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Abstract

If the present large volumes of nitrogen-containivestewater of domestic and industrial origin aeehirged
into the environment without proper treatment, tHemd to extensive soil and water pollution. Proper
elimination of pollutants from these effluents ssential in industrialized countries and is becanintreasingly
important from an environmental and human healthtpaf view in developing and emerging countriessile
the conventional nitrogen removal process (litho&ophic nitrification and denitrification), novelnd cost-
effective biological nitrogen elimination processese been developed, including simultaneous iaiftibn and
denitrification, anaerobic ammonium oxidation (Amaox), and its combined system (completely autotioph
nitrogen removal over nitrite, Canon). This revieswmmarizes the recent studies dealing with agticailt
domestic and industrial wastewaters regarding thi#iogen content. Traditional and novel biologiaitrogen
elimination technologies are reviewed. Furthermeogeent studies dealing with temperature, dissbtweygen,
nitrate concentration, salinity, pH or the free apmia concentration as factors affecting the nitrogemoval

efficiency have also been incorporated.
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1. Introduction

Clean, fresh and non-toxic drinking water is esséfior humans and also for many animals. Watesite both
as a solvent in which many of the body's solutesalve and as an essential part of most metabaicepses
within the body. Metabolism is the sum of anabalit catabolic reactions. In anabolism, water isoneed from
molecules (through energy requiring enzymatic cleaimieactions) in order to condensate small motectb
polymers (e.g. starch, triglycerides, pdlyhydroxybutyrate and proteins for storage of fumtel energy). In
catabolism, water is used to break bonds in ordegeinerate smaller molecules (e.g. glucose, fafiyseand
amino acids from polymers to be used for energyegaion or other purposes). Water is thus esseatidl
central to these metabolic processes at the siegldion scale of life. Further, water plays anangnt role in
ecology and its availability determines the worbdeomy, as it functions as the basic solvent fatide variety
of chemical and industrial processes, e.g. it fatéls industrial cooling and transportation. Apgnaately 70
percent of freshwater is consumed for food andgextiuction by agriculture (Baroni et al. 2007). bdtugh
access to safe drinking water has improved steaditly substantially over the last decades in almesty part
of the world (Lomborg 2001), in the developing coigs 90% of all wastewater still goes untreated incal
rivers and streams (UNEP 2002) and thus limits Bafh water supply. Some 50 countries, with royghthird
of the world’s population, also suffer from mediamhigh water stress, at least during the rain@easd 17 of
these extract more water annually than is rechafyedigh their natural water cycles (Ravindranatal.€2002.
The increasing water demand not only affects sarfeeshwater bodies like rivers and lakes, bulsib @egrades
groundwater resources. Due to more groundwateaetidn than recharge it is expected that for irsgathe soil
surface of Jakarta/Indonesia will settle 40-60 cntil 2020 (The Jakarta Post, 25. 08.2009) and pario
flooding of many city parts during the rain seasafi be the consequence. Eutrophicati@ssociated with
discharge of nitrogen compounds or nitrogen comgstgontaining wastewater into freshwater has became
severe water pollution problem in many countrie®lfiuevo et al. 2009). The water quality is detexried and
potential hazards to human or animal health e.gokig algal blooms are consequences. The pressdreecess
nitrogen in the environment has caused seriougadil@s of the natural nutrient cycle between thiegd world
and the soil, water, and atmosphé@@daja et al. 2003). Excess discharge of nitrat fastilizer but also as one
the most common water and groundwater pollutanisesserious problems including cancer, blue-bé&®ade
in new-born infants and methaemoglobinaetidring and Chapman 2004). However there are mahgrot

pollutants in water such as e.g. antibiotics, X-captrasting agents, health care residues or slegaratives in
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industrial wastes or wastewater that are also piatetoxicants. In recent years, a number of stidiave

focused on carbon, nitrogen and phosphate remowal domestic, agricultural and industrial wastewsate

The objectives of this review are i) to identifyrogen pollutants concentrations in domestic, adjtical and
industrial wastewaters, ii) to compile the lateshiavements of technologies developed for the reinof
nitrogen from these wastewaters and iii) to clarihe effect of temperature, dissolved oxygen, tétra
concentration, salinity, pH and free ammonia cotre¢ions as factors that influence the nitrogen aeah

efficiency.

2. Nitrogen -containing wastewaters
2.1. Nitrogen in agricultural wastewater

The growing demand for poultry and livestock prdgucin both, developed and developing countries led

to the accumulation of large quantities of nitrogemtaining animal wastes in limited areas. As suitetoo
large quantities of animal and poultry manure arailable as an organic fertilizer (Yetilmezsoy aBdpci-
Zengin 2009). In recent years, several papers laldressed the recovery of nitrogen compounds from
agricultural manures. The concentration of nitrogempounds varies according to the origin of trepeetive
manure. Poultry manure in a farm near Istanbul ké@yr for instance, contained 1580 mg/l total Kjdida
nitrogen and 1318 mg/l NN (Yetiimezsoy and Sapci-Zengin 2009). Livestopkdes, their type and age,
the nature of their feed and how it is fed, whetbemot the livestock are housed, weather and ofimaill
contribute to wastewater composition, volume asddte of production (Knight et al. 2000). The &fdn of
ammonium-N concentrations (mg N/l) in livestock veagaters in south County Waterford, Ireland, was
measured for almost a decade (Table 1). There \Wige annual variations of ammonia and even highr

variations within single years (Harringtand Mclnnes, 2009).

Excessive amounts of chemical nitrogen fertilizamrs applied in agriculture in many parts of the ldamder a
broad spectrum of climatic conditions. Humid weatltenditions may cause nitrate leaching, leading to
pollution of surface and ground water resourcee Tbnsequences are eutrophication of surface watets
contamination of groundwater with nitrate. Such raater sources should no longer be used as soofces
potable water without treatment (Asadi et al. 200&lali, 2005; Barton and Colmer 2006). The horiabn
subsurface drainage system, in addition to comigollvater table and leaching out harmful dissolsells from
the drained soil profile, may also cause lossesmdbus forms of nitrogen through the drainageueffit (Singh

et al. 2001). Such nitrogen losses, besides wastipgrt of the applied fertilizer, are also likdty cause



environmental degradation that will be detrimetdehquatic life, plants, and animals. Nitrogen keag through
subsurface drainage systems has been studied diffdgent irrigation and fertilizer management megs for
semi-arid, arid and humid climates (Asadi et aD20Tamini and Mermoud 2002; Darwish et al. 2008jpRt
and Patel, 2006). Gheysari et al. (2009 studied-NQeaching from a soil depth of 30 cm under difer
nitrogen fertilizer levels and different irrigati@ystems. The estimated leached;N\Oranged from 3.1 kg /ha at
no N application and deficit irrigation to 40.8 Keg/ at fertilization level of 142 kg N/ha and fultigation,

which would be the minimum annual N-requirementdom in European countries.

2.2. Nitrogen in domestic wastewater
2.2. Nitrogen in domestic wastewater

Effluent of domestic wastewater treatment plantstaios high concentrations of inorganic nitroghat may
lead to eutrophication of the receiving water bedigallick 2002; de-Bashan et al. 2004). In Rajasthindia
the raw sewage received at the activated sludge pis a BOD of 600-800 mg/l and a 4 concentration
of 80-110 mg/l during summer when water shortage weute (Gupta and Gupta 2001). Ammonia and
eventually nitrate in the effluent caused eutrogtiin. The disposal of domestic wastewater in aneaserved
by sewer systems is almost exclusively by use pfics¢anks and seepage fields. Effluents from sefatinks
generally contain high concentrations of ammonienget al. (2009) found that the ammonia conceatran
real domestiavastewater from one septic tank in China was 54rgd. A similar finding was reported by Guo
et al. (2009a). The effluent of septic tanks isallyudischarged to aerobic seepage fields, whemmama and
organic nitrogen are transformed to nitrate, whiadly be trickling into the groundwater (Walker et E92).
Table (2) summarizes the values of total Kjeldalttogen (TKN) and ammonia nitrogen (AN) found in

domestic wastewaters in different locations duthmgrecent years.

