable element and
it’s reserves have began to run out. Additionaly, wastewater is a valuable phosphorus source
due to it contains high amount phosphorus via human excreta and detergent. Therefore, aim of

the thesis is to evaluate the phosphorus recovery systems and find out the potentially amount



of phosphorus recovery from anaerobic digester supernatant that consist of municipal organic
waste, leachate and sewage sludge.

1.2 Scope of the Thesis

The major objective of this study is to evaluate the phosphorus recovery as struvite precipitation
from anaerobic digester supernatant, for this purpose a lab scale anaerobic digester containing
municipal organic waste, leachate and sewage sludge which have high amount of phosphorus
contents was conducted 50 days. The thesis consists of 5 parts. In the first part, aim and scope
of the thesis are briefly explained. Second part is consisted of literature review with three parts
mainly, which are phosphorus recovery, anaerobic digester and applications of phosphorus
recovery from anaerobic digester supernatant. Material and methods are defined at the third
part, This part presents the methodology of experiments and descriptions of operating
conditions. In addition, the forth part involves results of the potential phosphorus recovery via
struvite precipitation and performance of anaerobic digester in terms of solids removal, biogas
production and process stability. Conclusions and recommendations for future study are
presented in the fifth part.



2. LITERATURE REVIEW

Phosphorus (P) is an essential nutrient for all life forms, which includes:

0 Key player in fundamental biochemical reactions that occurs in enzymes which catalyze

chemical reactions of biosynthesis (Tisdale et al., 1985),

0 A part of genetic materials (DNA, RNA) which form the backbones of nucleic acids and

imparts structure to the molecules,

0 The key element of the energy supplier ATP (adenosine triphosphate) is a nucleotide
which is involved in intracellular energy generated during photosyentesis abd respiration; the

energy is used in other bioprocesses,

0 In structural support of organisms provided by membranes (phospholipids) is important

in the formation of biological membranes and in some signal transduction pathway,
0 A compound of bone and teeth of of animal’s structure (the bio mineral hydroxyapatite)

Beside these functions, a sufficient amount of phosphorus is essential for growth and
development of all organisims. Plants, animals and bacteria are dependent on a reliable access
to phosphorus to thrive we get our phosphorus through the food we eat. Thus, phosphorus is an

important part of food chain too.

As a vital cell component, phosphorus can not be replaced by any other element. At the same
time, phosphorus has found extensive applications in a variety of industries and products
including detergents, fertilizers, paints, food and baverages, pharmaceuticals (Cisse and
Mrabet, 2004). For these reasons, phosphorus needs to be recovered for sustainability of life

cycle.

2.1 Phosphorus Cyle

Phosphorus passes through several interconnected cycles in nature. There are two main
cyclesthat are organic and inorganic phosphorus cycles. Inorganic cycle can be described as a

global cycle that involves four major components (K.C. Ruttenberg, 2003).



e Techtonic uplift and exposure of phosphorus — bearing rocks to the forces of weathering,

e Physical erosion and chemical weathering of rocks producing soils and providing

dissolved particulate phosphorus to rivers,
¢ Riverine transport of phosphporus to lakes and the ocean,

e Sedimentation of phosphorus associated with organic and mineral matter and burial in

sediments.

The cycle begins anew with uplift of sediments into the weathering regime. Briefly, the
inorganic cycle (Fig. 2.1) describes the cycle from erosion, transport to the oceans,
sedimentation, tectonic uplift and alteration of phosphate — containing rocks into plant —
available phosphates in soil (Emsley, 1980; Filipelli, 2002). This cycle time is several
million years in human spaces of times phosphate transported into the oceans can be

considered as “lost” for agricultural use (P. Cornel and C. Shaum, 2009).
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Figure 2.1 : Global Phosphorus Cycles.

There are two organic phosphorus cycles, as well as the inorganic phosphorus cycle. One of the
cycles takes places on land (soil-plants-humans/animals-organic waste-soil) and another in
water. The cycle time of these cycles is between a few weeks and up to one year. (Emsley 1980;
Bennett&Carpenter 2002). The phosphorus cycles both of organic and inorganic are described
at Figure 2.2.
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Figure 2.2 : Human Impacts of Phosphorus Cycle.

In addition, it showed the human impacts to the phosphorus cycle. According to the Fig. 2.2, if
phosphorus compounds in animal and human excrements are not used in fertilization, phosphate

contained in wastewater is partly transported to the oceans via the discharge systems.

