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rotal muogen r c m o d  usrng short anosic h-draulic rerenaon ornes: :inci 4; ro opnmise rhe 

proccss srabllin- wns obscn-ed rhroughour rhc s m d ~ *  md c m  be :itmbuccd ro :in incrcisc in rhc 

bulfemg capacin- of the mised hquor rhrough aikaluun- recoven m rhç :inouc zone. Ilic 

effluent pH was obsen-ed to be 6.4 and 6.5 for 'Train .\ and I ' r m  B rcspçcovcly .ind rhc 

cifluent :ikluiin- remîmed consunt :ir 195 mg! 1. 2nd ?(!O mg! 1.. 5pçciiiç turntic:iuori r m i  





( :li~prcr I .......................... .............. .............................................................................................................. 1 

......................................................................................................... 1 nuoducnon m d  ( > blccm-es ! 

(:haprer 2 ................................................................................................................................................. I 

............................................................................ I5c tors .\ ffecang Single Slucige Sitrogen R e r n o d  i 

- - 
I'urc ( )x)-gcn .\pplicauons in \Y:istcn-arer 1 r ramcnr  ................... .. .............................. i 

IlFfects (>t'pH :ind . \kni inr~  ...................... ... ........................................................................ O 



tiifecrs of H r h u l i c  Retenuon 'rime and Llud3r Rerrnnon I ' h e  ................................... 2 I 

Simficanon .......................................................................................................................... 2 !  

...................................................................................................................... Denitnficanon 1 

3 - 
( :li:iprer i .................................................................................................................................................... --> 



- - - 
Yuppnons tor [-unire Studl- I I .......................................................................................................... 

- -, .................................................................................................................................................... 
( 3 a p  ter + - 



. - - 
1 :  (:OD rcrnol-al hü;roLqaph. r r m  U. I .3h ïnosic HRT for phase 3 k - l  .......................... 

II~gurc S .\nu:ac cifluent mu3re conccntrauon I u s t ~ g a p h .  ............................................................ 41 1 

1 ;  14 I - r m  .\ sprcific icclrnirnfic~aon rate :is :i funcaon ( t i  d u e r i t  
(:oD/ SO:-S rano. ............................................................................................................ 45 

I*.ig~uc 1 0  1)cmtnficnnon cl i ic icncr  ï s  2 tuncnon o f  (:OU ho;-\ rsuu ................................... 4" 

t'igue 1- Iifiecr o f  incrnsed recvcle rano on nitrace rcmo\-al ~ihcicncy ui the 
moue reacror :md rrtumed dü-sohed o - g r n .  ............................................................. 4" 



F g x e  18: Tram B mcrate remord: Rem-cIr raao \-S. mtluent COD 
:I t ........................................................................................................................... concentranon. 

F i  O :  Sirrare rcrnol-al m I ' r m  .\ i -5 .  reccclc rano m d  mtluenr (:()LI 
- 1  1 ...................................................................................... ................................. conccnuauon. ... 

Figure 1 1  T r m  .\ cifluent rotal nimoyen conccnuanon as :L iuncnnn Ji 
..................................................................... .................... mtluent ( :OD I TL\ rano. ... 5 1 

F'q+rc 12 T r a m  B effluent tord muogen 2s ii h c n o n  intluent ( :<)Il  -KS 
........................................................................................................................................... rauo. 3 

lri+rc 23 1-rxn .\ cffluent ~mmonia concenumon iis 1 rüncnon d u e n t  - -  
Y - ................................................................................................................. ( :OD conccntranon - 

1:igu.r~ 34 r r m  B effluent :immoni;i concenuauon :is .i iuncnori ; i i  intluenr 
. - - * - - ........................................................................................... ................... ( ,( ID  conccnuaaon .. 

i 9 Sprcltic rurnticmon rare indicarcd 3 s  - nincocm of rhc mrlucnr 
T L \  l o x h e  for r r m  .\. ...................... ... ................................................................... ('4 

1;ipurc 3( 1 'rpeciiic mtnficmon rate mdicmx.i 1s  5 h c n o n  o f  rhç mrluçnr T I 3  
lunlLng for r r m  LI. ................................................................................................................ 0' ' 

1 .- i g p ~ c  33 I'redictcd :ill.raluun. o f  the tind ciilurnt in F r m  U r r .  . i cnd ii'îi 
cftluent : U n - .  .................................................................................................................... O-+ 



Table 1: SEXPCC pnmary efduenr ~v-îsremnrer characrensncs ...... ... ...................................... i l  i 

'. 7 Table 2 Oper~nonal p w e r e r s  ........................................................................................................... ?- 

S i  3: 5 :  P q -  \Icthods .ind 1;requenc;- ....................................................................................... : 1 

r i b l e  4 ( )ptxmonai parmrrcrs - 111 penods ..................................................................................... ;( 1 



Spcud rccopmon g x s  r o  l l i e  (:in. o f  \\,ïnnipcq -. A h .  P d  Llqnssc. .. . .\Ir. Ilm .\I:im ,. rlic 

5usrîinnble De\-elopment Fund of the I>ro\uicc I1:imtoba. Rcld (:rowrher :ind Pxrrncrs I .rd. 

