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ABSTRACT

TOTAL NITROGEN REMOVAL USING A PURE-OXYGEN
PREDENITRIFICATION CONFIGURNTION

\ study was conducted unlising a pure-oxvgen acavated sludge svstem in a predenitriticanon
contiguraton.  The objecnves of the smudv were to: 11 assess the tfeasibiie of 4
predenmnticanon contiguragon at short anoxic and aerobic hvdraulic retentnon ames: 20 o
determune how predenitnticanon atfects process stabiine: 33 to determune the potenmal tor
total nitrogen removal using short anoxic hvdraulic retenwon umes: and 4 o opumuse the
svstem by varving the recvele ramo. Two parallel svstems were operated ar 20°C and with a
tixed aerobic hvdraulic retennon ume of 2.5 hours. The hvdraulic retenuon ume ot the ran
B anoxic reactor was decreased trom 2.5 hours to 1.5 hours and the recvcle rano was vaned
trom | to 2.3 Q.. The study tound that a 1.5 hour anoxic hvdraulic retenoon ome and a 2.3
hour acrobic hvdraulic retenuwon ume was sutfictent tor total utrogen removals. Lol
mrogen removals were dependent on the recvcle rano and the mntluent carbon loading,
Removals approaching the theoretucal masamum ot 65°0 at a recvcle ravo or 1.5 Q. were
observed dunng the study. Returned dissolved oxvgen to the anoxic zone and a lack ot a
readilv available carbon source limited the maximum recvele raoo to 1.3 Q... Rchable
process stability was observed throughout the study and can be artmbuted to an increase in the
butfering capacity ot the muxed liquor through alkahmity recovery in the anoxic zone.  the
effluent pH was observed to be 6.4 and 6.5 for Tram .\ and Tramn B respecavely and the

etfluent alkabmry remamed constane at 195 mg; 1. and 200 mg/ 1. Speatic nirnticaton rares



were observed to be 2.6 and 2.7 mgN/g\V'S8-h while the specific denitrificagon rates were 3.85

and 4.3 mgN /gV'S5-h for Tran .\ and Tran B respecuvely.
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Chognsor |

INTRODUCTION AND OBJECTIVES

The process of bological nutnent removal has been invesngated thoroughly by manv
researchers.  These studies invesngated both the operanonal and  cconomucal
advantages that could be provided by biological systems. The man dnving force tor
this area of research has been the stocrer cffluenc discharge limuts required by
soverning bodies coupled with the hugh cost of chemucals requured for physical-

chemucal methods.

Proposed strcter cffluent ammonia limuts discharging unto the Red River prompred the
Cirv of Winnpeg to invesagate the possibility of biological nutrient removal unlising
thewr exisang pure-oxvgen trearment factlicy. .\ full-scale study indicared that a major
capttal expenditure would be required for upgrading the taciliry in order o provide
adequate ammona removal to meet the proposed limuts. The study also indicated that
process stability might pose problems due to pH and alkalimey suppression inherent
the design of the sealed pure-oxvgen reactors. This prompred the City of Winnipeg to
investigate muticanon and predemimticanon at the laboratony scale 1n comjuncuon

with the University of Mamitoba and paovate consultants.

This seudy s the culminauon of several projects mvesagaung both mtnficanon and
predeninticanon under varving condinons. Results from Sears (1993), Hagar - 1995),

and Caponnetto (1994) indicated that nitrificanon appeared to be teasible ar a +h



aerobic hvdraulic retenton ame (HRT) at 24°C. but problems with wmsufficient
alkalinity and nitnte accumuladon due to pH suppression may pose 1 problem. [t was
concluded that acclimanon plaved an important role in the svstem and. provided
suffictent ame was allowed, mtnficanon would proceed at condinons previously
thought to be extremelv detnmental to munfying micro-organusms  Sears, 1993,
Although a +h HR'T exhubited greater process stabiliev, 1 2.5 h HR'T was <hown o be
adequate for murificagon at [2°C. This appears to be conwadictony o previous
findings that indicate a decrease in nitnficanon performance at lower temperatures.
Whar was found at this temperature was that menficanon appeared to proceed in rhe
clanfier due to the mncreased solubility of oxvgen at lower temperatures coupled wich
the large amount of biomass contained m the clanfier at this process contiguraton.
The validity of this finding has to be confirmed with pilor scale studies and accurate
modelling of the clanfier i order 0 determune the acrual role 1t would playv

nitnficanon.

[n a parallel studv conducted by Hagar 11993), predenunticanon had been invesagated
to determuine the feasibiline of simultaneous carbon-nitrogen removal i a purc-oxvgen
svstem. The main results from that study indicated that carbon-imung condinons
exast for demurnificanon.  [n existing single-sludge processes, high rates ot recyele 300 -
4004y are required for total mtrogen removals approaching 30°0.  In hugh punty
oxvgen svstems, a greater dnving force exists berween the bulk liqud and oxygen
allowing for greater oxvgen dissolunon mto the hqud and floc.  This oxygen s
consequently  returned  to  the anoxic zone thus creaung  condinons  where

denitrificadon 1s inhibited, limigng the tortal recycle that could be provided. This study

9



also indicated that carbon avalability 1s extremelv important for etficient nirrogen

removal.

Process configuragon determunes the total nitrogen removal artunable, as well as
determining  overall process stbilitv.  Several pure-oxvgen plants have been
constructed or retroficted for biological mirogen removal which achieve enviable
effluent rotal nirogen concentranons.  Most notably are Hooker’s Pomnr in Tampa,
Flonda and Deer [sland 1n Boston Massachuserts.  Both svstems unlise a cwo-stage
carbon oxdanon, ammonm oxidagon svstem incorporaang methanol addinon tor
denitnficanon. Both the capual and operanonal costs for these svstems can be
excessive due to the need of clantiers after the carbonaceous stage and the methanol
requirements tor denumticanon. Operaong a single-sludge svstem avoids both ot these
costs as well as sigmificantly decreasing the oxvgen requirement by unlising the oxveen
obtamned from nitrate dunng the demmficanon reacnon. Decreased sludge producnon

15 also an added benetit from operanng in a predemmificanon mode.

[n rewofit applicamons, parucularly for plants with hmted land avadabiics. pure-
oxvgen svstems would prove to be beneficil. [nherent i the pure-oxygen desien s
the ability to sustan a higher biomass concentmanon withour the corresponding
mncrease 10 blower capacry and wunkage requrements of convennonally aerated
systems.  \s a result of higher oxvgen tansfer etficiencies i purc-oxygen svstems.

higher orgamc loadings can be tolerated without extensive land requirements.

High costs associated with expanding to a two  stage  pure-oxygen
nitnficadon, demutrificaton svstem, along with the costs assocated with supplyving

3



alternate carbon sources for demitnficamon. led to the prospect ot unhsing a
predenutnificanon configuranon to reduce mitrogen discharges to the Red River.
Although the pronaples of numficaton and derumficanon are well understood. thetr
applicanon to pure-oxvgen svstems is not: making this research unique. This study was

unitiated to invesagate the tollowing:

. Whether predenimficanon s feastble ar short anoxic and acrobic hvdraulic

retenuon ames.

2. How predernutnficanon affects process stabiliry, parocularly nurnticanon.

(OF]

To determune the potenaal for total nitrogen removal using a short anoxic HRT

predenitnficanon contiguranon.

4. T'o opumuse the process through acuvated sludge and muxed liquor recyele.



Cnascter

FACTORS AFFECTING SINGLE-SLUDGE NITROGEN REMOV AL

lhe purpose ot tus chaprer 15 to ilustrate the effects of vanous environmental
condinons known to atfect mimficanon and demtnificanon processes.  \s with anv
biological process. there exist opumum conditons under which the desired bactenal
populagon operates without constraints and because ot rthe vanable namure of
wastewater, it 1 desired to operate the plant in such a wav that these condinons are
maintuned close to opumum. Discussed in this chapter are the main parameters
which atfect mmficanon and denttrnificanon: pH. D.O.. HR'T. sludge recvele, and ¢ N

rago.

Pure-Oxvgen Applications in Wastewater Treatment

Pure-oxygen svstems have been nvesogated since the cardv 1900's. Invesnganons led
by Unuon Carbide looked at reactor sizing tor svstems unlising pure-oxvgen Speece ct
al.. 1973}, Pure-oxvgen svstems do not affect biomass performance with respect to
substrate removal kinencs. cell producoon. decav rates. and sludge serdability when
compared to convenuonally aerated svstem. The main advanwage tor ualising pure-
oxvgen Is a greater oxvgen transter rate across the gas-liqud mntertace allowing tor
lugher oxvgen uptake rates per unut volume of reactor.  This tactor can be used to
carry sigruticandy higher MLSS concentanons n the plant increasmyg the sludge age
of the system and therebv decreasing the sludge quanaones produced (Speece et al.,

1973).



Greater mixed liquor concentranons and higher gas transter efficiencies result m a
reducnon 1n required reactor volumes when compared o convenoonally aerated
svstems. This makes pure-oxvgen svstem parucularly amiable to retrotit applicanons

and for greenfield plants where land avatabulity 1s a concern.

Effects of pH and Alkalinity

The effect of pH on the acave biomass n the treamment svstem 1s one ot the man
problems associated to pure-oxygen svstems. Because of their closed headspace
design, the enrapment of CO. under slight pressure allows it 1o enter mo solunon
affecnng the carbonic aad equilibrium of the water. decreasmy the pH and reducing
the alkabnirv of the mixed liquor. The pH and alkalinity of the solunon can be turther
reduced by alkalimity destrucaon inherent in the mnficanon reacgon itselt. Operanon
in a prederurnficanon configuranon produces alkalinity, reducing the etfect of alkaliney
destrucoon in nunficanon.