The traditional biological nitrogen removal proaessapplied in wastewater treatment plants involve t
oxidation of ammonia (N}) to nitrate (NQ") during nitrification and the reduction of nitratéth an organic
carbon source (COD) to nitrogen gas in the dem#iion process. Both, nitrification and denitréton,
generate nitrite (N®) as an intermediate, which normally cannot be megsdue to the fast following reaction.
Hence, if nitrification would be stopped at nitr{tétritation), then denitritation would require ofuless oxygen.
However there may be situations where during déatibn on the way from nitrite to nitrogen someNmay

be released, which is a climate-relevant gas eamigbiat should be avoided.



2.3. Nitrogen in agroindustrial and industrial wasewaters

The concentration of nitrogen compounds in somestréhl wastewaters is tremendously higher thantuga
found in agricultural and domestic wastewater. Amiaoand nitrate are the most problematic nitrogen
compounds in this sort of wastewater. Ammonia tfustrial wastewater is normally eliminated by fiitdtion
which is achieved by the complete oxidation of amma@Sumino et al. 2006). Thus, nitrate removairfithese
types of industrial wastewater is an inevitablepste treatment. Different industrial and agro-intlizd
wastewaters are reported to contain more than 2P0 -N/I (Zayed and Winter 1998; Peyton et al. 2001)
and some contain even higher nitrate levels. Fstaite, the wastewater from glasshouses contaiggd 3
mgNGs-N/I (Park et al. 2009). Several other industigesierate wastewater with varying amounts of nitrate
being 81 mg/l in the wastewaters of the largestydiictory in Israel (Arbeli et al. 2006), 222 mgila tannery
wastewater of Pisa. Italy, (Munz et al. 2008), 282§ in wastewater from the cochineal insects pssing to
produce natural carmine used principally as a golguagent in cosmetics, beverages and productsloxt pH
(Chimenos et al. 2003), 3600 mg/l generated frormaiating explosive factory in China (Shen et2009) and
4000-6000 mg/l produced during the frosting proagsiottles in a winery (Carrera et al. 2004). Bgypt the
El-Nasr Pharmaceutical and Chemical Company, SBast-of Cairo, discharges both industrial (60Gin
and municipal wastewater (128/d) into a nearby evaporation pond without anyttremt. The generated raw
wastewater is characterized by high values of C@D0Q-13,023), TSS (20-330 mg/L), oil grease (17.4—

600 mg/L) and ammonium (about 300 mg/l) (Badawgle2009)

3. Processes for N-removal
3.1. Nitrification/denitrification

Biological autotrophic nitrification followed by kerotrophic denitrification has long been appliednunicipal
wastewater treatment. For application of nitrifioatdenitrification in industrial wastewater tream, however,
things become more complicated because the chesticte of wastewaters vary case by case and somesti
even day by day. Wastewater from antibiotics prtida¢ for instance, usually contains large amouoits
fermentation products, some residual antibioticivitgt and a high concentration of ammonia. These
wastewasters and some fermentation byproducts wiayeneasily utilized by denitrifiers as electrandrs, and

the residual antibiotics have a toxic effect onnmbeganisms (Watkinson 2007).



Under strict aerobic conditions, complete nitrifioa is carried out in two sequential oxidativeges: ammonia

is first converted to nitrite by ammonia-oxidizibgcteria:

NH,”+ 150, -~ NQ + H O+ 2H @)

Then the nitrite is further converted to nitratertilyite-oxidizing bacteria:
NO,” + 0.50Q, -~ NQ (2)

Each oxidative stage is performed by different daal genera which use ammonia or nitrite as anggne
sources and molecular oxygen as electron accephile carbon dioxide is used as a carbon source. riibst
commonly recognized genus of bacteria that carades ammonia oxidation isNitrosomonas.However,
NitrosococcusNitrosopira, Nitrosovibrio andNitrosolobusare also able to oxidize ammonium to nitrite. Enes
ammonia oxidizers are genetically diverse, buttegldo each other, and can be found in the betdisslon of
the Proteobacteria For nitrite oxidation several genera such Nitrospira, Nitrosping Nitrococcus and
Nitrocystisare known to be involved. However, the most fameitiste oxidizing genus iditrobacter, which
genetically is closely related within the alpha diulsion of theProteobacteria(Rittmann and McCarty 2001).

The complete nitrification, as seen during wastewieatment can be expressed as follow:

NH,”+ 20, - NO; + H,O+ 2H 3

In a subsequent process denitrification is generpérformed by heterotrophic denitrifyers under 0o
conditions. The oxidized nitrogen compounds gNénd NQ") are reduced to gaseous nitrogen by heterotrophic
microorganisms that use nitrite and/or nitratedast of oxygen as electron acceptors and organitermas a
carbon and energy source. Denitrifiers are comnroong the Gram-negative bacteria suchiPasudomonas
AlcaligenesParacoccusandThiobacillus Some Gram-positive bacteria (suctBagillus) and a few halophilic
archaeal microorganisms (elgaloferax denitrificanyare able to denitrify (Kim et al. 2005; Cyplika. 2007b
). Unlike some contaminants which are in need faregain microbe to be treated, denitrifying baeteare
ubiquitous in nature (Szekeres et al. 2001) andenaos researchers cultivated them using mixed radttaken
from wastewater treatment plants as seeds. Tharéden a huge interest towards microbial removaiitodite
as the most environmentally friendly and cost-dffecmethod, although biological denitrification ynbe slow,
particularly for industrial wastewaters that contdiigh concentrations of nitrate (Foglar et al. 200The

process of heterotrophic denitrification in envinmntal biotechnology is accomplished with a variefy



electron donors and carbon sources. Both liquid solidi forms of organic carbon sources are conoeatly
used although the agueous type is more commomrdatnient of water and wastewater. Among liquid carb
sources, the most common ones are methanol, etf@oabez et al. 2003; Osaka et al. 2008) and aeeiit
which have been used for wastewater denitrificaierwell as in full-scale plants of drinking watszatment
(Feleke and Sakakibara 2002). A combined carbamcsousing methanol and acetic acid was found to be
superior in nitrogen removal and additional besedit this mixed carbon source included the excekdudge
settling properties compared to the use of methanaicetic acid alone (Cho Molof 2004). Park et(2008)
treated waste plant material either physically iotdgically to produce several organic carbon ficjuors for
use in denitrification experiments. The choice wiisrate depends on a number of considerationsasicbsts,
capacity and configuration of reactors and on th&t-freatment process of the denitrified water kBees et al.
2002). The theoretical methanol requirement foratgt is 2.47 mg C¥DH per mg NGN as indicated in
equation (4). Neglecting bacterial growth and tbsidual oxygen content of the wastewater fromrigation,

the requirement is decreased to 1.9 (Young-Ho AJ062

NO, +1.08CH OH+ 0.24H CQ- 0.056C H O+ 0.47NL.68H,0+ HCO; @)

Later studies tried to speed up biological dendation by applying different process strategigsuigh which a
better contact of the nitrate in the water with nm@rganisms was maintained, such as packed bease({Z4 al.
2009), rotating biological contactors (Teixeira V@ira 2001) and fiber-based biofilm reactor (Waetgal.
2009). Efforts are still ongoing and some noveliirssombination of biological and other methodsclsas

membrane biofilm reactors (MBR), were manifesteeréfla et al. 2003).