Slr. Doug T:intaucM the former Poçher \lcLxeii Lrd. LLr. .\lf I'rxdtcr; for :dl hi i ih ip  

pro\-idcd fur  h s  prolccr. 



chcmcnl mcrliods. 



aerobic hvdraulrc retention m e  (HRT) 3t ?CC. but problems with msufficient 

:ikïùnin- ~ n d  rutnte ïccurnulanon due to pH suppression mai- pose a problem. I r  was 

c«ncludrd that :~cclunanon plaved m unponnnr role m the srsrem : id .  pro\-~ded 

sufficienr nmr wns dow-ed, nitniicauon would proceed a condioons pre~~ouah-  

rhoushr ro be csrrcmeh- dermental  ro nitnfyq micro-orgmsms Se~ r s .  l tY) j  1. 

\lrhciiigh .i 411 1-{KI- cxluliitcd grclter proccss irabiiiv. :L 2.3 11 t4RIe a . : ~  <il( )a-n r o  Iic 

conscqucnrly returncd ro thc nnosic zone rhus creamg condiuoiis whcre 

denirnhnuon is mlubired, Lunimg die total rec~clc thar could Lie providcd. I'lus it~idy 

3 - 



&O mdicated thar carbon al-dabiiin- 1s rstrrmrh unportanr for etticlent nitro$en 

removd. 



dtemnrc carbon sources for drmrnhcaoon. led ro rhc prospect o f  unlismg :i 

predenirnficanon conhguranon to reducc mtrogen Jischarges to rhe Red River. 

\lchough the pnnctples «i nimiication md  denitnficanon Xe n-ci l  undersrood. rhcir 

~ipplicnnon ro pure-oygen ';>-stems is nor: malÿn9 dus resrarch umquç. I h s  5mdv \v:is 

ininïrcd ro ml-esngare the foUoumg: 

1. \%lecher predemrnhcauon 1s tënstble ~r ihorr 3no';ic :id ~ c r o b i c  Iirdrïulic 

retcnnon rimes. 

3. To dererrme rhe p o t e n d  for r o d  nitrosen r e r n o d  usuig :i shon  :ino?;ic I-IRI- 

prcdcrumhcnnon con~ur3uon .  

4. . I 'o  opnmisc the proccss rhrough xtn-ated iludge and miscd liquor rccrcle- 



br Cnion Cubidc lookrd ar reactor sumg for arstems ualisms pure-os!-gcn Speccc ct. 

1.. 1 0 3 ~ .  Pure-osypen aysrcrns do nor ~t'fecr biomass performance ~vidi  respect ro 

iubsrnre rernrn-al kuieocs. cell producnon. dccnv rares. and sludge scrdabilin- d i c n  

of the system and thereby decrrasiq die sludge quaneies produccd {Speecc Cr. d.. 



<;renter mxed Liquor concenrranonr md higher jms trînskr cfficicncics rcsult in :i 

reducoon in required rractor \-oiumrs when compnrd ro com-cnaonnl11- xr l tcd  

sl-stems. - h s  makes pure-osvgen srsrem pamcularlv ~ m i a b k  ro reuoht ~pplicanons 

md for .qcrnheld plants whrre land a\-a.hbilin- i s  n concrrn. 

Effects of pH and Alkalinity 

Thr eficr of pH nn the 3cm-c biomnss in die rrwmicnr .;?.;rem is lmc o f  rlic main 

in 3 prde111m hcauon c o n ~ ~ u o n  produces &Linin-. r educm~ die i~ffcct )f :ik~ltnin. 

Niuification 

Oparnum pH values for bioiogcal niuificanon hm-e i-mcd \r-idclv :ind Jependcd o n  



n-here: 

for srntheuc wnstewîrer 'Hong and .\ndersen. 1093 

u - = -0.7 166( p H ) -  - 10.4 I 5 ( p H )  - 34.8744 
#U ." 



';cars( 1995) has shavn dus as \veU n-hen the formîaon of frec nimous ~ c i d  FS.\, 

complerely cnhtbired the nimficaoon process for 2 penod o f  abour rcn dav.;. :ificr 

s-hch. the -\-.;rem recovered m d  conanued ro remm-e xmmonia complcrcli.. I t  n-as 

,uggcsrcd rlinr rhe bîcrena becxrne x c h a r e d  t o  the IlS.\ .illo\i-ing rhc rcncucm r o  

procecd. The F S . \  conccnaaon 1s 3 Nncnon o f  rhe pH. remperanirc :ind rotai nirntc 

concenumon whtch suggesrs rhar possiblr the cnrlronmenral çondinons s u c  such 

rliar rlie tirrmnnon o f  I 3 . \  \\--as h t e d  dunns the latter pomons o f  rhc cspcnmcnr 

:ind char :icclunaaon ma\- 1131-e onlv plat-cd 3 lunitcd rolc in the rccoven- tlic <\-stem. 

S m  '1905) resevch is supponcd br snidies conductcd bi- .\nthomscn cr.:il 19-01 

n-herc tlic cffccts of frcc nitrous .icid IlS.\. n-erc ml-csriprcd. Ille:- fii~ind rhar 1.-\.\ 

sonccnrraurms ben\-ccn 0.22 : i d  3.5 mg, 1. iritubtrrd nirnhcrs. 