Nitnfication

Opumum pH values for biological mutnficanon have vaned widely and depended on
the mvesagaror and whether the svstem studied had been given a sutficient peniod of
ame for Namsomonas and Nutmvacter to become acclimated to the new condinons.  The
majonty of reported values suggest that the maxumum growth rate for acavated sludge
lies in the range of ~.5-8.5, but the specific results vary due to the ope of culture used
and the acclimanon perod allotted to the muicro-organisms.  The specitic growth rate

for a pH of less than 7.2 has been expressed as (US EP.\L 1993):

6



K 1-0.833(7.2- pH)
‘um

where: u  specific growth rate of Nutmsomonas

n

4. . maximum specific growth rate ot \emsomonas
pH . pH of the mixed hiquor
Orher expressions have been developed n laboratory scale ninficatton <tudies using

both svnthenc and municipal wastewarer.

for svnthenc wastewater ‘Hong and Andersen. 1993}

u : -
= -0.7166(pH) ~10413(pH) - 348744 P uaatton 2
All of the above expressions have been developed speatically tor Numsonmnds oniv and

1 1s assumed that pH would have an idenacal affect on \umouacer

Acclimation can plav a sigmficant role with regard to the pH effects on munrcanon.
Stankewich 1972}, as well as Haug and McCarry - 1972) have shown thart nutriticanon
cates can be re-established to their earlier maxamum rates provided thar surficient
acclimanon has been provided. Haug and McCarny 19720 invesagated the erfect of
pH und acclimaoon using submerged biofilters.  Thev found thar mnficanon
essentially ceased as the pH approached 6.4). bur with 1.5 weeks of acclimagon,
nuimficaton resumed and the oxidanon rate approached that of a pH of 7. Sankewich

1972}, on the other hand. reported mmficanon ata pH of 3.3,



Sears(1995) has shown this as well when the tormanon of tree mitrous acad N\,
completely inhibited the mmticanon process for a peniod ot abour ten davs, atter
which. the svstem recovered and conunued to remove ammonia complerely. [t was
suggested that the bactena became acchmated to the FN.\ allowing the reacuon o
proceed. The FN.\ concentranon s a tuncnon of the pH. temperarure and rotal nienee
concentraton which suggests that possibly the environmental condinons were <uch
thar the tormanon of FN.\ was lmuted dunng the latter pornons ot the expeniment
and that acclimagon mav have only plaved a limited role 1n the recovery of the svstem.
Sears /1995) research 1s supported by studies conducted by Anthomsen cral 1976,
where the etfects of free mitrous acid N\, were invesngated. Thev tound that FNA

concentragons between 0.22 and 2.8 my, [ inhubited nuentiers.

Sears 1993) did show thar full mitnficanon can be achieved art lower temperatures
12°CC; and depressed pH values <6.h. The above expressions suggest thac ar pH
levels lower than 6.2, nitnficanon would cease.  \crually, this 15 not the case and rull
nuficanon can occur at depressed pH values, alberr at reduced growth rates sigmitving

the need for increased SRT at low pH levels and temperartures.

Most pure-oxvgen acovared sludge svstems incorporate a closed headspace into the
design of the rectors that can lead o pH suppression of the muxed liquor. The closed
headspace design allows for higher pressures 1 the reacror that allows tor greater
oxvgen dissolunon mrto the liqud phase. [t can hinder the mumticanon process.
however, due to elevated carbon dioxide levels in the headspace, which have the crfect

of suppressing the pH of the svstem. One solubon to this was illustrated 1n studies
p g P \



performed by Hong and Anderson (1993) where different stages ot 1 pure-oxvgen
reactor were removed allowing the escape ot carbon dioxide into the atmosphere

resulung 1n an overall increase in the pH of the mixed hquor.

Denitrification

The ctfect of pH on demtnficaton does not cause great concern since alkahmury
producton occurs i the reacuon and the pH 15 usually mamneained. The grear vanery
and larger muxed liquor tracmon of heterotrophic  biomass responsible  for
deminfication provides a sort ot butfer agamst depressed pH levels ensunng that 2

large number of bacteria will sall be able to demmity under adverse condinons.

Sedlak 11991) proposes the following expression for the reductnon ot mrrates dunng

endogenous respiraton:

C.H-NO. =4.6NOI = 3C0. =28\ . ~4.60H"

Thus cquanon indicates that 3.37 mg of alkalimity are produced for cach gram ot nitrare

mrrogen reduced.

Most studies indicate that the opumum pH range tor denitnficanon occurs at near
neutral conditons: ~.0-8.0. The demimficanon rate has shown to decrease lincarly
between 2 pH of 8.0-9.5 and ~.0-+.0 (Randall e w£, 1992). Dawson and Murphy 1972

have found an opumal pH of 7.0 with half the rate occurnng at a pH ot 6.0 and 8.0.

The cffect of pH on the denitficanon system can also be descrnbed 1 terms ot the

end products produced. Studies have shown that a decrease n pH could result in 2

9



decrease in productnon ot gaseous mitrogen n tavour ot compounds such as nitrous

oxide.

Effects of Dissolved Oxvgen

The oxvgen requirements tor a svstem depend on several tacrors including mixing
ineensity, SRT, organic substrate loading, temperature, size and shape ot the bological
floc, and the carbon to mitrogen rano. While clevated D.O. levels are beneficial ror

nutrificanon, thev can severely imnhibie demenficanon.

Nirtrification

Autotrophs such as Nurrmsomonas and Netrovacrer are obligate aerobes requinng dissolved
oxvgen, or an aerobic environment in order to carry out thetr respecuve reacnons. In
fact. all oxudanve processes require dissolved oxvgen 1 order 1o complete the reacnon
and define the oxvgen demand of the svstem. This imphies thar rhere must be a
mummum D.O. level that must be mamntned 1n order o prevent oxvgen trom

becomung the limiung substrare.

[t has been generally accepted that the muumum D.O. 1n the bulk solunon <hould be
above 0.5 my . order for mnficanon to occur US EPAL 1993, In acavated sludge,
the range of mummum D.O. should be maintaned berween 11.5-2.5 g/ depending on
the limitanons placed on the bactena by the system operaung parameters and the
organic loading Stenstrom and Song, 19910 The latter may exbubic a4 great etfect on
the mmficanon of the svstem. Under high orgamc loading condinons, oxyvgen demand
increases and thus will requires a hugher minimum dissolved oxygen concentranon, as
high as 4.0 g/ /. 1n the bulk solution (Stenstrom and Song, 1991). Hanaki ecal. - 1990a,

10



tlustrated that a D.0). concentragon ot 1.5 myg, [. did nort attfect minficanion i a pure
menfving culture. The etfect of D.O). inhubimon was only enhanced i a mixed culrure

contunung hererotrophic organisms.

Several authors have n fact shown that mimficanon orgarusms are capable ot surviving
extended anoxic anaerobic: penods with no detnmental effects to ther abilice o

rutnfy when remrtroduced to an aerobic environment.

Temperature, SRT. and ditfusion lritanons may also atfect the oxvgen transter rute o
the floc. The SRT has been shown to increase the oxveen requirements depending on
the € N rano of the mfluent Degvansky and Sherrard, 1977 . Increasing the SRT
from + to 20 davs increased the oxvgen requrements by 25", due to an increased
amount of ammona being oxidised nto mierare rather than bemng assimilared inro the
btomass. This study did not address these topics speatically. bur it should be nored
thar thev mayv have an atfect on svstem performance.

Denitrification

The effects of oxvgen. parucularly mn a single-sludge svstem, present much concern
over the armnable demumficagon rate w  the anosie pornon ot the  svstem.
Denumticanon. or the reducgon of mrrate to wurnte and ulamarely mtrogen gas, 1s 4
enzyvme catalvsed heterotrophic process requunng organic carbon us an energy source
and oxvgen as an electron accepror. [t 1s essennal that purely anoxic condinons be

present tfor nitrate reducton to occur.

Heterotrophic organisms are capable of both. aerobic and anoxic respiranon. Organic

substrate for demrificanon can be obtmned from exogenous orgamc marenal
11



contained in the bulk soluton or from endogenous organic materal contamned mn the

biomass. Both reacnons can be summansed as tollows Dral er al.. 199353

reducton N, — N:

. ! 1 s . 1 .
C H ()_ - ' :.\' - —;_\' - :: \(). —» x( (): - :)‘H:()"" :_\' - 141' - \ ()A boguarion s

C.H. \(): - 10NO. > 5(() -+ :j'[: () - .\'H: - IU.\Y()S iquanon =
reducton NO: — V.:

3C H O, +(4x = v = 22)NO; - 3xCO. (v —2x+)H. O+

hl - ! ~ 1 . ! quanon .
(4x + v = 22)OH ™ = s —r-ziNV,

3(._-H- .\.()._. - -I»H: ()-—- :O.\(); —> 15(.(): - :0()[_1- - IU.\': - :LVH-A bguaton ©
reducton N — N

3C H O, +(4x + v = 2)NO; = 5xCO, +(2y - 2x - z)H. 0

i 1 Iquanion a
+(dx + v =22)OH™ +{ 2x+ -y —z1V,

C. H- .\.(): + 4.\(): —> SC(): +dOH™ - :.\': + .\rH-‘ Fquation

The reducnon ot mtrate follows cither an assimulatory or dissimulatory pathway.  in
asstmulagon, the mitrate s converted to ammon that ts then used tor cell svathesis. In
the dissimulatory reactnon, mitrate 15 converted to mrte and subsequendy to mtrogen
gas. Other intermediates, such as nitne and mitrous oxides. can form depending on the

dissolved oxvgen content of the anoxic reactor. These intermedmrtes can have a
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detimental cffect on the atmosphere or on the biomass direcdy, tor instance, ntrtre
and NO are known to be bacteriostanc agents due to therr affinuty for metal 1ons in the

acave centre of enzvmes (Schulthess etal.. 1994,

[n acrobic respiranon. the same semes of enzvmauce reactons are used tor rthe
oxtdanon of carbonaceous matertal. theretfore, heterotrophic  orgamisms  will
preferennally select the aerobic pathway which vields more free cnergy over the
anacrobic pathwayv using mitrate as an electron accepror. The presence of oxvgen in
the anoxic zone decreases the specific rate of muerate reducnon and the percentage ot
heterotrophic orgamusms ualising the aerobic pathway appears to be greater than the

percentage of organisms using the anacrobic pathway for nirrate reducton.