Frequently, phosphorus exists in municipal and industrial wastewaters as three froms, which
are orthophosphates, condensed phosphates (pyro-, meta- and other polyphosphates) and as
originally bound in phosphorus. Ortophosphates and polyphosphates (condensed phosphates)
constitue the total inorganic phosphorus. However, polyphosphates are converted to
orthophosphates easily thus orthophosphate is the most dominant forms among these species
(Orhon and Artan, 1994).

2.2 Sources of Phosphorus

Due to the phosphorus cannot transform gas form naturally; it has two main cycles in nature,
which are in aquatic systems and on land. The main source of phosphorus is the phosphate rocks

in nature. Phosphate transfers to the soil in inorganic form via meteorological factors. Plants



convert to organic form of inorganic phosphorus in soil. Then organic phosphate participates
to herbivorous and carnivorous structure. The organic phosphate in the structure of animals,
return to the soil result of animal mortality by the help of metabolic functions of bacteria and
fungi. This cycle is similar with the aquatic phosphorus cycle beside there is effects of jeological
and tectonic processes at cycle. Consequently, the main phosphorus source is phosphate rocks
in nature. However, this source is non-renewable and limited. Nonetheless, phosphorus has not
only naturally sourceses but also manmade sourceses that are domestic or industrial sewage
treatment effluents represent a major source of phosphorus input into water bodies (Bennett et
al., 2001).

In the way of natural phosphorus sourceses, another important issue is quality of the phosphate
rocks. Due to phosphorus high reactivity, P is always found in combination with other elements.
Thus, it has various types of mineral rocks, which are given at Table 2.1 with P contents of

rocks. P is mainly found as apatites.

Table 2.1 : P — Bearing Minerals and their P content.

Mineral Chemical Formula P Content (%)
Apatite (fluorapatite) Cas(PO4)sF 18,6
Chlorapatite Cas(PO4)sCl 18,0
Hydroxylapatite Cas(PO4)30H 16,1
Monazite Sm.(POys) 12,7
Rhabdophane (Ce,La)PO4.H20 12,6
Strengite FePO4.2H20 16,7
Turquoise CuAls(POa4)4(OH)s.4(H20) 15,4
Variscite AlPO4.2H,0 19.8
Vivianite Fe3(P0O4)2.8H20 12,5
Wavellite Al3(PO4)2(0OH)3.5H.0 14.8
Xenotime YbPQOg4 11,7
Vivianite Fe3(P0O4)2.8H.0 12,5

The quality of phosphate rock not only depends on its phosphate concentration but also its
concentration of other harmful subtances, cadminium and uranium particularly (Kratz, 2004).
It also found that the content of metallic contaminants in rocks is increasing steadily, such as

cadmium, uranium, nickel, chromium, copper and zinc (Driver J. et all., 1999). Although, the



world phosphate rocks reserve stands around 71 billion tons (Table 2.1), with current
technology, it is not possible to economically extract deposits in inaccessible locations and
deposits with high levels of radioactive or heavy metal contamination (Vaccari, 2009). Reginal
phosphate deposits vary distinctively. Presently, two thirds of the phosphate rocks are mined in
USA, Morrocco and China approximately. In addition, note worthly amounts are mined in
Russia, Brazil, Israel, Jordan, South Africa and Tunisia (P. Cornel and C. Shaum, 2009).
Phosphate rocks (PR) reserve and production with respect to countries are given at Table 2.2
However, for those countries, such as Japan, having insufficient phosphate revervior; the

phosphorus recovery is a practical way for securing a sustainable phosphorus supply.

Table 2.2: Phosphate Rocks Reserve and Production Globally Estimated.

Country PR Production PR Reserve Nature of PR
(kiloton, kt) (megaton, Mt)

Australia 2700 250 Sedimentary — carbonate — fluorapatite
Brazil 6200 310 Igneous — hydroxyl — fluorapatite
China 72,000 3700 Sedimentary — carbonate — fluorapatite
Israel 3200 180 Sedimentary — carbonate — fluorapatite
Jordan 6200 1500 Sedimentary — carbonate — fluorapatite

Morocco 27,000 50,000 Sedimentary — carbonate — fluorapatite
RUSsia 11.000 1300 Igngous — hydroxyl — fluorapatite; _

Sedimentary — carbonate — fluorapatite
Syria 3100 1800 Sedimentary — carbonate — fluorapatite
South Igneous — hydroxyl — fluorapatite;
Africa 2500 1500 Sedimentary — carbonate — fluorapatite
USA 28,000 1400 Sedimentary — carbonate — fluorapatite
Tunisia 5000 100 Sedimentary — carbonate — fluorapatite
Others 74,000 500
World 191,000 71,000
Total