\Losr pure-oxvgcn :icn\-3rd sludge sr-itcms incorpor:irc .i c l o d  Iicndipncc inrc) rhc 

J e s l , ~  o f  rhc cccrors char c m  lend ro pH suppression o f  rhc m s c d  Iiquor. I l i c  çlowcl 

Iic:idspacc desi~m :ilio\vs h r  k h e r  pressures in rhe rcncror char :dowa h r  greater 

ongcn LLissoluaon lnro the liquid phase. I r  c m  hinder the nirnhcîaon proccsi. 

howerer. due ro de\-nred cîrbon dioside lerels m the hedspncc. whch Iiavc rhc cifect 

o f  suppressmg die pH of the qsrem. One solunon to dus \\--as dusmnrcd in snidicj 



prrformed b -  Hong and .\nderson ( 1993) where LLtfferenr stases o f  :i pure-osygcn 

reactor were removed dowmg the escape of carbon diondc mro the mnosphcre 

resulmg m m cn-erd increase m die pH oi die rmxed ùquor. 

producnon occurs m the reacnon m d  the pH i s  uïudly rnninrrned. 'nie Zrcnr \-men. 

l q e  number o f  bacrem ndl i d  bc ablc to dcnimti- undcr adverse condiuons. 

Sedlak : 1991) proposes the followuig espresston for the reducnon o f  rurrnres Junnq 

-fie effecr of pH on the Jcmtrificnnon rtnrem c m  dso bc descnbcd in terms o f  rhc 

cnd producrs produced. Snidies ha\-r shown thîr :i decrcase in pH could rrsulr in 3 



Jecrcnse in producuon o i  gpseous mtrosen m iarour çompounds w c h  . id nirrous 

oside. 

mcrascs and thus \\dl requires a lugher muümum dissol\-cd oqgçn  concenunoon. 3s 

hgh 2s 4.0 q//, in die b d k  soluuon (Stensuom md Song, 199 1). Han& cr d. l W  ) A I  

1 il 



Denidcation 

fie effecrç of o?i\-een. _ <_ pmcuhrh-  KI S " ~ ~ - ~ \ U & C  .- n~srem. . presc111 much coilccm 

prrsrnr for nitrate reducnon ro occur. 

Hrtrrouophc orgrusms capable of bah. xrobic  md m u s i c  rcsplrnnon. Orp111c 



c o n w e d  in the bulk soluuon or from endogenous or,pmc mntenîl conrained in rhc 

bmmass. Uoth rcacnons c m  be surnrnansed as follo\vs t D r d  cr 31.. 1993'): 

reducnon -+ : 

: i s s d n o n .  the rurntc is con~erted ro :irnrncintï thnr is then used f o r  ccU si-ndicsis. In 

rhc d i s s d ï r o n .  rcmoun. munrc is con\-ertcd ro Nrnte 2nd iubscqucndy ro mtrogcri 

i Other mtcrmrdiiircs. such :is mtnc :ind iuuous osides. c m  h m  ckpcndmg o n  rhc 

. . 
LLüsolred osvgrn content o f  the :inosic rcncror. lliese inrerrncdiÿtcs cin Iuvc il 



derrimental cffcct on die ïmosphere o r  on the biomass &ecd!--. for insrancc. rurnte 

and N O  :uc h o w n  to be bacrenostaac agents due ro char d 3 r ~ ~ r v  for rnctîl ions m rhc 

iicnl-c centre o f  cnzrmes : Schulrhess cr al.. 10c)-l\. 

.\ Jcbare Ii:is ~ccurrcd whcrhcr denirnhcînon c m  occur undcr .icroi>ic conLtiriona 

imce ciissuntlaron- rcncuons r e q u c  thnt m o u c  condinons be  presenr liehm munre 

reducnon c m  occur. 5omr resevch has iivporhrsised rhat. J e p r n b g  ( ~ n  thc tloc WC. 

organic :inci :unmoniî loîduig. :i gradient c m  casr ik-hrrcbv :i pornon o f  rhc tloc 

rcmma iut£iciently mosic dioumg, demmiicauon ro procecd I Da\vs<>n ;incl 'lurph?. 

1 0 - 2  Sutton d.. 19-9). 

Iinzvrnmc mhibiaon ma\- :ils<) deremune rhc demrniicanon rate in rhc music zonc. 

sludgr. D.0.  concen~aaons i n h b i ~ g  muare rrducuon hm-e bççn reportcd r o  bc ib.3 

13 



O ther rcscnrch lias s hown chat in maerobic ., :ierobic srstems. I)acreru i an  

simulrancouslv use Loth the nirrnte -and 0x7-gen pachwnys Robcrrson and I<euncn. 

1084: Roberrson ct di. 19AB: l i ugehan  cr :il.. 190li. S i m b î c t e r  Iiîs ;ilso bccn .hou-n 

ro u d s e  nitrnte AS An electron acccptor under m o u c  condiuons p r o d c d  thar rhc 

:iccumuhuori (i nitnrc &d nor occur Bcxk cr d.. 1988). 