A\ debate has occurred whether denitnficanon can occur under acrobie condiaons
since dissimulatory reacnons requre that anoxic conditions be present betore nerate
reducnion can occur. Some research has hypothesised that. depending on the tloc size.
organic and ammona loading, 1 gradient can exast whereby a pormon of the tloc
remains sutfictently anoxic allowing denunficanon to proceed 1 Dawson and Murphy.

1972; Sutton ¢t al., 1979).

inzymanc inhibinon may also determune the denutnficanon rate 1n the anoxic zone.
Since a large range of acovated sludge organisms are capable of both mtrate and
oxvgen resprraton, different enzymes will ualise esther nitrate or oxvgen as an clecturon
acceptor (Dawson and Murphy, 1972). \ degree of enzymatc inhibinon n mrate
dissimilation has been observed in several studies using svntheuc feed and acovated

sludge. D.O. concentratons inhibinng nitrate reduction have been reported to be 1.2

-
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mg, | and 0.3-1.5 mg, ! for svntheuc teed and acavated sludge. respecuvely [ wcht and
Chang, 1975: Burdick er al, 1982). This has been substantiated by another study
where 1t was found that a substantal number of denitntiers will produce denitnfving
cnzvmes 1n the presence of dissolved oxvgen which implies that inhibinon ot
enzymanc acoviey and not the repression ot enzyme svnthests 15 the pomary etfect of
dissolved oxvgen Simpkin and Bovle, 1988). These authors have tound that enzymes
were svathesised to at least 50%0 of therr maximum levels duning alternanng

anoxic. aerobic regimes tound in acovated sludge svstems.

Other research  has  shown that 1n anaerobic, aerobic  svstems, bacrena  can
simultaneously use both the mrrate and oxvgen pathwavs ‘Robertson and Keunen.
1984: Robertson et al., 1988: Kugelman ¢t al.. 1991, Nitrobacter has also been shown
to unlise nutrate as an electron acceptor under anoxic condinons provided that the

accumulaton of mitate did not occur Bock et al.. 1988).

Effects of Recvcle Ratio

Theorencally, 1n post deninificanon svstems or in two and three sludge svstems. the
amount of total nitrogen removal attunable s 100° . The main disadvantage is that a
source of carbon, such as methanol. must be provided tor demmficanon. Although

high roral nitrogen removal rates can be achieved wn these systems. several

disadvantages accompany the design that can be summansed as tollows:

e cxtra costs associated with first stage clanfiers and third stage deninficanon unies

e methanol and other chemical annual costs
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[ J
e increased pumping costs

o - -
e volaohty of chemucal costs

Previous studies with nitrogen removal in pure-oxvgen svstems have resulted 1 a three
sludge configuranon for most retrofits and greenfield construcnon. for example
Hooker's Pownt in Tampa, Flonda, and Deer [sland in Boston, Massachuserts. The
main concern has been the dissolved oxvgen rerurn in the recvcle streams o the anoxic

zone that decreases the artunable denutrificanon race.

Nitrification

In nunficanon svstems, sludge recvele plavs a limited role in the removal of sammon
from the waste stream. The most important role 1s that 1t maintans 1 certun level or
muxed liquor solids n the aerated poruon of the svstem and eftecovely munramns 4
speatfic aerobic sludge retennon ame tor the svstem. Higher recyele ranos will also
benefir the svstem by returning unosidised ammon to the headworks eftecnvedy

increasing the ammonua removal within the svstem.

Denitrificatuon

[n derutrificanon systems, sludge recvcle plavs an important role in the removal of ol
nutrogen trom the svstem. [n a predemimficanon configuragon. the oxidised mtrogen
compounds must be retumned to the headworks of the process o ke full advanrage
of the available carbon source of the influent stream. thereby requinng sludge recvele

as well as internal recvele streams.

The mun disadvantage of this process, parucularly regarding recvele s that che

denimficanon process is more complete under anoxic condinons. Wirh che rerurn of
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sludg;: from the clanfier, introduction of oxvgen to the svstem can be avoided by
unlising the retenmon ame 1n the clanfier o ensure all avalable oxvgen has been
uglised. [nternal recvcle streams. however, can not avoid the transport of oxvgen
dissolved in the bulk solunon to the anoxic zone. effecuvely reducing the

deruenticanon capacity ot the anoxic zone.

[n a predenutnficanon configuraton, two factors that can determune the overall
arrrogen removal in the svstem are the amount of mmticanon m the aerobic zone and
the amount of mrare which can be rerurned to the anoxic zone.  Theorencally.
assuming complete nunficanon. ol nitrogen removals of up to 8074 can be achieved

emploving a recvele rno ot 4 Figure 1.

100

Total Nitrogen Removal (%

0 1 2 3 4 5 6 7 8 9 10
Recycle Ratio

Fraure 1 Theoreticad  total nttrogen removal o 4
predenstntication system s 1 function of recvcle rato
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Facultauve heterotrophic orgamisms will preferenumally select oxvgen as the termunal
clectron acceptor due to the greater free energy available from the aerobic pathway.
Thus also ceffecnvelv reduces the carbon available for denunificanon ualising nirrate as
the termunal electron acceptor essenually hmiang the maximum toral nitrogen removal

thar can theoreucally be obrained 1n a predenitnticanon contiguranon.

Increasing the recvcle rauo emploved will change the COD/NO-N | rago i the
svstem. Narkis et al 19790 looked at muenficanon and denitnficagon in a4 two stage
predemutnficaton process.  The author states that denutnficanon ctficiency depended
on the recvcle rano emploved and that derutnficanon pertormance increased with an
increasing BOD/NQO | rano unal a value ot 2.4 was reached atter which no increase in

denutnficanon pertormance was observed.

Several authors have shown that the denutnificanon reacoon 1s sensiave o dissolved
oxvgen 1n the anoxic zone. Because micro-orgamusms responsible for denirinicanon
have the ability to ualise alternate respiratory pathwavs, dissolved oxveen levels as low
as 1.2 mg/ L in the bulk solunon have caused a cessanon of the demrnticanon process
with the orgamisms shifang to oxidanon of orgamcs through the normal acrobic
pathway (Skerman and MacRae, 1957).  Others. however have shown that
denunficanon can take place under. whar would be considered. aerobic condinons.
Smuth and Mulbarger 1970} have shown that rapid denimficanon was possible with
dissolved oxvgen concentranons as hugh as 1.0 mg/L. This was armbuted to tloc

strucrure.



Effects of Carbon to Nitrogen Ratio

in any combined nitrogen removal svstem. one paramerer that plavs a significant role
ts the carbon to nitrogen rano (C, N rano). Carbon. whether 1 organic or mnorganic
torm. 15 required by all micro-organisms tor the purpose ot cell growth. \utotrophic
bactera in mtrificanon rake advantage of inorganic carbon in the torm ot €O).
dissolved 1n the mixed liquor, while heterotrophic bactera consume organic carbon n

the substrate mntroduced to the svstem by the nfluent wastewater.

Nitrification

Autotrophic  organisms  require an  inorgamuc carbon source for theirr cnergy
requirements. [he torm commonly associared with this s carbon dioxide CO..
Organic carbon, on the other hand can be detnmental o the mmficanon process. Hall
and Murphy 19851 observed that an mcreasing ¢C N rano produced a4 marked
decrease in the acavity of Niurosomonas whie decreasing the € N rano by increasing

the TR\ loading produced an increase 1n Nirosomonas acuvicy.

Hanaki et al. 719902 and 1990b) tound that lugher carbon loading did not inhibie
nuenfying orgamsms. but that an mcreased compennon berween the autotrophic and
heterotrophic for available ammoma cftecuvely reduced the formanon of nitrite 1 the
svstem. This was due to several factors: one being the assumilaove capaciey ot the
heterowophic  orgamisms: and the other being the ligher growth rate of the
heterotrophic organusms effecovely crowding out the autotophs trom the bulk

solunon reducing their access to oxvgen and ammonua contuned 1n the bulk solunon.

18



Denitrification

in a post denrificanon configuranon, derutnificanon can proceed under carbon
liminng or non-carbon lminng condions.  The organic carbon requirements will be
obrained from mwo sources which will impact the rate and maximum amount of

denttnficanon attamnable for a partcular svstem.

Under non-carbon limiang condinons, orgamc carbon requirements will be obrained
from the mfluent wastewater stream.  Here. denutnficanon will proceed ar the
maximum rate unal carbon-limiang condinons are expenenced. Under carbon hminny
condinons, the denitnficanon rate will proceed at the maxumum rate unal the readily
avatable carbon source 1s depleted. after which the denirificanon rate will reduce o
that imited by hvdrolvsis of non-readily available carbon sources and endogenous
respiranon.  This makes the charactensucs of the intluent wastewater and recvele
streams, as well as, anoxic sludge retenoon ame., important factors when looking at

denitnficadon in a predenutrificanon system.

For this swudv the carbon to mutrogen ramo in terms of derutnocanon can be
represented by COD 'NO.-N_ . where NO: includes the returned oxvgen component
in the recvele stream and ts expressed as NO.-N . NO.-N_ 15 defined as the muerace
equivalent of both the oxidised nitrogen compounds as well as the oxvgen in the bulk
solungon. Thus factor can dllustrate the effect of mcreased C N loading on the anoxc
porton of the system and can show that demmficanon can be mhibited when the

fracton of oxvgen in the NO.-N_ . Increases.
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[n a study comparing different single-sludge svstems. Sutton et al. 1979; reported 2
minimum COD/NO:-N_ rano of 8 s required for demitnficauon to ensure non-
carbon limiang conditions. Barnard (1973) and Stern and Maras 1974 found that
COD/NO.-N_, rauos of 10 and 15, respecuvely. are required for a predeniinticanon
contiguranon. [n a more recent study, Ekama and Marats 11984 found that 8.6 mg ot

COD are requured to reduce 1 mg ot NO, for munucipal wastewater.