There are many different predictions for how long the remaning phosphate reservers will last.
The main challenge of making predictions of how long the phosphate rocks will last that is
difficult to get good data on the amount of phosphate rock left (Gilbert, 2009). However,
according to the United States Geological Survey in 1996 around 38 million tonnes of
phosphate (P2Os) are exctracted each year globally. The known globally phosphate reserves
were 3600 — 8000 million tonnes at 1999. At the same time, it is estimated that there are 7000
million tons of phosphate rocks as P.Os remaining in the reserves that could be economically



mined. The human population consumes 40 million tons of P as P.Os each year (Florida Institue
of Phosphate Research, 2005). It is predicted that P demand will increase by 1,5% each year
(Steen, 1998). Estimates are that the resource could be exhausted in as little as 100 — 250 years

(European Fertilizer Manufacturers Association, 2000).

Moreover, another investigation shows that based on the current consumption rate, the present
world reserves of phosphate may be exhausted within the next 50 — 100 years (Steen, 1., 1998).

Having said that with these assumptions and predictions, regardless of many years the

remaining rock phosphates will last the current use of phosphorus is unsustainable.

Cordell et al. (2011) presented a suggestion to sustainable scenario of future phosphorus use,
which can be seen at Fig. 2.3.

According to the Fig. 2.3 that is important, a lot study can be done with agriculture efficiency,
food chain efficiency and changing dies to decrease the demand of phosphorus. However,
phosphorus recovery from human excreta (and thus wastewater) is also an essential part of
achieving a sustainable phosphorus future.

Based on the average phosphorus load of 1.8 g phosphorus per capita per year in raw wastewater
(approximately it is involved 0.6 kg phosphorus per capita per year from human wastes.

0,3 kg P per capita per year from laundry detergents and 0,1 kg P per capita per year from
household detergents and other cleaners (Sedlak, 1991)) with German boundary conditions and
a per capita wastewater flow of 200 L per capita per day the inflent concentration is around 9
mg/L (ATV-DVWK, 2000). An average of approximately 11% of the incoming phosphorus
load is removed with the primary sludge during primary settlement (ATV-DVWK, 2000). In
biological wastewater treatment, approximately 28% of the incoming phosphorus load are
incoorpareted into the biomass and removed with the surplus sludge, even without specific P
removal process. Moreover, phosphorus is one of the limiting nutrients in most fresh water and
marine ecosystems cause of its concentration is considered a measure of the biological
productivitiy or trophic state. The level of phosphorus has a close relationship with algal growth
in terms of eutrophication that is the development of blue — green algae blooms. Under warm
temperatures and darkness, these blooms die and decompose, which results in the depletion of

dissolved oxygen (DO), offensive odor and killing of aquatic lives including fish.
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Figure 2.3: A Sustainable Scenario for Meeting Long Term Future Phosphorus Demand.

In addition, decreased depths of water bodies by progressive silting; reduced transparency,
recreational and conservation value of waters due to the coloring (green to brown) and the smell
of the water; loss of livestock and the possible lethal effect of algal toxins on drinking water
(Henze et al., 1997; Jiang and Graham, 1998). Phosphorus is usually considered as the limiting
nutrient for algae growth in most freshwater systems as atmospheric nitrogen can serve as
infinite source for aquatic biota. Thus, to control phosphorus inputs is the key to control algae
blooms (Gong and Zhao, 2014). For that reason, phosphorus discharge is limited by regulations.
For example, the European Union Urban Wastewater Treatment Directive 91/271, obligated
the removal of P from domestic and industrial discharged into sensitive areas (Commision of
the European Comminities, 1991). Additionaly, approximately 48% of the European population
has subjected to phosphorus removal requirement since 1991. In Canada, some regions are P
sensitive thus, P concentration in municipal effluent discharge limit on total P ranges from 2 to
0,1 mg/l in North America.Additionally, addition, it is 2 mg/l in Turkey too (T.C. Environment
and Urban Ministry, Water Pollution Control Regulations, 2004).

Furthermore, phosphorus removal technologies are strictly depend on the phosphorus recovery

technologies.



2.3. Phosphorus Removal Technologies

Due to the efficiency of phosphorus recovery technologies are strictly depend on the
phosphorus removal systems in the wastewater, the principle of the phosphorus removal

technologies will be discussed in this part.

Two main phosphorus removal systems in wastewater is present, which are chemical and
enhanced biological phosphorus removal (EBPR) technologies. While chemical phosphorus
removal technologies has been used widely in the past, EBPR technologies is becoming most
popular recently due the lower chemical costs, lower sludge production and increased potential
for phosphorus recovery (Morse et al., 1998). Nonetheless, chemical phosphorus removal
technologies still is used as a supplement to EBPR or the sole method of phosphorus removal
(Orhon and Artan, 1994).