Liisndvmtnges Iccompanv the d e s 9  rhar c m  be surnmmsed :is iollou-s: 



mcreased pumprng costs 

\-oladn' of cherrucal costs 

Nitrification 

In nirnficnaon iysrems. sludye remcle plan a h r c d  role m the remo\-îl o f  ~rnmnnt~ 

Denitrification 

In denirnhcînon srstems. sludge rrcvclr plan an rmporranr role m rhr rem(>\-d or' roui 

nitrogen From rhe sysrem. In 3 predenitnticanon conI1gurauon. the o';icLsed nitrogcn 

compounds musc br rrntrnçd ro  die heiidw~rks o f  r he  proccss a, d e  full d\-nnrzgc 

u i  die 31-îilable carbon source of die mflucnr streîm. diereb\- requLnnq iluJgr rrci-clc 

The mun düadvanragc of dus procrss. puaculirly regxJLng recïclc 1s thnt h c  

denimification process is more complrce undrr music conditions. Wth die r e m  of 



i;ludse tlom the clantier. muoducaon of o-scn r o  rhc ivsrem can tic .iroided b y  

~inlising rhc rrrcnnon nmc in dit. clarifier ro ensurc î U  :~vdable  os>-gcn ha.; hecn 

unliseci. Internai remcir suenms. however. c m  nor :iroid the rnnspon o f  osygcn 

Liissolred in the bulk solunon ro die anosic zone. cticcuwlv rcducins rhe 

demtnticaaon capacity of the moue zone. 

Recycle Ratio 



electron îcceptor due to die g a r e r  frec ene rg  a\-dable from rhe aerobtc parhwav. 

- f i s  dso cffecmely reduccs the carbon available for dcnimticanon ut l l i sui~  nitrarc ~1s 

rhe tcmunal clecuon acccptor essenndlv Lunimg rhe manmum for11 nitrogen removal 

rhar can theorencall?- be o b t m e d  m :i predemmhcanon con*raaon. 

Incrcnsing rhc r e n d e  rauo cmplored \\TU chnnlze rhe ( :( )I l  / SC ),-S ,, rnmj in rhc 

i\-çtcm. S:irkin cr 31. I O - O i  Iooked :ir rucnticnnc~n ;ind Jcnitnficnnon in .L nvo sr:iqc 

prcdcmmticanon proccss. The iiuthor i t x c s  chat &xucntïcaaon ~iticicnc!- Jcpcndcd 

o n  the rec-le rano employed 2nd that demmhcaaon pcrfomncc mcreîsed ivirh :in 

mcrcasmg B 0 D  iSO, rano u n d  3 value o f  2.4 \\:as reîchrd :iitcr \i.iuch no incrcase in 

dcmrnhctaon performîncc \vas (jbsen-cd. 



Effects of Carbon to Niaogen Ratio 

In nny combïnrd mtrogen remord sysrem. one parmeter that phvs a siguficant rolc 

is die carbon to mtrogen raao !C, S rauo). (:=bon. \5-hcthcr in (qqn tc  or rnor.qnic 

cirssoked in the m e d  liquor. whde heterotrophic bacteru consume or-pruc carbon m 

the substrate introduccd to the svsrern bv the influent wasten-ater. 

Nitrification 

.\utotropluc or,qmsms require :in mor<gamc carbon source for thclr cncr-q 

requirements. The f o m  comrnoniv ~ssociared \LI& rhis is carbon dtosidc CO,.. 

( ) rpntc  carbon. on the other hmd can Lie d e m e n t a l  ro the mmiïcaaon proccss. th11 

:incl \lurph!- i9Xj ' )  obsen-rd rhar .in increastns (: S raao produccd .i mnrked 

dccrcrisc in the :icunn- ot Sitrosornonas x - M e  decreasmg rhc (1 S rnno lx incrcasmg 

the 'TI<\- loaduig produccd m mcrease in Siuosomonas acumn. 

Flannia et :d. i l99Oî m d  1990bi iound chat lugher carbon loaduip Liid not inhtbir 

iiirnh-mg or,pnisms. but thît An mcreased compcanon bcnveen the :iurouophic :inci 

heterotrophic for nrahble :unmonia cifecnx-el! reduccd the iormnnon o f  muire m thc 

susrem. 'Ilus was due to several iacrors: onc bemg the : i s sdam-e  capncin of rhc 

hrrrrorrophic or,r,msrns: :ind the odirr bemg the tughcr grou-th rntc the 

hererocrophic c ~rLgarusm c item\-ch- cro\vdrng out the :iutouop hs from t hc huk 

solunon rçducmg thru nccess to osygen md :unmom con~vncd in the bulk solunon. 



Denitrification 

In a posr dernuificanon configuranon. drnirnficaaon c m  proceed undcr carbon 

f>brmcd n-O i<>urces n-hich \\-LU unpacr rhc rare and ma:anum .lmounr of 

demrnilcanon attmablc for a parncuhr qstem. 

demmhcanon m a p r e d e m d c î n o n  system. 



In a studi-  cornplring differenr single-sludge sysrcms. Surron et 21. '10-3; reportcd A 

mmum <IOD/NO,-N,, ratio of 8 1s required for demtnhcauon to ensurc non- 

cnrbon lunimg conditions. Barnard (1373) and Stem and 1Iarats ~lO--I;, hund rhar 

<:< ID I NO,-Nuq., rauos of 1 O and 15. rcspecmely. arc rcqwcJ  for a prcdcmrnticnmm 

~onti~urmonn. in a more rccent studr. L-hma and .\lîrnis '1 9Wj found thît X.6 mg 

(:<)LI arc rcquired ro reducc 1 mg of SO, for municipal u-asren-arer. 