Many of the micro-organsms 1 the anoxic ‘anacrobic; zone will sequennally use
termunal electron acceptors in the tollowing order: oxvgen. nitrite. nitrate and sulphare.
This order 15 generally maintamned due to the thermodynamics involved and the greater
amount of energy available to the bactena when unlising oxygen.  Svstemns
incorporating internal recycle are better represented by including both the oxvgen and

nierate componcnts .

Wastewater composinon will have a marked effect on the rate of denunficanon
attainable by a single-sludge svstem. Henze etal. 1994 states that the dominant rate
limiing factor is the rate at which the carbon source can be hvdrolysed and that a
ACOD AN o of 3.3 to 4.3 15 required for a demmficanon process where no part ot

the carbon source 1s lost through oxvgen related oxidanon.

Narkis et al. (1979) investigated denitrificaton at vanous C. N ranos and found that a
mirum BOD/NO, rano of 2.3 was required for complete deninticagon. . \ssuming a

BOD/COD rato of 0.8, this would translate to a2 COD/NO, requurement ot

approximarely 2.8.



Effects of Hydraulic Retention Time and Sludge Retention Time

In a single-sludge demnficanon svstem. a opomum balance must be maintamned
berween the ame sludge resides under anoxic and aerobic condinons. The fraction ot
ame the sludge resides under these alternaung oxidanve condinons will have an impact
on the composinon ot the biomass wselt and thereby the extent of nueriticanon and

denunficanon attainabie in the svstem.

Nirtrification

One of the main benefits of a single-sludge denutrificanon svstem 15 that a large porton
of the ntluent carbon can be consumed 1 the anoxic stage. therebv reducing the
aerobic requirements of the svstem. provided a sufficient tracnon ot the sludge 1s
mantaned under aerobic condinons. |\ mummum tracnon of the sludge must be
mauntuned under aerobic condinons to prevent washout ot the nitnticanon organtsms.
Maras suggested that there exists 1 munimum sludge age o achieve munticanon

dcpcnding on the temperature. His expression tor this 1s:

S4, =3.05x(1.127)7° gt

where: §.-1_, 15 the mimmum sludge age for nuaticanon at 1 temperature B

MeClintock et al. 1993) indicated that 2 munimum acrobic sludge age tfor complete

nitaficanon in a single-sludge svstem s 3 d ar 20°C.

Denitrificaton

In order for demmnficanon to proceed. the svstem must have a sutficent anoxae sludge

restdence (SRT) ame so that deminficanon can proceed.
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Henze (1987) suggested a muimmum anoxic solids residence ame to acrobic residence
ame rato of 0.25. [t should be noted that a maximum anoxic sludge restdence ame 1s
also required to allow for nitrificanon and the prevennon of washour of the nierifving

organisms.

Authors have suggested thar a munimum sludge age of 3 davs 15 required tor
derutnficason ac higher temperatures and 6 davs at 5°C (Sutron et al.j, but at higher
sludge ages of 3-9 davs, dentnificanon was independent of sludge age ‘Sutton and

Jank).

Stern and Marais have shown that the denttrificanon rate 15 inversely proporuonal o
the sludge age. They found that when the sludge age was decreased trom 14 davs to
10 days, the unit denutrificanon rate increased. McChintock et al. (1993) has shown that

the denitrification rate at a 15 day sludge age ranged from 6-8 mgN/gMLVSS h




Chupter 3

ENXPERIMENTAL MATERLALS AND METHODS

The goal of this chapter 1s to describe the expernimental design, process contiguranon,
process conuol. operaang regime and analyucal techmiques used - this studv of

predenitntication in a pure-oxvgen acavated sludge svstem.

Obijectives

The main objecave of this study was to determune the feasibility of predenitnficanon in
a pure-oxvgen acavated sludge system. Recendy, more stnngent effluent critena has
required some degree of biological nutrient removal in the design and reuofit of new
or exsung wastewater treatment plants. This expenment has been designed to

nvesugate:

I. The effect of the anoxic hydraulic retennon ame on denmimticanon pertormance

and total mrogen removal.

2. The opumisanon of process performance in terms of total nirogen removal
through internal ntrate recvcle.
3. ‘The effects of dissolved oxygen retumed to the anoxic zone through sludge and

mnternal recvcle.

Although nterest i pure-oxygen activated sludge systems has been around for

approximatelv 30 vears, design critenia of pure-oxvgen treatment plants tradinonally
23



required the removal of carbonaceous orgamic matter onlyv. Recently throughourt the
world, effluent crnitenia has become more stringent, espeaallv i areas where warter
resources have become hmited. This required that nutrient removal be incorporated

into the design and retrotit of new and extsang wastewater treatment plants.

Since pure-oxvgen svstems have been designed mainly tor carbon removal only, hede
research has been conducted in the area of nutnent removal using purc-oxveen
svsterns. Previous research (Stankewich, 1972) indicated that nitrogen removal in pure-
oxvgen svstems can be teasible, but inherent problems with pH suppression and
possible alkalimity imitanons are mnevitable with the closed headspace design of most
reactors. .\noxic-aerobic svstems have long been known to provide process stabiiry
though the producnon of alkalimiey 1n the anoxic zone allowing for a relauve comfort
zone with regards to the buffening capacry of the wastewarer. This was the basis tor

the unanon of the study of predenutnficanon.

Experimental Methods

Two laboratory scale pure-oxygen predemutrification systems were used to achieve the
objecuves of this studv. The expenment was conducted in the environmental
engineering laboratories of the Department of Cinvl and Geological Engineering ar the
Unuversiy of Manitoba. The duranon of the expenment was approximately one vear.
Acovated sludge from a previous predemtrificanon study was used to inoculate the
reactors, after which 3 sludge retennon umes were provided for the systems to become
acclimated to the new condidons. Once steady state had been established and dara for

the first stage had been collected, the system was optimised through the addigon of
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internal nutrate recirculanon lines. Stage | consisted of the study of the cttect of two
anoxic hvdraulic retendon umes on denitnficaton pertormance. Once the opamal
HRT had been established from stage 1. stage 2 was imunated and both systems were
run 1n parallel with the same anoxic HRT and different internal recvcle ranos. In all,

four different mnternal recvcle ranos were invesugated.

Process Configuration

Figure 2 and Figure 3 dlustrate the svstem configuranon of the pure-oxvgen acavated
sludge svstems used 1 this expenment. Al reactors were constructed of 15 cm inner
diameter Plexiglas. Tran .\ uglised a 1.9 T anoxic and 3.1 | aerobic hqud volume
which corresponded to a 1.5 h and 2.5 h HRT respecavely. Train B ualised a 3.1 1
liqud volume which corresponded to a 2.5 h HRT for both the anoxic and acrobic
uruts.  Headspace volume of approximately | | was provided tor all reactors. Sampling

ports were located approximately 3 cm trom the bottom ot the reactors.

TN

PRIMARY / .
A

EFFLUENT; ANOXIC TANK AEROBIC TANK . EFFLUENT,
— > @ 20°C @ 20°C CLARIFIER [ >
11 5and 2.5 h HRT) 12.5 h HRT) /

_<

100 % SLUDGE RECYCLE

A
WASTE SLUDGE

Figure 2. Predenimnnicanon Flow Duagram without
Nitrare Reevele
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100 - 400% NITRATE RECYCLE

PRIMARY
EFFLUENT; ANOXIC TANK AEROBIC TANK
> @ 20°C > @ 20°C
(1 5 HRT) 2.5 h HRT)
? 100 % SLUDGE RECYCLE i

WASTE SLUDGE

Froure 3 Predemirnticanon Flow Dugram wvith Naeraze
Recevele

llach unit contamed several openings in the top plate of the assembly to allow for
influent line, ctfluent line, wr supply, dissolved oxvgen and ORP probe locanons. All
reactors contamned a magnenc sturnng bar and rested on a Can-l.ab magnenc <arrer to
provide adequate muxing to keep the sludge i suspenston. Both svstems unhsed a 31
4 h HRT) Plexiglas clanfier with sampling ports located it vanous pownts along the
side. .\ mechanical scraper arm was mserted 1nto the clarifier to prevent accumulanon
of sludge along the sides of the clarifier and to cnsure thart all biomass was returned to
the reacrors. ['ven with the use of the scraper. biomass accumulanon occurred

throughout the dav and had to be dislodged by hand with a hand scraper.

Acranon was provided to the aerobic reactor by means of a potous wr stone which
was located through one of the ports i the top plate. Oxvgen was delivered through a
pressure relief valve to the aerobie umt by Tygon™ tubing. Enough acranon could not
be provided strictly by the wr stones to mamntan a dissolved oxygen concentragon of 3

mg/1 without excessive oxvgen usage. In full scale, most pure-oxvgen systems consist
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of four stages and vent gas puntv 1s mantuned at approximately 304 oxvegen. This
ensures thar approxumately 95 » of the oxvgen 1s ualised prior to discharge through the
exhaust vent. This tvpe ot control was not avaiable tor these svstems and in order to
arcumvent this problem an ar recirculanon line was incorporated into the aerobic
reactors. Headspace pressure was montored bv means of a manometer and
manramed by a vent gas tube that extended into a tlask paruaally filled with water. This
mamtamed the headspace pressure at approximartelv “em H.O gage. [igure 4 dlustrates

the rvpical expenmental ser up used for thus study.

DO MANOMETER
ORP PROBE
INFLUENT PROBE 95% PURE AIR SCRAPER
at4osc v OXYGEN RECIRC BAR
K ﬂ 4 C J-] b ’
° o © 4
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off & °, | SAMPUNG | CLAR.