3.2. Simultaneous nitrification and denitrification (SND)

Among many innovative technologies for nitrogen oeal, nitrogen removal via nitrite was reported b
technically feasible and economically favorablee Tinocess starts with a partial nitrification of Nko nitrite
and subsequently continues with a direct reduabionitrite to N, gas (Jenicek et al. 2004; Laiet al. 2004). In
SND nitrification and denitrification occur concantly in the same reactor vessel under identicaraipg
condition. If successful, this process could redtle relatively large reactor volumes and energstdor
recirculation that are required for a separatedtderand anoxic system. Several types of treatraaits have
been proposed in which SND can be realized (Gad @005; Zhang et al. 2007). Zhang et al. (206&pduced
a flexible biofilm reactor having adjustable aembbuffer and anoxic zones with liquid circulatiteing

dependent on the aeration flow rate. Both studiesevsuccessful in proving the possibility of nit@tion and



denitrification in one reactoSuccessful SND experiments were also carried ouiVhiters et al. (2009) who
used a biofilm airlift suspension reactor with Bgdadable carrier material. Investigation of Furle{2006) of
the shortened nitrogen removal pathway via nitriég@ealed a high reduction of the COD demand for
denitrification, a high rate of denitrification,viobiomass yield during anaerobic growth and no egganitrite
toxicity effects for the microorganisms in the resic SND is also effective in maintaining a neufll level in
the reactor, without the addition of an acid orebg€hang and Tseng 1999). This is important ssnoarrow
optimal pH range between 7.5-8.6 is known to existhe nitrifying bacteria. During nitrificationllealinity is
consumed, but alkalinity is produced during defid@ition. The optimal pH lies between 7 and 8 for
denitrification with different optima for differeriiacterial populations. Further, Ma et al. (2008)gstructed a
bench-scale continuous flow system, consisting essgigely of an anaerobic hydrolysis column (coluinan
anoxic column (column D) and two aerobic columnslymns B and F) to remove nitrogen and carbon
simultaneously from terramycin crystallization mathsolution (TCMS). Columns A and D were sludge-bed
reactors, and columns B and F were biofilm reacparsked with polyethylene balls and soft fibers diam
plastic rings, respectively. Approximately 82% bétchemical oxygen demand (COD) and 81% total gino
were removed by the system when tap water dilul@¥3$ was continuously fed (dilution ratio, 1:4). fdg
which was produced during anaerobic hydrolysis wasd as part of electron donors for denitrification

column D.

Polymeric beads, in which a nitrifier and a defigriwere co-immobilized, were used to remove gi&o in a
single step. Uemoto and Saiki (2000) investigatatbeel immobilized-cell bioreactor containing pagkgel
envelopes capable of simultaneous nitrification daditrification. The packed gel envelopes condisiEtwo
polymeric gel plates with an internal space betwthem for injecting the electron donor for denitdtion. An
ammonia oxidizer, namelyitrosomonas europaeand a denitrifier, namelyRaracoccus denitrificanswere
coimmobilized in the plate gel. The immobilizBid europaeaxidized ammonia to nitrite on the outer surfate o
the plate that was in aerobic contact with the swater containing ammonia; the immobilizéddenitrificans
reduced nitrite to nitrogen gas on the inside ef pkate that was in anaerobic contact with thetedacdonor.
This system did not require an additional aerolép ecause the electron donors were not supphidtiet
wastewater directly but to the internal space @ gel plate. This resulted in an increase of thkzation
efficiency of the electron donor for the denitrétion process and a decrease in the quantity pfususludge. In
another attempt, a bioreactor system with 30 paget@nvelopes was installed in a thermal powentgdiar the

removal of nitrogen from ammonia-containing destigfation wastewater. Each envelope consisted obldeu
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sided plate gels containingitrosomonas europaeandParacoccus denitrificansells with an internal space in
between for injecting an electron donor. The erpeloould remove ammonia from wastewater in a sis@p.
During continuous wastewater treatment with therddotor system 95.0% removal of the total nitrogers
obtained. The total nitrogen concentration in théed was below 9.0 mg . Since the bioreactor system could
use the electron donor effectively, it was not 3eaey to use an additional aerobic tank to rembgestectron

donor and a settling tank to segregate the sugbliggje containing bacteria from wastewater (Magttal 2008).

3.3. Autotrophic denitrification

The heterotrophic denitrification rate was strondgpendent on the type of carbon source, the ctratiom of
the carbon source (Galvez et al. 2003; Gomez @08i3), and the C/N ratio (Rijn et al. 2006). Tbaild vary
for different microorganisms, water streams, andrenmental conditions (Chiu and Chung 2003). Intcast,
autotrophic denitrifiers utilized inorganic carbsubstrates (carbon dioxide or bicarbonate) as & smirce of
carbon. Some advantages of autotrophic over hetgtat denitrification are; evasion of the poisapeffect of
some organic carbon, low biomass build-up and $sdge production which results in reduction ofctea
clogging and easier post-treatment (Rijn et al.6208ince some wastewaters have a very low coraténirof
biodegradable organic materials, autotrophic diéicition, which utilizes C@ from water as carbon source
requires addition of an electron donor substratemEntal sulfur, (Broers 2004; Moon et al. 2004ngend
Zhang 2005; Sierra-Alvarez et al. 2007; Wan et 2009) and H (Mansell and Schroeder 2002; Biswas and
Bose 2005; Rezania et al. 2007) as electron ddioorautotrophic denitrification systems have betardied
extensively. Under typical aquifer conditions, ireuiphide (pyrite) is typically expected to be gectron donor

(Pauwels et al. 2002) for denitrification assidtgd hiobacillus denitrificans

5FeS+ 14N@+ 4H_. 7N 10SD+ 5Fe 2F (5)

In the sulfur-limestone autotrophic denitrificati(®LAD) process element sulfur is used as electmmor and
limestone is used to adjust the pH, but an incre&tiee sulfate concentration and hardness lingtapplication.
Hydrogen gas would be an ideal electron donor i@iogical autotrophic denitrification. It has, hoves, a poor
solubility in water (Wan et al. 2009A biofilm-electrode reactor as a combined eledieical and biological
reactor was developed by Sakakibara et al. (1988)improved by Prosnansky et al. (2002) to solheseh

problems. In this system, autotrophic denitrifymgroorganisms are immobilized on the surface efdathode
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and hydrogen gas as an electron donor is produgedebtrolysis of water. Combining this bioelectnemical
and sulfur autotrophic denitrification system faater denitrification was proposed by Wang and Q98 and
applied at large scale by Wan et al. (2009). Irhsaiprocess, sulfur and hydrogen autotrophic bacteere
integrated for the following reasons: thé generated during denitrification with sulfur coldd consumed by
the bioelectrochemical denitrification with hydrege achieve neutralization, thus the limestonesdddto the
SLAD system could be left away and the hardnessease could be avoided; the sulfate concentratidheo
effluent could be controlled by the nitrogen loddhe autotrophic sulfur denitrification processdavould be
lower than in the SLAD process. In genefaiobacillus denitrificansand Thiomicrospira denitrificansare the
two most commonly reported autotrophic denitrifiBsettar et al. 2006). Because in nature thes¢ebacare
likely to encounter autotrophic and heterotrophanditions, it is of considerable interest that theitrate
removal characteristics under mixotrophic condgios determined. However, no detailed informatisn

available on the effect of organic compounds ofusdlased autotrophic denitrification.