\Inn\- of rhc micro-<~r;~nisrns ln rhe anouc (nnacrobicj zone n-dl Ycqucntidr usc 

rcrminnl clcctron :icceprors in thc ioUou.mg order: osvgcn. mtnte. nitrarc 2nd <ulpharc. 

'l'hi?; ordcr 1s gcncrnll~- mmrnuied due to rhe rhermodrnnmcs invoI\-cd 2nd thc gc:ircr 

m o u n t  of e n c r e  arailable to the bacrem when ualismg os\-gen. 5rstcm- 

mcorpornang lntemal recycle are better represented br  rncluduig borh thc osygen m d  

rurrnrc components. 

\\3srcw:iter compostnon w d  hnre 3 markcd cffecr on rhc rate of denirniicanon 

m.unîble bv n single-sludgc y t c m .  Hcnzc et nl. 1004) itatcs rhat rhc d o m a n t  rltc 

Luniuns factor is rhc rate ~t \\*.hicch die carbon source can be h ~ d r o l ~ s d  . i d  dilt J 

X:OD A S  rîno o f  3.5 ru 4.5 1s r equed  for A denimficauon proccss n-hcrc no pan oi 

the carbon source 1s losr through osygen related osidanon. 

sarkis et al. (19'9) in\-esugated denitrificanon ar \-mous C S ranos m d  iound diar 3 

nunrm BOD./SO, ratio of 2.3 usas r e q u e d  for complcrc demrnhcînon. . \ r sum_r  3 

BOD/COD ratio of O.S. this \vould rrmslate to a CODi'SO, rrquircmrnr t > i  

approsimarcl!- 2.8. 



Effects of Hydraulic Retention T h e  and Sludge Retenuon Tirne 

In .i single-xludgc Jcnitnhcaaon svstcrn. 1 opamum balancc must b r  mamrnined 

bcnvecn the m e  dudp restdes under :inosic md aerobic condtnons. ' k e  fracnon of 

Jcpenduig on the rcmperanirc. His csprcsslon For [lus 1s: 

residence (SRT) nmr so thst denitnficztnon can procced. 



Hcnzc (1983 sug+qcsrcd a mmu-num anosic solids residence urne to acrobic rcsidencc 

uinc rauo o f  0.25. It should bc noted that a maslmurn nnosic sludtjc rcstdcncc amc is 

nlso reqwed to alloa. for nirnficnaon and  the prcrcnuon of washoiit o f  rlic nitnh-mg 

oqqmsms. 

.\uthors hnrc su,ggesrcd thnr a rrunimurn sludge agc 3 dnys a rcquucd fi)r 



-[hc p a l  of h s  ch:iprcr 1s describe the cspcnmentîl design. proccns contigurao(m 

required some degee of biologcd nurncnt removal m h e  desigri and rcrrotir o t  n t x  

or e u s m g  \v~stc\i.îrer treament plants. f i s  cspcnment has becn dcsiLmd t o  

2. *fie optimisation of process performance 

dirough interna1 nitrate reqclc. 

3. The ettects of dtssolv-cd osygen renimed ro the anosic zone through sludge and 

rnrernal remcle. 

.\ldiough tnreresr in pure-osygcn acurnted sludge sysrcms Iias bccn :iround for 

~ppcosimntely 3) years, design cntena of pure-osygcn trrncmcnr plants trnciition:ill~- 
7 2  



r e q u c d  the rcmo\-al <,f cnrbonaceous ore;mic matter on&-. Recently throughout the 

wxld. effluent cnrcm has bccome more stnnpenr. cspecdy ui :ireas \vhcre \v:ircr 

rcsources have bccorne h t e d .  T h s  rcqlured that nument removd bc incorporatcd 

tnro thc dcsibm ~ n d  rcrroiir of ne\\- and c u s m g  u.astc\virer rrcauncnt phnt'. 

Esperimental Methods 

T\vo laboraton scdr pure-osygen predcniuiiicauon srstems werc used r o  fichic\-e dic 

ubiecul-es of dus snidy. The espenmenr xvîs conducred in dit. en\-tronmend 

C-m\-criln- of  1hnitob;i. -lhe dumuon of the espenmcnt xns ~pprosunnrcl!. onc Yeu. 

.\cm-ared sludge from 3 pra-ious predenirrihîoon snidv \vas used tri moculnre tlic 

rtxrors,  aiter \vhich3 sludge retennon times w-ere pro\-ided for thc sysrems to becomc 

a c c h t e d  to the  new conditions. Once steadv sute had been esrablished nnd data ior 

die &sr smge had becn collected, the svsrern was opnmised throush thc ~ddinon of 



mternal nitrate recirculnnon Ltnes. stage 1 consistcd o f  rhc ,nid!- o f  the eiicct I l i  nvo  

nnosic hydraulic retennon m e s  on dernuification pertbrmancc. Once die  p pu mal 

HRT hnd been established from stage 1. stage 2 \vas rnitntcd and boch systerns wcrc 

mn in panilci \\-lth rhe s m e  moue HRT md diffcrent mtcrnal rcncle rnnos. In :dl. 

four diiferent ulrcrnal rccycle raur>s were invcsqîrcd. 

whtch corrcsponded ro a 1.5 h md 2.5 h HRT rcspecnl-cl-. Tram 13 uuliscd ;i 3.1 1 

ports wcrc located ;ipprosunarcly 5 cm from rhc botrom o i  die rcactors. 