2.3.1. Chemical phosphorus removal

Chemical phosphorus removal is achieved by adding metal ions for the precipitation of
dissolved orthophosphate as metal phosphate. Generally, aluminuim and iron salts such as
alum, sodium, aluminate, ferric chloride, ferrous chloride and ferrous sulfate are used as
precipitating agents (Orhon and Artan, 1994). The basic precipitation reactions for aluminum

iron and calcium is given at Table 2.3.

These reactions should be considered together with many other competing reactions. Moreover,
the metal salts will react with other compounds in the water as well so increase the consumption
of metal salts. These reactions should be considered together with many other competing
reactions. Moreover, the metal salts will react with other compounds in the water as well so

increase the consumption of metal salts.

Table 2.3 : Metal ions used for chemical phosphorus removal.

Name Metal lon Basic Precipitation Reaction
Aluminum AP* AP*+H PO «—> AIPOs+nH*
Iron Fe3* Fe**+H,POs*" <—> FePOs+nH*
Calcium Ca% 10Ca?*+6P04>+20H <« Caio(PO4)s(OH)2
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Therefore, the second process is the simultaneous precipitation that metal salts are added in the
biological reactor, however, it can be added in influent, effluent, in the return sludge etc. well.

The phosphorus is then removed together with the secondary sludge. The process that gives the
highest efficiency in phosphorous removal for that reason, it has been the most popular method.
Removal efficiency can reach 95%, and P concentration in the effluent can be lower than 0,5
mg/l . The third one is post — precipition, the metal salts are added after secondary sedimentation
tank (Tchobanoglous et al. 2014).

Chemical phosphorus removal is simple to operate, also phosphorus levels below 1 mg P/l can
be achieved in the effluent. In addition, combined with good particle separation process can be
achieve lower phosphorus concentration in the effluent. Nonetheless, a significiant increase in
the sludge production, cost of chemicals and heavy metal concentration via metal ions, is the
main handicap (WEF, 2011).

Chemical phosphorus removal has three main processes configuration, which are related to the
location of the addition metal salt. Figure 2.4 displays the schematically chemical phosphorus
removal configurations in the wastewater treatment plant. According to the figure, first system

is pre — precipitation that is the general category of chemical precipitation processes. Metals
salts are added in the primary treatment and the phosphorus is removed together with the
primary sludge.

2.3.2. Enhanced biological phosphorus removal

EBPR relies on the selection and proliferation of a microbial population capable of uptaking
orthophosphate in greater amounts than their normal biological growth requirements
(Wisconsin Department of Natural Resources, The Wisconsin Department of Natural
Resources, Introduction to Phosphorus Removal Study Guide, 2009). Beside the point of
phosphorus recovery, EBPR is more favorable technology than chemical phosphorus removal

cause of that (Janssen et al. 2002):
e Process does not require chemicals
e System has lower sludge production

e The sludge contains less metals

11
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Figure 2.4 : Basic configurations of chemical phosphorus removal.
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e Excess sludge is a valuable fertilizer

Nevertheless, EBPR process has some deficiencies that are (Petzet et al. 2013):

Process is strictly depend on the wastewater characteristics

Less stable and flexible compared to chemical precipitation

Process control is complex

Large reactor volume requirement

Phosphorus is removed by the microorganisms as they use it as a nutrient for growth in activated
sludge systems. However, mechanism of EBPR process relies on the specific group of bacteria
that called polyphosphate accumulating organisms (PAOs) are able to take up more phosphorus
than they require for cellular growth under alterning anaerobic and aerobic/anoxic conditions
(Orhon and Artan, 1994).

According to the Fig. 2.5, three intracellular polymers, which are the key biochemical reactions
of EBPR system, namely polyphosphate (Poly-P), glycogen and polyhydroxyalkanoates
(PHAS) are central to the PAO metabolism (Yuan et al, 2012). Firstly, the hydrolysis of
polyphosphate enables PAOs to gain energy under anaerobic conditions. This unique
metabolism provides PAOs advatages over most other organisms in terms of able to use carbon
sources anaerobically. The reducing equivalents for the conversion of volatile fatty acids
(VFAs) to PHA is primarily by the hydrolysis of glycogen, although the oxidation of VFAS

Anaerobic Aerobic

Figure 2.5 : The main biochemical model for EBPR process.
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through the full or partial tricarboxylic acid (TCA) cycle could also supply