3.4. Anaerobic ammonium oxidation (Anammox) process

Anaerobic ammonium oxidation (anammox) has recesgetial attention since its discovery, because dn
efficient biological alternative to conventionatmoigen removal from wastewaters. Under anaerohicliéons,
ammonium is oxidized to nitrogen gas with nitritethe electron acceptor (Eqg. 6) and carbon dioisidesed for
growth of the anammox microorganisms involved. bmparison to traditional nitrification—denitrifigah
process, this autotrophic process consumes 1008b6bieslegradable organic carbon and at least 50%

oxygen (Tal et al. 2006) and has, therefore, lovpmrating cost.

NH," +NO,” — N, +2H,0 (6)

Anammox needs ammonium and nitrite in a ratio ofgidy one to one. For sludge digestor effluents, tthtio
can be achieved without control, because theseeglifs contain bicarbonate as the counter ion fanamum.
When half of the ammonium is converted, the alkiliof the water is depleted leading to a drop kh g@nd

preventing further nitrification (Equation Eq. (detten et al. 2001):

NH,” +HCO, +0.750Q - 05NH + 05NQ+ COr 15H @)

If the Anammox process is combined with a precedirification step, only part of the ammonium nesed be
nitrified to nitrite, while the Anammox process doimes the remaining ammonium with the nitrite telgi

dinitrogen gas. This will reduce the oxygen demanthe nitrification reactor and reduce costs. Dimmass

es
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yield is very low, and consequently, little sludge produced. This is another factor that contribute
substantially lower operation costs of Anammox cared to the conventional denitrification processwever,
the low biomass yield also necessitates an efficiggstem for sludge retention, and long start-upes are

required to obtain a sufficient biomass concerdrafletten et al. 1999).

The possible metabolic pathways for anaerobic anwmoroxidation are shown in Fig. 1 (van de Graa#let
1997). Using™N-labelling the experiments showed that the elecaroceptor nitrite is reduced to hydroxylamine
and that hydroxylamine somehow reacts with thetedlacdonor ammonium, leading to the ultimate praidunc
of dinitrogen gas (Jetten et al. 1999). In batgpeements with excess hydroxylamine and ammoniam,
transient accumulation of hydrazine was observaticating that hydrazine is the intermediate of finial step.
Jetten et al. (1999) postulated that the oxidatibhydrazine to dinitrogen gas generates the @estfor the
initial reduction of nitrite to hydroxylamine. Is iwell known that the occurrence of free hydrazmenicrobial

nitrogen metabolism is rare, if not unique (ScHz0K0) .

The anaerobic ammonium oxidizing bacteria (AnAOB) autotrophic members of tiBrocadiales belonging
to the phylumPlanctomycetesvhich is one of the major distinct divisions b&tbacteria. Currently, five genera
of AnAOB have been reporte@andidatusBrocadia,CandidatusKuenenia,CandidatusScalinduaCandidatus
Anammoxoglobus, an@andidatuslettenia. However the most common AnAOB @eotadia anammoxidahs
(Strous et al. 1999a) andKtienenia stuttgartiensigSchmid et al. 2000). These two bacteria are \snyilar.
They have the same overall structure and also pediydrazine from exogenously supplied hydroxylamin
The high Anammox activity is detectable for botlcteaia in a pH range between 6.4 and 8.3 and agmathpe
between 20 °C and 43 °C (Egli et al. 2001). Thenoptn pH and temperature of the two organisms arg ve
similar. These bacteria have a highly unusual giggiy, in that they live by consuming ammonia ia #bsence
of oxygen. Furthermore, these metabolically velsdiacteria are, for example, capable of oxidizhgrt chain
fatty acids with nitrate (Glven et al. 2005), cadizing propionate and ammonium in the presenaetdfe and
nitrate (Kartal et al. 2007a), and performing digkitory nitrate reduction to ammonium (Kartal &t2007b).
Anammox is highly exergonic and linked to the egengetabolism of the organisms involved. In addition
Anammox bacteria were recently shown to be abletoterate higher © concentrations than originally
established by Strous et al. (199H®ing metabolically active at oxygen concentratiah up to~.13 umol
O, L™ (Jensen et al. 2008). Altogether, these resuite lmaportant ecological and biogeochemical implimag,

since they extend the metabolic and environmeptdtsa of these bacteria.
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The Anammox process is suitable for wastewater Vaith C:N ratios. At C:N ratios above 1, the Anammox
bacteria are no longer able to compete with hetgpbic denitrifying bacteria (Glven et al. 2005heTorganic
loading rate was found to affect the Anammox preqerformance, but the exact inhibitory leveld stimain
unclear (Sabumon, 2007 and Wang and Kang 2005prdanic matter concentration above 300 mg COD/d wa
found to inactivate Anammox communities in a UASEactor fed with fat milk as organic matter source
(Chamchoi et al. 2008). Concentrations of 50 mNMadtate resulted in 70% inhibition of the Anammaoacess
(Dapena-Mora et al. 2007). Therefore it is necgsgaclearly establish the COD levels inhibiting tAnammox

process.

The Anammox process has also been maintained éaslygas lift reactor achieving nitrogen remonzes of
up to 8.9 kg N/mday. This removal rate was 20 times higher conparéhe removal rates previously achieved
in the laboratory (Sliekers et al. 2003). Ammorgenoval via Anammox has been developed for thertresat of
many different wastewaters with low organic mattentent (below 1700 mg COD1), such as water from the
secondary clarifier of a municipal wastewater tmeait plant in a down flow biofilter (Li et al. 2005itrous
organic wastewater in ASBR reactors (Jing-Ping.€2@06) and landfill leachate in a continuous teaglLiang
and Liu 2008). Only a few studies have investigabtedpossibility of using the Anammox process fomzonia
removal from animal waste treatment water, whicindeed a residue with high organic matter ancobgén
content (Waki et al. 2007). However, there is stilbig gap regarding the effect of different peatments
(reducing organic and ammonia loads) of the wastwstreams on Anammox process performance. Up to
98.5 + 0.8% of ammonia was removed from a dilutediglly oxidized pig manure effluent (121 mg COD)L
using the Anammox process under different orgasaclings in a semi-continuous UASB reactor. Masarizzd
clearly showed that an increase in organic loadfnom 121 mg COD [* to 290 mg COD [* negatively

affected the Anammox process and facilitated hé&tgpbic denitrification (Molinuevo et al. 2009).