I 1 5 and 2 5 h HRTi 

100 % SLUDGE RECYCLE 
L , - - - - - - - - - - - -  

I 
+ 

A 
WASTE SLUDGE 



lQOL 4_0C/oJ E M I E R E C I C L E  
1 1 
I I 

I 
i 

PRIMARY 
ANOXIC TANK AEROBIC TANK 

1 @ 203C CURIFIER 
i 1 5 HRT) 

100 96 SLUDGE RECYCLE 1 
L,- - - - - - - - - - -  < 

\r 
WASTE SLUDGE 

mtluent h e .  cffluent h e .  :ur supply, dissohed osxgcn iind <)RI' probe locauons. . \U 

sidr. .\ mechantcd scraper xrm was mserred into thc clanfier to prei-cnt ;iccumuiïuon 

o i  sludge dong rhe sides o i  the c h f i e r  and to cnsure rhat dl Iibimss n-as rcnirncd ro 

the rexrors. Evcn with the use of rhe scraper. biomass :iccumulanon occurred 

.\craaon wns prol-ided to rhc :wrobic renccor Li! means 1 p r o u s  :ur icone n-lucli 

\v:is locaccd through one o f  the porrs in the [op plate. Os?gcn Kas clelircrcd through a 

mgil withour cscessive oxygen usage. In Ml scde. mosr pure-osygen sysrems çonsist 



ensures rhnr approumnrelv 05" 1, o f  die ou-gen 1s unlisrd pnor ro discliar~c r h r o ~ i ~ h  rhc 

circumrenr dus pcoblrm An :ur reclrculnnon linc \vas mcorporîrcd inro tiic ~ c r o b ~ c  

reacrors. Headspace pressure wns monitored b v  means of  2 m:inomcrcr :incl 

rn:imrmcd b\- a rcnt ,qs mbe d i x  estended inro a tlask pamailv Wcd wirli n-ntcr. l'lia 

m m r m e d  die Iiendspace pressure I r  ~pprosimatclr -cm HIO pge.  Figure 4 duscrarc~ 

die n-picd espenmenral srr up used t'ix tlus ïnidv. 

T\vo houschold reEqtfrxoe wrre used ro hold the pnm.'m effluent :Ir a rcmpcnturc 

1 m ï p r n c  s m g  bar and rcsred on a Cm-Lab rnapeac  amer .  -flic p m a n  ct'nucnr 

\vas s&ed c o n ~ u o u s l y  to krrp die solids m suspension. Sotids b d d - u p  did occur 

7- 
d 



dong rhe sides of rhe buckers and requtred occasional cleming. .\n o p e m g  was 

prol-tded m the side of the rehgerator for the insemon of  3 Tyg0nTM intlucnr Lne to 

the rcactors. The mtluent line n-as ~veightcd dow--n bv means o f  :i srnail K-cighr. 

was used benveen purnpheads ro maintain :idequate sludge reioap- m order to prel-cnr 

sludge &posiaon or serrltn~ n~dun the mbes themseh-es. Uiomass #rom-th :ilc)ng rhc 

lcngrli o f  [lie rubine :ind could nor Lie prercnred md rcquircd rhnt rlic rubing bc 

massagd on A rcguiar basis ro rcmovc h s  gowth .  \'amble speed cunrrollcrs wcrc 

motutorcd bv ;i hand rachometer md cnlibratcd to rhe requred dolv rates. 

I<c:icror \-olumcs \\-crc. rnalnturicd : ~ t  rhc 3.1 1 ii~id 1 .O I marks 111- rncml; 1 )i cfflucnr 

ports utwrrcd rlirc)ugh rhc [op plsre ro ;L prcdcrermmcd clcprli. Vmiblc q p c d  

coritrollers werc çîlibrarcd ro mantain pump sprcds :ir ilghtlv morc rcl-oluuons pcr 

m u t e  chan \vas rcqutred m order to prcrent liquid lccumulanon duc ro tloa* 

\*uianons cnusçd bv biomass b d d - u p  m the tubing. Occ3sionds çlo,ygng h d  occur 

. - 
n-hich rcqued lrrenaon ro prcvcnr :i spd. k e s c  51-stems prrforrned dcquarely 

rhroughour the crpenmenr m d  onh- nvo ~pllls due to ths  c u s e  werc rcporrcd for  rlic 

durnuon o f  rhc cspenrnenr. 



pro\-ided the pnmnn- cftluenr for the purpose d rhis inid!. (;rab iamplc. \vcrc 

tlush m c  penk t h v .  .lhe -amples wcre ccdecrcd in 241 1 p<)lvcth\.lenc cirusrer.: 

\Larutoba 1-13 a couner sen-icc. 7he pnmon- cffluent \\-as rltcn rransfcrrcd r o  21 1 phs r~c  



penod 2 

i j Influent .\mmonia sol. . ms, 1.) period 1 23.0 z 4.5 7-  - - - . - 4.1 1 
- - 

I penod 1 34.2 L 12.4 30.0: .3 

1 
i Intluent K K  sol. mg; Li 

penod 3 - <1 20.1 2 -.4 2s.t 1 z ..-l 

pcnod 4 - -  v 13.9 2 2.3 13. 1 >.O 

p e n d  1 3-34 z 05 
p e n d  2 264 : -( 1 

p e n d  3 3 1- z 3 ) 
penod 4 336 z 21 

- v - penocl 1 ..) I 1 1 .  