U o PORT
—_ ..’l Q ] c O /
1 ANOXIC L. o AEROBIC , jmams
| U
i [ onmm—1 e EE—— ~
L ] L{ 1 \/
L Ve
' @ i O ’
|
. RAS _ L

T A
WAS

Frgure 0 Tvpreal Reactor Clonfiguranon

Two household refrgerators were used to hold the primary etfluent at a remperature
of approximately 4°C. Pomary effluent was held n 40 1 PVC buckers which contaned
1 magnetc sarrng bar and rested on a Can-Lab magnenc sarrer. The pnmary effluent

was strred conanuously to keep the solids 1n suspension. Solids bwld-up did occur
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along the sides of the buckets and required occasional cleaning. \n operung was
provided 1n the side of the refrgerator for the insernon of a Tygon™ intluenr line to

the reactors. The influent line was weighted down by means ot a small weight.

Cole-Palmer penstaluc pumps outfitted with Mastertlex heads size "016) and vamable
speed controllers provided all iquud and sludge transportagon requirements. Previous
studies by Sears 19931 and Hagar 19931 determuned chat ar least no 16 rubing was
required for the pumpheads to mummuse plugging problems. No. 14 Tygon™ tubing
was used between pumpheads to maintain adequate sludge velocity 1n order to prevent
sludge deposigon or setting within the wbes themselves. Biomass growth along the
length of the twbing and could not be prevented and requured that the tubing be
massaged on 1 regular basis to remove this growth. \anable speed conurollers were

monitored by a hand rachometer and calibrated to the requlrcd tlow rates.

Reacror volumes were mantamned at the 3.1 T and 1.9 | marks by means or etfluent
ports wnscrred through the top plate to a predetermined depth. Vamable <peed
controllers were calibrated to mantan pump speeds at shightly more revolunons per
munute than was requured in order to prevent liqud accumulanon duc to tlow
vananons caused by biomass buld-up in the rubing. Occasionally clogging did occur
which requred attenoon to prevent a spil. These svstems pertormed adequately
throughour the expenment and only two spills due to this cause were reported for the

duranon of the experiment.




Primary Effluent Characteristics

The Citv of Winnipeg's North Fnd Wastewater Pollunon Contol Centre NEWPCC,
provided the pnmarv effluent for the purpose of this study. Grab samples were
collecred three ames weekly at approxamately 1:00h pm that corresponded to a 724 am
flush ame peak flow. The samples were collected m 20 1 polvethvlene carusters
dedicated speaificaily for this purpose and were debvered to the Unmiversie ot
Manutoba via a couner service. The pnmarv etfluent was then transterred to 200 | plasac
buckets and stored in a walk-1n environmental chamber. All samples were kepr at 4°C
to prevent degradanon prior to use. The prmary ctfluent was then transterred to the
refnigerators where 30 of each bucket was transterred to each retngerator to cnsure

an even distabunon ot the teed.

Winnpeg expenences a tarlv wide range ot tlow condinons throughout the wear. [n
the beginrung of this study., uncharactensucally wet weather due o extreme raintalls
duning the summer months of 1992 and 1993 produced pnmary ctfluent that was
more dilute with respect to normal condinons and contnbuted sigmiticandy o
difficulues 1n maintaning condinons conducrve for dentinficanon.  Table | llustrates

the NEWTPCC pnmary eftluent charactensucs throughout the duranon of the study.



Fable  ° NEWDPCo namary ertluenr wasfewater
charactenstcs

L TRAIN A TRAIN B
i MLVSS (my/ ) period 1 4350 £ 340 4730 £ 6530
period 2 1390 = 930) 1691 = 420
PCHOd 3 90 = Tuo 4150 = 300
period 4 1190 + 440 3510 =370

Influent COD sol. ‘mg, I, pemod | 143=31  139=24
pertod 2 150 = 33 154 = 23

period 3 135 =36 135 = 33

pernod + 126 = 30 108 = 48

" Influent Suspended Solids ‘myg, L, penod | SOz 18 L= 16

, period 2 X4 = 3 84 =206

| period 3 83 = 3 2 =531

1 period + 58~ 15 =13
i Influent Ammoma sol. imyg, L, period 1 8.6+ 45 e
| period 2 42E124 369=73
f period 3 9 ="1 WH="13
! period 4 15.9 + 2. 15.7 2 3.6
' Influent TRN sol. ‘mg; L) peod I 362=53 4Oz
| penod 2 41 =150 8 zN2
| period 3 32673 32,6 = 7%
| period 4 359 %36 35487

Influent Alkabry 'my 1as penod 1 33465 7 333 = 41
CaCOy; penod 2 264 =70 286 = 23
penod 3 307 =350 37 =29

period 4 226 = 21 2421

| Influent pH period | T3zos | R
w period 2 “3=02 T2zl

penod 3 T4 =il T4znl

period 4 “3=0.l 2zl

Operating Regime and Process Control

The operaong parameters for this expenment were deaded from earlier works
conducted by Sears (1995) and Hagar ! 1995). It was shown that complete nimficagon

could be achieved at an aerobic HRT of 4.0 h. a 15 d SRT and a temperature ot 20°C.
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Biological nutnent removal svstems have been shown to requre less aerobic volume
than do convenuonally aerated svstems NcClintock et al., 1993). The rotal HRT of the
both conventonal and BNR svstems remain simular, although approximarely 40-507 .,
of the total volume was dedicated to the anaerobic and anoxic volumes 1n the BNR
svstem. This studyv looked at svstems with 37 "» and 30"+ anoxic tracuons which
correspond to a 1.5 and 2.5 h anoxic HRT. Both systems used a 2.5 h HR'T acrobic
unit for menficanon purposes. Table 2 dlustrates the operatung regime throughour the
entre expenmental perniod. Flow to both systems was maintaned at 30 1 d throughourt

the expennment.

Solids and Hydraulic Retention Time Control

One of the mamn operaung parameters essenual for process conuol 15 the SRT. This 1s
mamntamned through the wasting of excess biosolids produced from the teatment
process. SRT analysis and calculanons. based on volaale solids. was conducted three

ames weekly and excess biomass was removed from the svstem on a daiy basis.

For this study a 20 d SRT was chosen based on previous studies conducted by
Capponetto (1994), Sears (1995) and Hagar (1995). Wasung occurred by withdrawing

excess biomass from a port located 1n the side of the acrobic vessel.

Dissolved Oxygen Control

Dissolved oxvgen was introduced to the system by means of botled industal grade
oxvgen. A flow regulator provided a minimum flow to the svstem in order to mantun

a DO concentraton in excess of 2 mg L at all ames. Oxvgen was fed through a port



located 1n the top of the reactor and then through a porous ar stone located 1n the

reactror.

Iable 2 O)peranonai daramerers

[RAIN A IRAINB
- Svstem SRT /d) all peniods; 20 20
. \noxic SRT ‘& period 1 47 =03 “1=006
' penod 2 3.8 =01 0.4 =04
' penod 3 +0 =02 34 =4
| period 4 14=03 33 =005
Aerobic SRT & penod | “3~-04 “3=0"
| period 2 6. =10 6.5 =03
pertod 3 6.8 = 0.3 56=05
: peniod 4 T2203 3.6 1.6
lf Recvele Rate based on QQy, penod | 1.0 1o
‘ penod 2 1.0 RE
penod 3 1.0 1.2
penod 4 1.0 2.3
Anoxic HR'T h period | 1.5 2.3
pertod 2 1.3 2.3
penod 3 1.5 1.3
penod + 1.5 1.3
Aerobic HRT h; -all pentods) 2.5 2.3
MLSS e mg L penod | 3688 = 364 0462 = 730
perod 2 6404 = 1197 6233 = 337
pertod 3 6333 = 1021 6340 = 600
; penod 4 3992 = 507 3253 = 303
MIVSS o ome I penod 1 4353 = 341 4734 =626
‘ penod 2 1894 = 931 1692 = 421
| penod 5 1190 = "04 4T = 298
| penod 1194 = 444 3316 = 309

Sufficient oxvgen could not be provided to the mixed liquor by means of the wr stone

alone necessitanng the use of a air recycle line on which withdrew headspace gasses

from the top of the reactor and reintroduced them to the bulk solumon through

b
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another porous air stone. Higher oxvgen feed rates were not provided due to the
potenaal of stnpping CO. trom the bulk solunon and thereby aruticially atfectng the

carboruc acid balance within the system.

Problems were encountered i maintamning the oxvgen teed rate throughour the dav
resulung i penods of low DO concentratons. parncularly 1 the mormings.
Adjustments would be made to the at the starr ot the dav to mamnrain 4 mumimum D)
concentranon of 2 mg, I.. however. suspected temperature dependent contraction of

the equupment restricted wr tlow o the svstemn resultung in penods ot low DO.

DO was conanually monttored by means ot a submersed DO sensor and a YST DO
meter.  Probe fouling due to biomass growth resulted in 2 gradual decrease 1nthe
recorded DO concentranon of the bulk soluuon. Probe membranes were cleaned on a
daily basis. Probe membranes were replaced cvery second to tourth dav to ¢nsure
accurate DO measurements. DO probes and meters were cabibrated using the Winkler

method whenever membranes were replaced or cleaned.