3.5. Partial nitrification/Anammox

The increases in the operating costs of wastewgaiment systems is challenged by a novel mictg@bacess,
combining the Anammox reaction with partial nitcétion in one reactor, entitted CANON (completely
autotrophic nitrogen removal over nitrite) (Third @. 2001). This combination of the preceding ipart
nitrification and the subsequent anaerobic ammonaxidation is regarded as a promising new method of

removing nitrogen from wastewater with a low C/Nigaand a large quantity of ammonium (Ciudad et al.
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2005). Compared to the conventional nitrificatiow aenitrification process, more than 50% (Fuxl.e2@02) or
62.5% (Feng et al. (2007) less oxygen demand aedndm-requirement of organic carbon addition, ie th
combined partial nitrification/Anammox process off@onsiderable cost savings. The combination ofigar
nitrification and Anammox is based on the fact thitite is an intermediary compound in both. Ttiere, it

will be convenient and economical to achieve 50%iigdanitrification up to a condition wherein onalh of
ammonia is converted to nitrite and the other fglhot, followed by the anammox to ensure totalogi¢n
removal throughout an autotrophic process. (Khid @&mnachhatre 2004; Yamamoto et al. 2008). In the
CANON systemsNitrosomonadike aerobic ammonium-oxidizing bacteria aRthnctomycetdike Anammox
bacteria perform two sequential reactions simultasty under oxygen limited conditions (Hao et &02 and
Sliekers et al. 2002). The nitrifiers oxidize amnuon to nitrite, consume oxygen and so create anoxic
conditions needed by the Anammox bacteria. The ymed nitrite is utilized with the remainder of the
ammonium by Anammox bacteria and converted intdrdigen gas (Nielsen et al. 2005). Equations nuni®gr

(9) and (10) represent these reactions:
2NO, +12H+10e= N+ 6H (8)

NH," +1.32 NQ™ + 0.066 HCQ+ 0.13'H. 0.066 QB _N,,.+1.02 N,+ 0.26 NG+ 2.03 H
9)

NH," +0.85Q — 0.44 N+ 0.11 NQ+ 1.43,H+O 10.H' (10)

Typically in the CANON process thditrosomonadike ammonium-oxidizing bacteria are active in thater
aerobic region of both biofilm and aggregates, @lihammox bacteria are active in the inner anogian.
This way the Anammox bacteria are protected fromgex, which is consumed in the outer aerobic region
Oxygen would inhibit the Anammox activity (Strous &. 1997b). The cooperation of these two groups o
ammonium-oxidizing bacteria results in completelytodrophic nitrogen removal under oxygen limited

conditions in one single reactor.

The CANON process has quite sensitive operatiohalacteristics for dissolved oxygen, the nitrogeriexe
load, biofilm thickness and temperature, etc. (Haml van Loosdrecht 2004). The oxygen-mass transfer
efficiency from gas to the liquid phase and effextbiomass retention are considered two key raigdd
factors for the operation of a CANON system (Slisket al. 2003). Moreover, the growth rate of awjatic

ammonium oxidizing bacteria is lower than that efdnotrophic bacteria, with which they have to cetepfor
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oxygen. Without long retention times the suspendigdfiers will be easily washed out of the reactdihe
biomass concentration is increased by recirculatbrthe sludge after sedimentation, but limited the
efficiency of the sedimentation vessel. Besides,aimnmonia oxidation rate is strongly influencedtwy nature

of nitrifying cultures and a variety of environmahtactors, including substrate concentration,alissd oxygen,
temperature and pH. To overcome these problemdapdomote the oxygen-mass transfer in a high bgsma
retention reactor configuration, immobilizationhetues can be used. This is an important challengeder to
scale up CANON systems from laboratory to induktjaplication (Yan et al. 2009 and Gong et al. 3007
Immobilization is an efficient method to prevenbtmass from being washed out and allows hypercoratent
cultures. This can lead to relatively small reastand provide some protection from adverse tempestand
toxic shocks, which would help in maintaining yeaund treatment (Morita et al. 2007). Immobilizedrbass
can be divided into “naturally” attached biomassfijm) and “artificially” immobilized biomass. Bidms have
been widely applied in wastewater treatment. Howeseme particles can become anaerobic in the eamial
settle to the reactor floor. Membrane-aerated Ioiofeactor (MABR) represent a new technology foroh&
wastewater treatment, in which hydrophobic, gasagable membranes are used for bubbleless oxygesfdra
(Casey et al. 1999b and Lapara et al. 2006). Menebaaration is advantageous because gas tranfifrefies

are much higher than conventional bubble diffudggasey et al. 1999b). In an MABR, the microporous
membranes play two roles: the oxygen gas suppleherdterial and the carrier for bacterial immolaition
(Brindle and Stephenson 1996; Terada et al. 2006 oxygen on the lumen side of the membrane is
transported through the pores of the membrane wihout the formation of bubbles and utilized by
microorganisms in the membrane attached biofilmtrdfwely high oxygen-mass transfer efficiency can be
achieved (Brindle et al. 1998 and Casey et al. 499Recent research has demonstrated that thickoraee:
aerated biofilms can simultaneously provide faviatonditions for both nitrification (near the merabe) and
denitrification (near the biofilm-liquid boundarwithin a single biofilm (Cole et al. 2004). Gongat (2007)
developed a novel MABR, equipped with non-wovenrifzb support around the microporous carbon tube
membrane, and investigated its feasibility and @ssqgerformance of the CANON-type single-stagetenghic
nitrogen removal to treat the synthetic ammoniuch-rivastewater like anaerobic sludge liquids. Thictor
allowed air to be supplied through the microporoagon tube wall to the biofilm that was supporsdnon-
woven fabrics. The partial nitrification and consution of dissolved oxygen occurred in the innerelagind
Anammox in the anoxic outer layer of the non-woValrics, thus realizing autotrophic nitrogen remadnaa
single reactor. This study demonstrated that MABa&® & very suitable experimental set-up for the aiar of

the single-stage autotrophic nitrogen removal sce
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One of the most common techniques for artificiatynobilization is gel entrapment. Both natural @ydthetic
polymers can be used as the immobilization supprt,it must fulfill various requirements, such @soto-
transparency, non-toxicity, retention of cellulaahility, and stability in the culture medium (Miak 2002).
This immobilization technique is commonly used tomobilize a pure strain of bacteria because the
mechanisms of pure strains are more easy to uadergEierro et al. 2008; Hill et al. 2008). Neveidss, the
immobilization of activated sludge has also begroreed (Rostron et al. 2001; Isaka et al., 2009m@ared to
pure strains of bacteria, immobilization of actadtsludge could remove multiple pollutants due he t
biodiversity of the activated sludge. Yan et aD(Q) studied the characteristics of the partiaifigation and
degradation of organics with an immobilized biomasgeating ammonium-rich organic wastewater eitves
as a first step in the Anammox process with padiitrification via nitrite. They used four masds, i.e.
sodium carboxymethylcellulose, sodium alginate,ypiolyl alcohol and sodium alginate, and chitosan fo
entrapping the biomass. Sodium alginate was sele&$ the best entrapment support after compaartpp

nitrification rates and the adsorption efficiency.

4. Factors affecting nitrogen removal efficiency

4.1. Effect of temperature

The temperature range of 22—-37 °C gave best résulésms of maximum nitrogen and carbon removainfra
shrimp aquaculture wastewater (Fontenot et al. U@t denitrification processes will normally ocdn the
range 2-50 °C (Brady and Weil 2002) and possiblyohd, where bacteria have evolved to cope withifipec
environmental conditions. Groundwater temperatarestypically around 10 °C (in northern Europe)thwthe
exception of shallow groundwaters impacted by emé&resurface temperatures. Reaction rates are thpical
assumed to double for every 10 °C increase in teaype (i.e. Arrhenius rate law). Elefsiniotis alnd(2006)
investigated the role of temperature within thegenf 10-30 °C on biological denitrification usisgnthetically
produced volatile fatty acids as carbon sourcegirTiesults confirmed that a temperature change ft0 to
20 °C exerted a greater effect on both the sped#iditrification and carbon consumption rates thafiurther
temperature increase from 20 to 30 °C, which wae a&lident in the corresponding temperature caoeffic
values. At a given temperature, the specific diiciiition rate appeared to depend on the initidtogien
concentration, while the specific carbon consumptite was a function of the initial carbon contéligs and
Mavinic (2001) investigated the nitrogen removapatailities of the denitrification process, whenatiag
sanitary landfill leachate containing an ammoniacemtration of over 2200 mg N/L, at operating terapges

down to 10°C. When the operating temperature waredsed from 20 to 17°C, an approximate 15% deerieas
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denitrification was immediately experienced, with moticeable effect on nitrification. With the teempture of
14°C, aerobic wasting was also stopped and methé&abon source for denitrification) loading was
progressively decreased to match actual denittiinarequirements. At 10°C, the system suffered omaj
nitrification and denitrification inhibition. Chaeg in operating parameters, such as a decreas#luenit
ammonia and methanol loading, as well as an ineré@asambient temperatures, from 10 to 15°C, did not
significantly improve the overall system performanwithin a reasonable time frame. Changes in &te of
denitrification with seasonal temperature variationay be masked by variations in the rate of ormaarbon
flux. For example, Cannavo et al. (2004) found tiraeze—thaw cycles increase the flux of carborthi®

unsaturated zone and can create anaerobic micimements in which denitrification can be estakdigh