period 2 - .I - z 11.2 
p e n d  3 -.4 = 1.1 



B i o l o g d  nutnent removai srstems have been shown to requue less aerobic r-olume 

chan do conrennonallv acrated svstems SrIcClinrock et al.. 1993). The tord H R T  of the 

I~oth ci)nrenoonal and BNR systems remaui s d a r .  althoush approsimntelr 4 ~ - 3 S '  1 

o f  the total rolumc \vas dedicated to die anaerobic and anosic \-olumcs in rhe B S R  

srstem. T h s  smdr looked ar svstems wtth 3- " . and 3 r' 1. mo:iic fracnons n-hich 

correspond tr>  n 1.5 ancl 2.3 h anonc HRT. Borh ii..;rcm$ used n 7.3 h FIRI  ~ c r r h i c  

unir for nitniic:iu( m p~irpows. 1-nble 2 dustratcs :hc rqwrnnny rc:gmc rhrc )u?hour rhc 

cnurc cxpcnmcnrnl pcnod. I- low ro borh systems u-ai m m r m c d  nt  3 1 1 J rhroughour 

Solids and Hydraulic Retention Time Conuol 

Onc of the main opernmg parameters cssenual for process control 1.i rhr \RI. This 15 

rnmtaincd through thc \VasMg of escess biosolids producrd (rom rhc rrcauncnt 

process. SRI' analvsis and calculaoons. bascd on rolade iolids. was conductcd rhrcc 

Dissolved Osygen Control 

Dissolved osygen a-as introduced to the srstem br rnems of borded r n d u s d  q z d r  

osygen. ;\ tloa. rçguhtor prolïded n mimmurn tlow to chr si-stem ui order to mtm 

n DO concenuanon ui esccss of 2 mg,. L î r  dl m e s .  O q ~ e n  was k d  ùirough3 port 



Iocnted in die top o f  the reacror and then rhrough 1 porous :ur Grone locnred in rhe 

rcacror. 

, .\nosic SRT ci? ~ e n o d  1 
penod 2 
penod 3 

penod 1 

penod 3 
penod 4 

pcnod 1 
pcnod 2 
pmod i 
p e n d  4 

penocl 1 
p e n d  2 
penod i 

dl penods i 

penod 2 
penod i 
penod 4 

SUI-fictcnr os~gtm çould nor bc prol-idcd ro dic mscd liquor I n -  mems O i  rhc :ur 'roric 

done n r c e s s i n ~ g  the use of  a 3~ recycle Line on whch wididrew headspacc psscs 

kom die rop of die rencror and reintroduced dirm ro the buk  solunon rhrough 
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~ n o t h e r  porous rur srone. Higher 0x7-gen kcd  rates nnt p r o d e d  due r o  rhc 

porcnoal o f  stnppmg (:O1 iront the b u k  wluaon and therchv :iruticinUv :iifecnni: rlic 

c:irbomc :icd balancc a-rthm the 5'-srem. 

D( ) u x s  ccmnnunllv montn)rcd by mcnns 1 ) t  :i iubmeracd DO icnsi Ir .ind :i )-S 1 I l (  ) 

mcrcr. P r r h  i<,iiliny duc r o  biornass src)u-rh rcsuitcd in :L ;.rnJud Jccrc:isc in rbc 

rcc<irded LI() conccnunoon rhc buk  soluuon. Probc mcmbrancs a-cre c1cmr.J in .I 

dail\- basis. Probe membranes werc rcplnccd cre- second ro fourth da: r o  cnsiuc 

lccurntc DO mensurcmcnts. D O  probes m d  merers n-ere chbrarcd ~ising rhc \\;inklcr 

rncrhod \\+hcnc\-cr membrniies were rcphced ()r  clcsned. 

Anaiyucal Methods 

. \U  mcthodl \ycrc çonJuctcd :iccording to rhc lSth cdiuon Standud \ Ic thod~  19')2,. 

-l-lic k>l]<)n.ina dlli5trntes rhe i m p h g  frcqucnc!. and n-pc )i mnlrsis: h i n ~  

conducrcd Mir rhis btuJ!-: 



Frequency 
D d v  

Parametet 
! t ;low 
I 

1 

I 4 3  10-3 H: I 
I .\rnrnonta Standard \[crhods 4 3  lc 1- 1 . I Ilirct. runcs n-cckli- 

1 T H ,  I 

Method 
hlanuai based c m  l e d  
mcasuremcn ts 

' D d v  
T h c e  urnes n-ecklv 

: pH I ICishcr pH probe 

\'illade Suspendcd Solids 

I Suspendcd SoLids 
1 

Stnndud Jlethods *?>4oFi 1 i l irce umcs \vcck.lci\. 

Standard -\Lethods 
2 5 4 0 D  

X: , Srandard llethods =53 11 i(: 1 'Ifirct. r imes ~ v c c i i l ~ .  



u n d  Seprember 1995. Four disnncr operamg penods wrre characcensçd dir(iugh<,ur 

p e n d  u-herc die process undenvent sran-up and suZurnr  biomnss \\-as dlon-ed r o  



Time. (days) 

Time. (days) 



Period 1 Period 2 Perrod 3 Period 4 

O 50 100 150 200 250 300 350 400 450 

Time. (days) 



fo r  penods 3 and 4 the r ende  rano wns mcreasrd to 1 .  d 2 . 5 ,  resprco\-elv. 