Analyucal Methods

All methods were conducted according to the 18th cdiwon Standard Methods 1992,
The following rable illustrates the sampling trequency and ovpe of analysis being

conducted tor this study:

(O¥]
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Fable 3 Xampling Methods and Frequeney

Parameter Method Frequency
| Flow Manual based on level Dailyv
: measurements
- Temperature Manual with thermometer | Dalv
~ORP On-line ORD Dadv
measurement
- Pressure Manual measurement ot Dy

water column depth

: Headspace €CO2

Thermal conducuvity zas

Three umes weekly

chromatographv
Alkalniry Standard Methods =23208 | Dadv
[Dhssolved Oxveen Y'SI Meter and submersible | Daily
probe
. pH I'isher pH probe Dalv
! suspended Solids Standard Methods Three umes weekly
| =2540D
I

' Volaale Suspended Solids

Standard Methods 323401

Three umes weekly

500 Standard Methods =5310C | Three umes weekly
- COD Standard Methods Three umes weekly
| F5660D
- TRN Seandard Methods 4500- Three umes weekly
1 Norg; Standard Methods
j +50U0-NH.
; A\mmona Standard Methods 4500- Three umes weekly
NH.
Nitrate Cadmium Reducnon ' Three nmes weekly

Method i

i Oxvgen Uptake Rate

Standard Methods =2710B

s requuired




RESULTS AND DIsCUSSION

PROCESS PERFORMANCE

This studv was conducted over a one-vear, begmnmng i \ugust 1994 and connnuinyg
unal September 1993, Four disunct operaung periods were characrensed throughour
the enure studv. The first peniod ‘dav ©) to dav 139 was described as the acchmanon
penod where the process underwent start-up and sutficient bromass was allowed o
accumulate to bring the svstem ro a svstem SRT of 20 d. At least three SRT's were
included dunng dus penod ensunng “pseudo-steady state” condinons throughour the
study. \ctual steady state could not be realised due to the use of acrual wastewarer and

the vananons wnvolved with 1t

The second peniod idav 14) to dav 242} of operanon can be charactensed with poorer
process performance. Figure 5 dlustrares the ammonun removals obruned during dus
penod.  Ammoma removals declined throughour the winter penod beginmng abour
dav 140 and conmnung through o dav 242, This "winter penod” drop was also
expenenced in a parallel mmficanon study conducted by R. George 1996 Changing
wastewater characrenstcs were suspected us a conmmbuung factor.  Suspected
mhibinon due to changing wastewater charactensuces could not be determined rrom

thus study.
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Period three ‘dav 243 to dav 331) can be charactensed as tvpteal summer wastewater
operanng condinons. Wastewater qualiry was farly consistent throughout this phase
which allowed the svstem to approach maximum rutnificagon and denurnficanon
performance. as tlluserated in Figure 5 and Figure 6. \lmost complete carbon removal
was also noted (Figure 7). Penod 4 ‘dav 332 to day 389) was charactensed by vanabie
performance 1 terms ot COD removal in both systems. The nfluent COD decreased
slighty from an average of 135 mgy L. n penod 3 to 128 i penod +. .\ change in the
influent refractory orgamic content 1s suspected for the decrease in COD removal since

nitrificanon did not appear to be atfected dunng penod 4.

‘Throughout the study Tramn .\ was operated using the same operatonal parameters.

In Traun B. t)pcradon:ﬂ parameters were the same as Tran .\ for penods | and 2. but




for periods 3 and 4 the recvcle rano was increased to 1.5 and 2.5-Qy . respectvelv.

N

The operanonal parameters for the svstems are presented 1n Table 2.

Orverall, process performance was good throughour the study and depended gready on
influent wastewater charactenstcs. The avadability of carbon was suspected to be the

major factor contributing to poor process pertormance.

DENITRIFICATION
Denitrification Petrfformance

Denitnticaton performance for both Tran \ and Train B was conststent and virrually
identical for penods | and 2. indicanng that a 1.5 h anoxic HRT was sutticient tor
dennnficanon at a recvele of 1:Qy .. The huigher recycle rate tor Tran B indicated that
carbon limiung condinons persisted while Tramn \, which was operated ar the same
parameters throughout. only extubited carbon liminng condimons durning penod +

Figure S).

e
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I'able 4 Operanional parameters - all penods

TRAIN A TRAIN B
Svstem SRT (d) 20 20
Anoxic HRT (h) 1.5 25 (per.l & 2,
1.5 (per &4
Acrobic HRT (h) 25 2.5
[£M (gCOD/g-d) .26 0.27
OUR (mg O./gVSS .. -h) +5 5.0
Recvele Rate (based on Qy ) period 1 1.0 1.0
pertod 2 1.6 1.0y
pertod 3 1.0 1.5
penod 4 1.0 253
C N gCOD,, g TRN ) penod | 0.6 no-
period 2 10.65 £.05
pernod 3 0.8 0.9
period + 0.” 0.8
SVT (mL/g) period 1 16+ £ 11 148 =~
period 2 253+ 39 286 = 29
P"@d 3 193 = 350 179 = 43
period + 216 = 24 24=3
SNR (mgN/gVss-h) period 1 25205 23z04
period 2 224038 22=05
period 3 26+ 0.5 27 =06
period + 21109 26=12
SDNR (mgN. g\V'ss-h) penod 1 =006 19 =n3
penod 2 3= 1l 21 =05
period 3 3.9 0.8 $3= 1.3
penod + 2013 23= 13
Total N Removed (o) perod | 32+06 34+
penod 2 43+53 5= 12
period 3 65%5 65 =
period + Hx23 0= 19
Effluent Alkaliniey (mg/1 as period 1 246 £ 47 242 =33
CaCO,) penod 2 165 + 43 193 = 49
period 3 13+ 24 190 = 28
period + 124+ 19 119 = 23
Effluent pH period | 6.3 0.6 6.2 =00
period 2 6302 6.5=0.2
penod 3 63%0.1 6.3 %01
period + 6.3+ 0.1 6.3=0.1




Period 1 Period 2 Period 3 Period 4
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Frrure 8 \noxie ettluent nitrate concentration histograph

Higher recvcle rates are needed for adequate toral nitrogen removals.  Untorounarely,
recvele brings back not onlv mitrate, but oxvgen as well. which has been shown to be

inhibitory to denutrificanon processes.

Effects of Oxygen on Denitrification

The effect of dissolved oxvgen 1s detnmental to any anaerobic process. [n general, the
presence of dissolved oxygen reduces the denunficanon etficiency due to the
preference of the heterotrophic organisms for the higher energy (acrobic) pathway.
Some studies state that enzyme suppression is the cause for decreased removal
efficiencies (Dawson and Murphy, 1972). The etfect of oxvgen on Tran B can be seen
in Figure 9 which shows that higher oxvgen rerurned to the anoxic reactor through

internal recycle decreases the nitrate removal efficiency.

40



NO , Removal, (%)

ORP, (mV)

0 100 200 300 400 500 600 700
Returned Dissolved Oxygen. (mg/d)
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Figure 10 Oxidanon reducton portenal as @ tunenon of
rerurned dissolved oxvgen
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The effect of dissoived oxvgen can also be seen in Figure [0 which shows the ORD
increases with increasing dissoived oxvgen retumed 1o the anoxic rector. The ORP s
a general measure ot the half reacnons mking place within the bulk solution and gives
an mdicanon ot the reducing condinons present. In general. the conversion of nurate

to nutrogen gas requires condinons ot approxamately -150m\.

Due to the atfiniry of the heterotrophic organisms tor hugher enerey vielding reacnons,
the presence of oxvgen quickly consumes a large pornon of the readilv available
carbon contaned 1n the intluent seream by acrobic respiranon.  Iigure 1l shows that
the anoxic effluent contaned zero dissolved oxvgen throughour all phases of the study
ndicanng that carbon was preferennally uabised tor deoxvgenanon of the recvcle
streams tn both trans. The excepnon mn penod 4 indicates that the wastewater did not
contain sutficient carbon ro tully remove all of the oxvgen trom Train B essenually
shurang down the dementicanon process altogether. The smallest unie or measure on
rhe DO, meter was 0.2 mg, L Venticanon with the manutacturer contumed that a
reading of zero would be extremely difficulr ro achieve due o background clectronic
notse within the meter and probe 1wself. Readings of 0.1 mg, | were considered to be
zero and can be venfied by the degree ot demmficanon obramed and low ORP values

that would indicate anacrobic reacnons were mking place.
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The quannrv of carbon available required for growth. reducnon ot menrte. mrate and

oxvgen 15 wmportant such that 1f the svstem becomes lmited by carbon, the

demmficanon wil proceed ar a reduced rate.  Maximum denitmificanon rares can be

observed under non-carbon minng condinons. bur will conanue through endogenous

respiranon at a much slower rate.  In svstems where low mfluent carbon condinons

persist would require an external source of carbon to ensure maximum Jdemmticanon

rates. Methanol has radinonally been used as an external carbon source. bur recent

advances in prefermentanon technology indicate thar VENs mayv provide a readilv

available and cconomucally feasible source while eliminaang dhe need ot purchasing

addinonal chemucals.



Results from Figure 12 and Figure 13 show that a CODNO-N | rato greater than

e

10 would be required for these svstems. More data, especially at the higher recvcle
rano, would provide a better esnmate. This tesult corresponds to other studies where
it was found that a rago ranging from 8.5 to 15 1s requred to ensure aon-carbon
imunng conditons ‘Sutton et al. /1979;). The value of nitrate 1n this rano includes the

cffects of oxvgen where oxvgen s expressed as nitrate equivalents.

Although the graphs indicare that lower COD NO.-N | ranos appear ro be sutticient.
it should be noted that a majoniey of these values consutute all values including <tart-up
and winter condinons ‘penod 2) where poor nunficanon pertormance hmired the
amount of nitrate returned. [ow mitrate and zero dissolved oxvgen rerurn ensured
derunficanon at ragos of less than 6. possibly due to endogenous respiranon

providing the necessary carbon.
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[ntwavely, one would expect the SDNR 1o increase as the COD NO.-N rano
increased which would be the case tor a svstem where the mumticagon etficiency was
areater than 90° o ‘Figure 14 and Figure 13 This would also be the case i a svstem
where carbon was obraned from endogenous  respuanon, but nerther ot these
condinons were met in these svstems tor an extended pertod of nme. Another tactor
to constder 1s that merare must be present 1n the anoxie reactor effluent in order o
determine the maximum denimficanon rate. Most resules from this study indicare
nearly zero mimate or mmree in the anoxic reactor effluent. hence the maximum
demutrnficanon rate could not be determuned for most condinons.  \s a result. the
graph indicates the relanonshup berween the SDNR and the nitrate rerurn to the anoxic

zone. \s was discussed previously, the svstem exhibited complere denimficanon
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throughour the study and where the COD/NO.-N was low, the required carbon was

apparentdy obtaned from endogenous respiranion in the anoxic zone.

Considenng non-carbon limung condinons, Figure 14 and Figure 15 retlect thac the
SDNR depends on the mitrate rerumed to the anoxic reactor. Further studies with an
external carbon source and higher recvele rates normally used in single-shudge svseems

3 ro 4 based on Q. are requured to produce the desired graph.