Present reports show that high temperature of 28€38 favorable for nitrogen removal via nitriteedto the
fact that the specific growth rate of AOB is higtiean that of NOB (Brouwer et al. 1996). The repaibout the
effect of temperature on nitritation can be groupetd two classes: (1) achievement and maintenasice
nitritation at high temperatures of 28-35 °C (Kasthev et al. 2008), and (2) start-up of nitritatainhigh
temperatures and a gradually decline of the tenypes Nitritation was maintained at room or low
temperatures (Peng,et al. 2007). Some researchegpedved that nitritation start-up could be prosdoand
accelerated at high temperatures (Zeng et al. 2088yever, the temperatures of real domestic wastEw
(usually at 10-25 °C), especially in winter, canresch the optimal temperature of 30 °C for nitrogemoval
via nitrite. In the temperature range of 10—-208®jgh nitrite accumulation rate can hardly be rzired due to
the fact that the specific growth rate of NOB ighw@r than that of AOB (van Dongen et al. 2001).réfare, a
relatively low wastewater temperature such as mekiic wastewater is the major obstacle for achieve and
full-scale application of nitrogen removal via fiér However Zeng et al. (2009) achieved nitrifatiat a
temperature of 19 + 1 °C by controlling the dissalvoxygen (DO) concentration and pH. The dominasfce
ammonia oxidizing bacteria (AOB) was enhanced thhothe combination of a low DO concentrations
(<1.0 mg/L) and a preset short-cycle control of dbeation time. Nitritation was successfully esttigid with a

NO, -N/NO, -N ratio over 95%.

Several authors (Strous et al. 1999b; Egli et @012 Toh ei al. 2002) found that the optimum terapae for
the operation of the Anammox process was around@®0c. Perhaps for this reason, most of the workeres
this process was applied were carried out at teatypes values higher than 30 °C (Van Dongen et@G012and
Imajo et al. 2004). Recently, Cema et al. (200%ved that a rotating biological contactor (RBC) twin

established Anammox process could be successfpllyated at temperatures around 20 °C. Similar teswdre
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reported by Vazquez-Padin et al. 2009 and by Isalkd (2007b) who operated an anaerobic biolodittedter
reactor (ABF) which treated 8.1 g N (L") Moreover, several works done with marine Anamnsaxples
reported measurable activities at low temperatuRgsgaard et al. (2004) working with sedimentshaf east
and west coasts of Greenland, observed Anammoxitgchetween -2 and 30 °C, the optimum temperature
being 12 °C. Similar results were found by Dalsdaand Thamdrup (2002) working with marine sediments
from the Skagerrak (Baltic-North Sea). These resualicate that the application of the Anammox pssmust
not be restricted to effluents with temperaturesiad 30 °C. Therefore, Dosta et al. (2008) evatuite effects

of moderately low temperatures on the stabilityhi$ process. First, the short-term effects of terapure on the
Anammox biomass were studied using batch teststadnaximum activity was found at 35-40 °C. Acfjvit
tests done at 45 °C showed an irreversible loshefactivity due to biomass lysis. Temperaturemfi0 to

15 °C were used to determine long-term effects. §ymem was successfully operated at 18 °C but ihen
temperature was decreased to 15 °C, nitrite staotedtcumulate and the system lost its stability.te other
hand, some authors reported that the denitrifipatiate showed only a rather weak dependence on the
temperature, the rate at 3°C being approximateB6 58 that at 15°C. The maximum denitrification rate
obtained at 15°C was 2.7 g NEN m2 carrier d*. The maximum denitrification rate at 3°C during &lay

period was found to be constant (Welaratat Mattiasson 2003).

4.2. Effect of dissolved oxygen on denitrification

Denitrifiers are facultative bacteria that energgdty prefer oxygen over nitrate as the terminatbn acceptor.
Denitrifying bacteria use nitrogen oxides as teahiectron acceptors most rapidly in the abserfiaexyggen.
Thus, the dissolved oxygen (DO) concentration hasnaportant influence on the success of the nitnoge
removal process. A high DO plays a crucial rolenitrification and has a negative influence on bital
denitrification. DO can inhibit denitrification bagse oxygen functions as the electron acceptor for
microorganisms over nitrate and aerobic conditi@mess enzymes involved in denitrification (Zunifg97).
Although high DO concentrations are necessary tmaece the activity of nitrifying bacteria in theofiim
reactor, denitrification is inhibited by oxygen.wering the aeration rate i.e. operating the wasemeeatment
at low DO concentrations is a possible measur@mdral the inhibitory effect of DO on denitrificath (Tan and
Ng 2008). The negative effects of high DO concéditng on the denitrification process depended encdrbon
source. Denitrification with alcohols such as etitaand methanol was less affected by DO than witrase.

The development of a biofilm was also influencedhsy DO concentration as excessdaused reduced biofilm
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growth. Biofilms that developed in presence of axygevealed a smaller bacterial density and a ematilo of
denitrifying versus nitrate reducing bacteria, whled to an unfavorable inorganic nitrogen remavadl the
presence of nitrite in the treated water. All theffects were more pronounced when sucrose wasassearbon

source (Gomez et al. 2002).

Until now, a significant amount of research hasufax on the partial nitrification and SND achietgdow DO
(Aslan et al. 2009). Using low DO, Blackburne et(@D08) achieved partial nitrification to nitrite a lab-scale
continuous-flow reactor treating synthetic wastewabntaining ammonium as the sole energy souvtaeet al.
(2006) showed a clear correlation between nitriieuanulation and low DO levels in a continuously pilot
plant. For nitrogen removal via nitrite with reaastewater the nitrite pathway in a continuous-feystem has
not been fully demonstrated previously (Yuan et2#l08). However, Ma et al. (2009) established theten
pathway in a pilot-scale continuous pre-denitrifica plant § =300 L) treating domestic wastewater by
controlling the DO concentration at 0.4-0.7 mg/lt was demonstrated that the nitrite pathway cdodd
repeatedly and reliably achieved, with over 95%hef oxidized nitrogen compounds at the end of #reldc
zone being nitrite. The nitrite pathway improved tbtal nitrogen removal by about 20% in comparisnthe
nitrate pathway, and also reduced aeration cost4by. Moreover, the short-term effect of DO on bgital
nitrogen removal has been discussed in many studieg batch test (Ciudad et al. 2005; Park anduly
2004). With the exception of the report of Guo let(2009b), limited reports are available on conmgars of
partial nitrification performance under differen©OCfor long-term operation. It is still doubtful wier high a
DO level would destroy the stable and high nitagcumulation ratio built by low DO or other opeoatl
factors. It is also not very clear whether high B0Guld cause the recovery of NOB after long timerapen.
Guo et al. (2009b) found that the average effidesof SND in a high DO (above 3 mg/l on average) a low
DO (0.4-0.8 mg ) reactor were 7.7% and 44.9%, &edspecific SND rates were 0.20 and 0.83 mg N/(mg
MLSS h), respectively. Low DO did not produce sledgith poorer settling properties but attained lowe
turbidities of the effluent than high DO. AOB wetige dominant nitrifying bacteria and NOB did not be

recovered in spite of exposing nitrifying sludgenhtgh DO.

4.3. Effect of nitrate concentration

Excess nitrate concentrations affect the dergatfon process by inhibiting the formation of §as and causing
the denitrification process to terminate with tteeniation of NO (Blackmer and Bremner 1978). A small

number of research studies has been publishedt¢ootiathe denitrificatiorof wastewater containing nitrate at
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concentrations higher than 600 mg N@'L (Austerman-Haun et al. 1999; Foglar et al. 200Cyplik et al.
2007a; Nair et al. 2007). Biological denitrificati@f high nitrate concentration in wastewater saav process.
To increase the rate of denitrification, parametsueh as pH, temperature, COD/N@® and biomass
concentration of the process must be optimized lidatization of sludge to nitrate wastewater is afighe
methods used to develop the suitable consortiuttnetst high strength nitrate wastewater. Sludge egaly
consists of different types of bacteria, broadlyidid into two categories viz; nitrate tolerant amittate
intolerant bacteria. Nitrate tolerant bacteria inlg nitrate respirators (capable of reducing rttatnitrite) and
true denitrifiers (capable of reducing nitrate tivogen). The growth rate of nitrate tolerant alitdate intolerant
bacteria varies depending upon nitrate concentrstidt high nitrate concentration, the populatidnnibrate
tolerant bacteria multiplies faster than that dfaie intolerant bacteria. Thus, acclimatizatioressentially a
process of manipulating differential growth ratédveo types of bacteria to obtain a desired popoabalance
by subjecting them at controlled nitrate conceidrat To acclimatize the sludge for treating highrate
wastewater, it is subjected to high nitrate conediuins in which nitrate tolerant bacteria outgroitrate

intolerant bacteria (Dhamole et al. 2007).

4.4. Effect of salinity

The effect of high salt concentration on nitrifioat and denitrification has been previously invgstied
(Campos et al. 2002; Moussa et al. 2006). Seawsterbeen used as an alternative water source ifet to
flushing in some arid areas such as Hong Kong antesother coastal cities, resulting in a high satitent in
the sewage (Wu et al. 2008udarno et al. 2009 Salinity levels have a definite impact on thecrobial
community structure in the wastewater and may &ffiee nitrification and denitrification process (€Cand
Tomasso 2001) and ultimately the performance oftevester treatment systems. High salt concentrations
wastewater induce salt stress to the microbiahfloesulting in the inhibition of many enzymes, réasing cell
activity and eventually leading to plasmolysis (Uy@006). It was reported in these studies thaificétion and
denitrification activities were sustained by grddaeclimatization of freshwater sludge to high salhditions.
Halophilic denitrifying bacteria were isolated fratme long-term acclimated sludge, and higher diéndtion
performances were demonstrated when the long-teaimaated sludge was used as inoculums (Yoshid. et a
2006.). Furthermore, Furukawa et al. (1993) repbttat nitrifying sludge taken from a night soiatment
plant employing a sea-water dilution in the sumseasison could adapt more smoothly to high salt tiondi

than sludge from freshwater.
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Rene et al. (2008) investigated the effect of diffée COD/N ratio (3—6) and salt concentrations tuf.2%) on
organics and nitrogen removal efficiencies in fislarket wastewater under different operating sclesdul
Different combinations of the CODI/N ratio and sairshowed a negligible effect on organics remowvijle
they affected nitrification and denitrification Efency to a larger extent. However, salt inhibitican be
reduced significantly after long time acclimatipatiof the biomass. The treatment showed high CCEDY)
and nitrogen (>40%) removal efficiencies despitdigh loading rates and COD/N fluctuations, whistdue to
the acclimatization of the biomass within the SBRing a sequencing batch reactor for the treatroesiirimp
aquaculture wastewater, the results of Fontenatl.e2007) indicated that the salinity of 28—-40 tpagper

thousand (ppt), produced best results in terrmaximum nitrogen and carbon removal from the waatew

Since the partial nitritation—Anammox process wascessfully applied to the treatment of sewage gdud
digester liquor, it opened doors for application many kinds of wastewater treatment such as inidilistr
wastewater, livestock wastewater, and landfill kedie. However, these wastewaters contain high obratens

of salts which have been considered as an inhibfator in the biological nitrogen removal procégan der
Star et al. 2007). However, marine Anammox bacteei@mnging to the genuScalinduahave been detected in
natural surroundings (Schmid et al. 2007) and rie@iakajima et al. (2008) enriched them from aclesed
coastal sea in Japan using a continuous culturteraysThese results suggested that Anammox bacteria,
inherently preferring high concentration of saltgldiving in the high salt habitats, would be ehdd in the
cultivations and would be available for industregplication. On the other hand, there is an instest
experiment. Kartal et al. (2006) adapted the Anamsiodge, which consisted of 50% ©&ndidatusKuenenia
stuttgartiensis and 50% d&andidatusScalindua wagneri to a salt concentration of 30°¢ Although this
would be the culture conditions suitable for grovathCandidatusScalindua, they reported that the major
Anammox bacteria after the acclimation w&andidatusKuenenia stuttgartiensis enriched from freshwater.
Because Kartal et al. (2006) used the seed sludgwicing marine Anammox bacteria besides a freswa
Anammox bacterium, the result that major Anammostérga at high salt conditions were freshwater Amaox
species is an open question. In addition, Kartahlet{2006) focused on only the population of Anaorm
bacteria species without the evaluation of the isbemt bacteria community. The effect of high salt
concentration on the Anammox treatment was invatiby Liu et al. 2009 to establish an acclimastategy
under high salt concentration conditions. An Anarrrfiged-bed reactor with non-woven biomass camwes

used and the salt concentration was gradually ase from 2.5 g 1* to 33 g L’ The Anammox reactor
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revealed a stable nitrogen removal rate (NRR) Bk@-N m ®d * for 65 days under a salt concentration of 30 g

L™ %, However, the NRR sharply declined at a salt cotra¢ion of greater than 30 g L.

4.5. Effect of pH

The pH range preferred by heterotrophic denitidfier between 5.95 and 7.9 (Salem et al. 2007)pwadj the
optimal pH level in an anoxic/oxic membrane bioteaaovith over 99.9% of nitrate removal and without
accumulation of nitrite was 7.5-8.5 (Shen et aD®0pH values outside this range may hinder thetidécation
process, but the optimal pH is site-specific beeanfsthe effects of acclimation and adaptatiorhi microbial
ecosystem. Strongly acidic environments (pH < 5)bittdenitrification and tend to arrest the defiggtion
chain with the formation of nitrite or J (Brady and Weil 2002). In well-buffered calcarsaqguifers, such
acidification is unlikely (Amirbahman et al. 1998)alomonas campisaliATCC 700597) however was shown
to completely reduce nitrate at 125 g/L NaCl and 9k brine produced from regeneration of ion exgjea
resins with NaCl, containing a high concentratwinnitrate that was difficult to remove using stardi
biological, physical, or chemical technologies (®eyet al. 2001). On the other hand experimentsitoate
removal from high salinity wastewater are usualyried out without controlling the pH because déigation
from high salinity wastewater favors high pH lev@ivang et al. 2006). Heterotrophic denitrificatiidgelf can
increase the pH because it causes a release aiXyydons and raises alkalinity. Each mg of nitr&teeduced

to N, causes an alkalinity increase of 3.57 mg Ca@c¢ording to the following stoichiometry:

2NO, +12H + 10e= N+ 6 H '(van Rijn et al. 2006).