Figure 16 shows thar demmificanon efficiency which ncreases as the COD NO.-N
rago mncreases.  Lhis result contorms to theorv and shows the dependency ot
denurificanon on carbon. The lower points retlect condinons in peniod + where weak
wastewater condinons existed.  If pertod 4 were removed. the graph would exhibaur a
linear rend. A COD NO.-N rano of greater than [0 for deutnficanon efticiencies

greater than 7095 s needed as was discussed carlier.
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As discussed previously. dissolved oxvgen 1s detrimental to the denitnificanon process.
The main benefit of pure-oxvgen svstems 1s the higher drrving force tor the dissolunon
ot oxvgen nto the bulk solution as well as into the tloc. It s suspected that in pure-
oxvgen svstems, a greater porgon of the tloc mamrains aerobic condinons, which 15

not present i convennonally aerated svsrem.

Process contiguration determunes the maximum attamable toral nitrogen removal. In
separate stage  svstens such as that used 10 Tampa, ol mrrogen removals
approachung 100”, are possible. [n a predenurnfication syvstem, rotal nitrogen removal
15 limited bv the amount of mirate which can be recvcled ro the anoxc reactor.
[heorencally and ¢conomucally, the maximum removal approaches SO" . ar a recvele

rano of +Q.. .., assurmung sutficient carbon 1s present.

Nitrate removals 1 the anoxic reactor decrease dramaucally as the recvele rano
mcreases Figure |7 and appear to be directy related ro the returned dissolved oxvgen.
1Tus graph exemplifies the tact that demutnficanon micro-organisms will preterenually
select oxvgen as the termunal electron acceptor i an anoxic environment. reducing the
overall arrrate removals with a corresponding increase in returned dissolved oxyvgen.
The clumping of the first three points indicates that approximately ~2-33". nitrate
removal occurred even though 1t appeared that carbon availability plaved a sigmificant

role in demimticanon.
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This 15 turther exemplitied 1in Figure 13 and Figure 19 where mirate removals are
compared to recvcle rano and influent COD fsoluble).  Here one can see that as the
recvcle rato increases, nitrate removal decreases. [t carbon was the limuinng tactor. one
expects that the decrease in mrrate removal would correspond fairly closelv with the
influent COD concentranon.  The cetfect ot hugher rerurned dissolved oxveen loading
can be clearly seen in the wncreased reducnon of nirrare removal in Tramn B where
higher recvcle muos had been emploved. Tran |\ did not increase the recvele and the
nitrate removal as a funcaon ot wntluent COD concentraton can be seen. Thus tigure

shows rthar mutrate removal toward the end of the study decreased due to carbon

hmutagon.
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Figure 20 shows that toral mitrogen removals reach an opumum level at a recyele rano

of approximately 1.3-Q, . \gan, oxvgen appears to have a direct atfect on total
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nicrogen removals.  These graphs are mmportant because thev indicate thac che

particular wastewater cntering the NEWPCC contans enough carbon to sustun a
recvele rano of 1.3-Qg . Higher removals should be possible with an external source

of carbon while muimusing the volume ot the anoxic reactor provided a readilv

avatlable carbon source such as VI7.\'s or methanol 1s used.

NITRIFICATION
Effect of COD/TKN on Nitrogen Removal

Carbon. while required for demrificanon, 1s not desired tor mnficanon. [lirerature
indicates that heterotrophic organisms, carbon oxidisers, have growth rates up o
rwenty ames that of mnfving organisms. [ is theretore essenual to remove as much
carbon as possible mn order to mimmise the compennon berween the heterotrophic
and autotrophic orgarusms.  Faling ro remove carbon, the operator would have o
mncrease the svstem SRT or HRTY 1 order to ensure surticient acrobic residence nme

15 provided to the mrnticanon organisms.

The mfluent COD/ TRN rano 1s a parncularly important parameter to observe when
considering single-sludge svstems.  While a low rago indicates good menricanon
potenual and 1s preferred for a munfying system, 1t could inhibit derumficagon m 2
single-sludge predemunficanon system. .\ high ramo, on the other hand benetits
derumnficavon, bur hinders nunficanon performance if excessive carbon bleeding
occurs.  \ proper rano must be mamntauned in order to opumuse the performance ot a

single-sludge predeninticanon system.
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The effects of COD/TKN on menficagon can be seen mn Figure 21 and figure 22

where effluent toral nitrogen increases as COD/TRKN rano decreases. The decreasing
trend 1 these two graphs indicates that as the intluent carbon loading decreases,
corresponding decrease in derumnficanon would also ke plice resulung in a4 higher

ettluent toral nirogen concentranon.

The specttic ctfects of carbon can be seen 1 Figure 23 and Fgure 24 where higher
nfluent COD concentranon decreases mutrificanon capacity and mncreases cttluent
ammoma values. The spread n the data points retlects a problem associated with
samphng procedure.  The influent contuner contaned cnough teed to supply the
<vstem for approximately 1.3 davs. The contauner was mixed conunuously mameunin:
untform COD concentranons throughour the dav.  Ettluent samples were raken trom
the clanfier and depended enarely on the performance ot the svstem for the previous
rwo-hour interval onlv.  \lthough smect control of operagonal parameters was

pracused, vanagons in nunficanon pcrform:mcc occurred.
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The specific ntnificanon rate 1s a funcuon of several vanables including the intluent
COD TN rano. the D.O. levels in the aerobic zone and the quanor: ot biomass
present relaove ro the mrnficatton achteved.  Figure 23 and lgure 26 dlustrare the
cffect of the nfluent COD TR rano on the specific mmiicanon rare ot the aerobic
zone. Higher influent carbon loading have been shown to inhibit mtnficanon through
an mncreased compennon benween the autotrophic mmifiers and the heterntrophic

gppansms Hanake croale 1990 The above raphs indicate thar che specnic

tn

mnficanon rate decreases from a value of 230 mg RN oVess-d down o 1.2

mgTRN . g\'S3-d for the corresponding nfluent COD: TRN ranos of Sand ~.
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[Figure 27 and Figure 28 dlustrate the effect of the influent € N rano on nunficanon
performance.  [he mntluence of the mrluent ¢ N rano has been <uggested 1o inhibie
rutrficanon through the increased compennon for avadable oxygen with heterotrophie
organisms. Due to a significandy higher growth rate tor heterotrophic organisms,
higher intluent (N raoos have been shown to resultin decreased MINLcaton rafes
angle sludge svstems George, 19961 It s evident trom these oraphs that an mverse

relanonship exasts benween the ammonia removal erfictency and the ntluent €0 N\

rago.

Influent CORu/Influent TKM

Ratio



Effect of Influent TKIN on Nitrificauon

Intwavely, one would suspect that an increase n mrogen ioading to a svstem would
result in an increase in the specific mmficanon rate of the svstem unal the mmfcaoon
rate reaches a maximum thar can be provided by the biomass under the zven
peranng condimons. Thus will be wrue provided no other factors are round to be
nhibiung. .\ uraphical representanon of this consists of a straight ne rrom the Hran
indicanng the maxumum spectfic mtnficanon rate arrunable for 1 speaitic ntluent
TRN loading rate.  Fuure 29 and Fugure 30 use this representanon o tllustrare the
masimum aerficanon rate attamable for this svstem as 1 funcaoon o mrduent FRN
loadmg.  The fgures show that the maamum SNR tor Train A ranges from .23
mgTRN gV35-d to 3.00 mgTRN gVss-d ar mfluent TKN concenmranons or 19 and
47 mg, L respecavelv. [n comparnson. R. George 1996 found mrnficagon vialues of

8T - 283 meNH, N gVES-har 12°C

The graphs indicare rhar there 1s 2 stmlar maximum <peciic MEriricaon rire Derween
Trun A and Trun B. Dam pomnts w the myhr of the ne mdicare peniods ot

ncomplere umticanon and nhibinon that occurred dunng peniod 2 ot the study.
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BENEFITS OF PREDENITRIFICATION CONFIGURATION ON
ALKALINITY DESTRUCTION AND pH DEPRESSION

Sears (1993, studied the eftects ot pH and alkaliiry on mitnficanon i a pure-oxvgen
acavated sludge svstem. The study was conducted at a temperature of 20-24%C The
study indicated that a +h HRT was required ro achieve stable ninficanon pertormance.
but found that pH suppression due to alkalinury destrucoon could hinder the process

stabilitv. Both this study and thar of Sears 119931 used simular intluent.

Sears 11995) found thar mirnficanon was feasible m a purc-oxvgen acuvated sludge
svstem, but operagonal stability could become compromused by pH  suppression.
Because of the dependence of the mientier growth rate o pH, a4+ hr totad HRT was
required to achieve mtnficavon at a pH as low as 3.3, [n the predemunticanon
configuranon, pH suppression was alleviated allowing for consistent mernticanon
throughout the study except tor pertod 2 when a penod of inhibimon ro nenticanon
was observed. This mhibinon was also observed n a parallel study by George 1996 .
The cause for the inhibinon could not be derermined. but 1t 1s suspected thar a change
in mfluent wastewater charactensacs at the NEWPCC was the cause. NEWTPCC start
indicated cthat an annual degradacon in the dewaterabihine of therr digested sludee
resulung i an aced for tnereased polymer addinon. Some sources ndicate that cerrun
polvmers may be nhibitory to the mmticanon process, bur this can not be determuned

from thus study and should be invesngated 1n furure studies.

A comparison berween the nimficanon and predemumficanon svstems s shown in
Frgure 31. It can be seen that as ammonia removal increases, a corresponding decrease

in effluent alkaliniry occurs as a result of alkaliniry destrucnon dunng the mmticanon
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process. Operation in a predenutrificaton contiguranon would recover approximately
3.59 mg of alkalimitv per mg of mtrate reduced resulting in increased ctfluent alkaliniry.
The cffluent alkahmity 1 the predemutrificaton configuranon 15 mauntaned  ar

approximately 200 mg, . as CaCO. through the recovery ot alkalmry.