Contrary to heterotrophic denitrification, autoth@p denitrification consumes alkalinity and, in #&aduh,
generates high concentrations of sulfate. HighasailEoncentrations do not pose an undue problecoastal
areas, where treated wastewater can be dischangadlydto the sea, which has a natural sulfateceatration

of 2700 mg 1. 3.91 g alkalinity (as CaGpwill be consumed for reducing 1 g of NON to nitrogen gas.
Previous research showed that the optimum pH fomtr of Thiobacillus denitrificans(T. denitrifican3
cultures was between 6.8 and 8.2, approaching aepH 5.5 (Koenig and Liu 2001) and with a maximum
efficiency at 8.4. Increasing the pH above 8.6 edua significant decrease in the nitrate removid eand a
dramatic increase in nitrite accumulation (Lee Ritttmann 2003). Therefore, alkalinity may have ¢oshipplied

to the autotrophic denitrification system to cohtitee pH. The most effective and commonly used ladks
source in research is NaH@Oror wastewater of low alkalinity, large amounfsNaHCQ; are required to

maintain the autotrophic denitrification process. dternative and cheaper alkalinity source in goajion with
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elemental sulfur particles is granular limestorfethke initial alkalinity of the wastewater is insigfent for
complete denitrification, limestone can supply efifee buffering capacity (Koenig and Liu 2002). réaermore
Jha and Bose (2005) evaluated the suitability oft@yFe$) as an in situ buffering agent for arresting pH
increase during metallic iron assisted hydrogemdtio denitrification by microorganisms that redutgate to
nitrogen gas by utilizing hydrogen as energy saupgeite is considered promising for this purposeduse it is
a mineral which is unstable under moderately redydie., anoxic conditions, where such denitrifima takes
place, and therefore is expected to consume hyaeoxins produced due to hydrogenotrophic denidifomn
reactions and get oxidized to ferrous hydroxideOF€%. Experimental evaluation of the buffering effiaigmof
pyrite showed that it was effective in arrestingld increase associated with denitrification in hdbatch
systems and during flow through reactive porousiameeurthermore, addition of pyrite had no demaist
toxic effect on the denitrifying microorganismsptigh elevated sulfate concentration was seen ireffheent

after denitrification.

4.6. Effect of free ammonia concentration

Traditionally, accumulation of nitrite resultingofn higher activities of AOB than NOB is considered
undesirable in biological wastewater treatmenteyst Factors such as pH, temperature, and the roatens

of DO, CQ and heavy metals were all found to influence titréten build-up (Lee and Rittmann 2003; Ma et al.
2006; Shen et al. 2009). However, one of the mairses is believed to be the inhibitory effectsreéfammonia
(FA) ( Philips et al. 2002). Anthonisen et al. (69bserved that both ammonium and nitrite oxidetiare
inhibited by FA; inhibition of nitrite oxidation byitrobacter began at a concentration of 0.1-1.0 mg FA/L,
while ammonium oxidation biitrosomonasecame inhibited at 10-150 mg FA/L, allowing stlecinhibition

of nitrite oxidation at a range of FA concentratoof 1.0-10 mg/L. Supporting this observation, Baeal.
(2001) reported that nitrite accumulation occuraedan initial FA concentration of around 4.7 mgdliving a
high NO,/NOx ratio (up to 77%) in a batch reactor. Chung e{2007) accomplished a long-term accumulation
of nitrite in a continuous-flow reactor by maint@ig the FA concentration in the reactor around 2@Lm
Chung et al. (2006), however, found that a FA catregion of 5—-10 mg/L was most efficient in inhibg nitrite
oxidation without slowing down the rate of ammoniwxidation. To have appropriate kinetic expressifors
both ammonium oxidation and nitrite oxidation undiehnibition, Parkand Bae (2009) studied inhibition of
ammonium oxidation and nitrite oxidation by FA wgithree different sludges. An uncompetitive infhidpit

model fitted the experimental data well when thact®ns were under FA inhibition. The estimatesthaf
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inhibition constantk,) were 46uM for nitrite oxidation and 290-16Q@M for ammonium oxidation. The much
smaller values oK, for nitrite oxidation reflected the susceptibilivy that reaction to inhibition by FA, which
could lead to accumulation of nitrite during nitétion. Such studies revealed the impact of FAtloa
respiration of NOB. Little information was gainedth regard to the impact of FA on the growth of BIO
However Vadivelu et al. (2007) indicated that FAs lzalimited inhibitory effect on the respiratorypedility of
Nitrobacter While the real mechanisms remain to be identjfied study of Vadivelu et al. (2007) indicatesttha
the FA inhibition of Nitrobacteris likely much more serious than suggested by iptsvstudies where the
presence of inorganic carbon (or the equivalenit@ibxidation rate) was used as the sole measitbeo

inhibitory effects.
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Table (1): Ammonium concentration (mg/l) in livestock wastewater includes discharges from eight cattle/dairy

farmyard and one sheep yard (Harrington and Mclnnes, 2009).

Year Mean sp? N SEM %CV Min. Max.
2001 41.30 74.29 46 10.95 179.89 0.07 480.00
2002 85.95 193.28 6 78.91 224.87 5.88 470.00
2003 93.42 226.07 92 23.57 241.99 0.10 1900.00
2004 67.45 96.09 120 8.77 142.47 0.19 654.00
2005 51.80 64.64 193 4.65 124.78 0.03 613.90
2006 36.76 42.39 77 4.83 115.31 0.27 180.44
2007 32.50 35.38 80 3.96 108.85 0.07 185.70
2008 47.05 48.25 62 6.13 102.57 0.00 262.12
2009 43.86 43.38 14 11.59 98.91 4.85 152.27

% SD = standard deviation; n = sample size;
Min. = minimum; Max. = maximum.

SEM = standard error of the mean; %CV = coefficient of variation;
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Table (2): Concentrations of TKN and AN in different domestic wastewaters.

Location Description TKN AN Reference
(mg/l) | (mg/l)

Ghent, Collected domestic wastewater samples for a | 3919 24 £11 | Aiyuk et al. (2004).
Belgium period of 450 days
Brisbane, Weekly collected domestic wastewater samples | 43 - Blackburne, et al. (2007).
Australia after on-site primary sedimentation and pre-

denitrification treating.

Zhejiang, Domestic wastewater derived mainly from | 70 40 Feng et al. (2008).
China restaurants and dormitories.
Beijing, Samples collected from a septic tank 85 79 Wu et al. (2007)
China
Auchi, Samples collected from a septic tank 17 13 Oladoja and Ademoroti
Nigeria (2006)

TKN = total Kjeldahl nitrogen

AN = ammonia nitrogen
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Fig. 1. Possible metabolic pathway for anaerobic ammonium oxidation. Consumption and production of H,0
and H" are not shown. Ammonium is oxidized through hydroxylamine to hydrazine (step 1). Reducing
equivalents derived from N,H, then reduce nitrite to more hydroxylamine and nitrogen gas (steps 2, 3 and 4).
Nitrate formation could generate the reducing equivalents for biomass growth (step 5) (van de Graaf et al.
1997).
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