Figure 32 dlustrates the effect of pH suppression due ro alkalinity consumpnon in
nitnticavon and predenitnificanon configuranons.  For mrnncanon alone, the pH
reached a lower mir of approximately 3.5 as the mirnticanon ctficiency approached
LouY,, Approximately ~.1 mg of alkaliirv 15 required for cach mg orf ammonia
removed. The predenitrificanon configuranon alleviates pH suppression by increasing
the buffenng capacity of the svstem through the productnon ot alkalimne i the
denutnficanon reacnion.  thereby ensunng a mote stable operanon at the noted

operung condinons.
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figure 33 dlustrates the predicted final effluent alkalimey of Train B, The predicred
final ctffluent alkalimiey was caleulated assumung an alkalimey producnon ot 3.59 mg
alkalimey per mg of nierate mitrogen reduced and 7.24 my alkalinity consumpuon per
mg ammonia rurogen oxidised. The actual effluent alkaliniy corresponds to the
predicted eftluent alkalimey verifving the overall alkalimey destrucnon and producaon
within the svstem. This indicates that the overall stability of the process in terms of
effect of alkalimry and pH on muficanon will be greater in a predemunficanon

configuratuon.
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SUMMARY AND CONCILUSIONS

A study was conducred to evaluate the teasibiliey of total mirogen removal i a pure-
oxvgen, single-sludge, predenmntficanon svstem.  The study was conducted at the
Urnuversity of Manmtoba Environmental Engineering Laboratory and 1s a culminanon of
several studies invesuganng the use ot biological minficanon and nitrogen removal

previously conducted by Capponetto (1993), Hagar (1995) and Scars 11995,

The study consisted ot two parallel trains in a modified [Lutzack-LEranger process. The
studv was conducted in tour phases. The tirst phase consisted of the start-up phase
where both trans were allowed o achieve steady state condinons. The second phase
corresponded to an inhibitory phase where 50% nitnficanon and a corresponding
decrease 1n denumficanon was observed.  The source of inhibimon could not be
determined dunng the course of this study. The third and fourth phases observed
complete menficanon and corresponding increases in denimficanon. However, a slighe
decrease in the wnfluent COD concentranon lead to difficulty 1n mantuning
derumficanon even though complete mirificanon was observed 1n both trains. It s
assumed that the composigon of the influent COD changed dunng this penod such

that the fracnon ot retractory organics increased.



The main tindings of this study indicate that unbising a pre-denitnficanon configuragon
tor total mitrogen removal 1 a pure-oxvgen acovated sludge svstem s teasible.

provided that sutficienc carbon 1s contained 1n the influent wastewater stream.

The pre-denunficanon configuranon had the cetfect of increasing process <tabiliev
through the producnon of alkalimirv 1n the anoxic zone. Compansons with previous
studies indicate thar pH n the aerobic zone was mamtaned above 6.0 while 1 single
sludge mutnficanon configuranon resulted in a pH suppression down to 3.5 and the

nhubioon of mitnificanon due to inhibioon resulang from tree nitrous acid formanon.

"

lotal nitrogen removals approached the theorencal value of 730 with i recvele rano

19

ot 25 Quiy. Tomal nmirogen removals depended upon several factors including
ammona removal in the aerobic zone, recvcle rano and mfluent carbon avadabiliey.

Total mtrogen removal was severely bmited due o an unknown mbubiang ractor

causing nitnticanon to drop to 30« throughout the winter months.

Opuamusagon of the system was achieved by decreasing the anoxic HRT trom 2h o
1.5h and aiso by increasing the recvele rano. Complete dennnticanon was observed at
a [.3 h HRT. Nitrate breakthrough trom the anoxic zone was obsenved ar hugher
recvcle ranos. The return of merate along with dissolved oxvgen and hmuted carbon
availability resulted in a decrease in the nutrate removal etficiency 1 the anoxic zone.
Recvcle ranos m this study ranged from | to 2.5 Q.. but a recvele rano of 1.8 Q..
was found to be the opumum to ensure complete demutrificanon under non-carbon

limiang condinons.
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The conclustons to this study are summansed in the following:

. Consistent demimficanon was mamntaned at a short anoxic hvdraulic retennon ame
of 1.5 h. Nirrate removal ctficiency was found to be 9.1, and 43.5", tor recvcle
ranos of 1.3 and 2.3 respecavely. Towl mmogen removals of 657+ were observed
during phase three of the <tudy.

2. Complete mrnficanon was observed at an aerobic hvdraulic rerennon nme of 2 h.
Ammona removals during period 2 and 3 were observed o be 947t 987 tor Tran
A and 88°0 to Y8°» for Train B. \n unexplained peniod ot mhibinon decreased the
nutnfication ctficiency o 300, dunng period 2 of the study.

3. pH suppression due to alkalmiey destructon during nurnficanon was alleviated and
1 stable cffluent pH was observed throughout the study.  pH 1n rhe unoxic zone.
aerobic zone and final effluent was tound to be 0.6, 6.3, and 0.5 respecovely dunng
peniods of complete nunficagon.

4. Effluent alkalmry remaned <table throughour the <tudy at an average crtluent
concentration of 195 me - L and 200 mg 1. for Trans \ and B respecavely, dlustraung
the abilitv of the anoxic zone to provide butfenng capacity to the svstem.

5. Svstem configuranon. nfluent wastewater charactensnes  and  mmticagon
performance determune the extent of the maximum demitnficanon attunable 2
predenitrificanon configuraton. .\ spectfic denitnficanon rate of 4.3 mgN. g\'S5-h
was observed for Train B dunng penod three of the study.

6. Total nirogen removals approaching the theorencal limut of 63° . were observed ar

a reevele rano of 1.5 Q.



Influent carbon compositon and concentraton plaved a significant role 1n
denitnificanon at higher recvcle raoos.  \vaillable carbon in the intluent wastewarer
limited the masximum pracocal recvcle ramo to 18 Q.. o cnsure complere
denutnficanon under non-carbon minng condinons.

S\ COD NO.-N . rago of at least 10 15 requred ro sustain complere

denmitnficanon under non-carbon hmiung condinons.
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NOMENCLATURE

ALK Alkabmiey mg; [ as CaCO-,

BOD Biochemical Oxvgen Demand my/ L.,

COD Chemical Oxvgen Demand ‘mg/ [,

2.0 Dissolved Oxvgen mg/ [,

HR'T Hvdraulic Retennon Time h:

MISS Mixed Liquor Suspended Solids mg [
MINSS Mixed [iquor Volanle suspended Solids me. [
NH. Ammona Nirogen mg 1.,

NO. Nierate (mgy/ L)

NOL-N Nitrate Lquivalent as O.

Q... Raw Intluent Flow L. d

SNR Spectfic Nitnficanon Rate 'mg N g VSS-hy
~DNR spectfic Denutnficanon Rate 'mg N g VSs-h;
~OC Soluble Organic Carbon mg; [,

SRT Solids Retennon Time - d)

SV Sludge Volume Index ml. g

KN ['otal Kieldahl Nitrogen as N

TOC Total Orgamc Carbon myg, L.

TSs Total Suspended Solids (mg; I,

\'SS Volaale Suspended Sobds (mgy I,
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Chuaprer

SUGGESTIONS FOR FUTURE STUDY

Although this studv provided indicared the potennal ot using a pure-oxvgen acavared
<Judge svstem inoa predeninticanon  contiguranon tor total mrrogen removal,
addinonal study 15 required 1 order to establish a complete picture or the porennal
capteal and operanonal cost savings which could be provided by this svstem.
Suggestons for future study ualising pure-oxvgen acuovated sludge svsems are as

rollow:

i. The scale of the project should be increased to u ptot scale. This would serve 1o
confirm results obtaned mn this and previous studies conducted ar the Universiov ot
Manroba.

study different SR1's 1o determune the kinenc coctticients in the predenienticanon
configuraton. The study should also consider a combmnanon ot HRT's to determine
the munumum rotal HRT required to achieve rotal mitrogen removal.

3. Future studies are required to evaluate the need of a supplemental carbon source
tor complete denumnficagon at mncreased recvele ranos. Although carbon could not be
readily  shown to mhibit mmficavon 1n this swudy. 1t became  apparent  that
denienficanon ctticiency was hindered.

4.\ problem arose i the winter months where mmticanon ettictency dropped o

approxsmately 50°0. This occurred 1n this study, as well as a parallel <rudy bemng



conducted bv R. George 1996). The cause 15 <uspected to be a change n the
charactenisucs of the influent wastewater such that removals were bemnyg inhibited.

3. Future <tudies need o look at headspace gas composimon and the ceftect rhar
enrrapped gases mav have on the carborue aad equitbnum i the buik ~olunon.
Studies should look at vanous alternanves such as predemimnficanon with a <ealed
headspace. and also at ninficanon and prederumticanon with the headspace open )

atmosphere.



Cninsesr 3

ENGINEERING SIGNIFICANCE

This study provided a bref look mro the teasibiity and bmutanons of totl nitrogen
removal m a pure-oxvgen. actvated sludge svstem 1n a predenunticanon configuranon.
Undersranding the role that oxvgen and oxvgenated compounds plav in denimticanon
will lead to an overall understanding of the process and can lead to process
modificanon that will allow tull use ot the advantages provided by @ pure-oxveen

svstem.

This study indicated that a total HRT of 4 hours 1s sufficient to achteve greater than
90" » ammonia removal and to approach the theorencal imur for rotal morogen removal
based on sludge and wnrernal recvcle sweams.  The predenumficagon configuranon
requires a smaller aerobic zone which could lead o lower mmal capual costs when

considenng greentield or retrofit applicanons.

[ower aeranon requirements can also be realised due to the consumpaon ot readily
available carbonaceous compounds i the anoxic zone and the subsequent decrease n
organic loading to the acrobic zone.  Although dus study did nor invesagate the
potenmal cost savings, based on theorencal oxvgen requirements, @ saving i acragon

requirements of approximately 247 o could be reahsacally achieved.
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