Llie opermonîl parameters for the sysrcms :ue presenrcd ui I lb l e  3. 

Orerail. proccss periormancc was good throqhour rhc srudv anil ilepcndcil qcnrli. (ln 

utluent wnstewater ch~ractensucs. The xdabi t in -  of cnrbon wm iuspccred ro I I C  rhc 

malor hcror ccinrnbunng ro pooc proccss perforrmncc. 

DENITRIFICATION 

Denitrification Performance 

Demmtkanon perforrnancc for tmrh I . r m  .\ ;inci r r m  13 was consistent mJ i-und\- 

Jerunficauun at .L rccycle O t 1 Lhe l q h c r  rccvclc rate for Lraui 13 in&iicxcJ rhnr 



vstem SRT (d) 
inosic HRT fi) 

1 CR (mg 0Jg13Sr,, 1,,,,, .h) 
Lecvclc Rate bascd  on (2, ,,, pcnod 1 

pcnod 2 
penorl 3 
pcnod 4 
p e n d  1 
pcnod 3 
pied 3 
period 4 
period 1 
period 2 
penod 3 
penod 4 

; S R  (mgN /g\-5s-h) 
penod 2 
penod 3 
penod 4 

penod 1 
p e n d  2 
pcnod 3 

pcnod 2 
period 3 
period 4 

Effluent .\kL.iluuty ( m g / l ~ s  pcriod 1 
CrtCO:) p e n d  2 

period 3 



Period 1 
10 - . . -- . - - - 

h - + Train A 
\ g * - -  - 

0, Train B 

Period 3 

150 200 250 300 

Tirne, (days) 

Period 4 

Effects of Osygen on Denitrification 

I h c  eifccr of dissol\-cd os!-gcn is d e m e n t a l  ro m!. nnaerobic process. In generd. thc 

prcscnce of dissolved oq-gen reduces the derutnticauon cfficiencv duc ro rlic 

preference of die heterouophic orpnisms for the highcr cncrgy (aerobiçi pathu.n~-. 

Somc snidies ~rnrc chat enzyme suppression is the cause for rlecre:iscd rcmo\-:il 

cfficicncics (Da\\-son and .\Lurph!-. 19-2). 'l'hc eifect of oxyscn on -lr:iin R c m  bc sccn 

in Figure 9 which shows that higher osygen renimed ro the m o a c  reactor dirough 

intemal recycle decrrases die nitrate rcmol-al efficienn. 



Returned Dissoived Oxygen. (mg/d) 

100 200 300 400 500 600 700 

Input DO to Anoxic Reactor. (mgld) 





Penod 1 Penod 2 Penoa 3 

150 200 2% 30 0 

Time, idays) 

Penod 4 

Train A 

Train 3 

.=. . 

- 
Y - 

- . -  . 

-25 - - 
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Effects of COD/NO,-N, on Deniuification 

The quiinon- of cvbon i i r h b l e  requrred for gou-th. rrducnon o f  mmrc. niuxc .incl 



Rcsults from Fi<gure II and Figure 13 sho\v thar a COD NO,-N ,,, r m o  grcnter rh:in 

I O  would be required for diese sustems. Slore data. especrall!- at the higher rec)-cle 

rano. \vr>uld pro\-& a berter esnmate. - h s  result corresponds r o  other 5rudic.; whçrc 

it wa?; Lund thar a r m o  rangmg irom 8.3 n >  13 is requued ro ensure non-carbon 

limang condinona (Sutton cr al. '10-0)). l h e  value nitrate in r h s  raao includes rhc 

cffccrs < >svgcn where osrscn is espresscd 3.; nitrntc cqun-denri. 

.\Irho~qii rhc p p h s  indicm char Ion-cr (:( ) i l  S( 1--S c i r io5  :ippc:ir r[) t ~ c  iurtlcicnr. 

i r  ihriuld bc norcd that 2 mnlonry .)f rhcse \-ducs consunitc dl rducs  inclucling irnn-up 

and n-uiter ct>ndiaons { p e n d  2) whcrc poor nitnticnuon perhrrnnncc h i r c d  the 

amount o f  nitrate rerumed. 1 . o ~  nirnre md zero &sol\-cd osygcn remm ensurcd 

dcn.xnficnri<>n raoos of less diîn 6. possibly duc t o  endoyenoui; rcïpmrion 

pr<n-i&ng the nccessa? cnrbon. 

9 - 
- '  + Aug. '95 

Jul. '95 

x  AU^. '94 - Jun. '95 
- -  . 



= 8 -  . - 

*;+ - - Jui. '95 (R= 1.5 Q) - 
rn 6 0  x Aug '94 - Jun. '95 (R= 1 Q) 
E i L  - . - 
w 4 

Train B 

Train A Influent COD,,, /NO?-N 



Train B Influent CODW /NO2-N 

the rhc 

ro çonsldcr 1s dilr iuunrc musr bc prcsent m rhc :ini>sic rc:icror ctlluciir 1x1 4 d e r  r o  

drremüne dic m a m u m  dcmrnficnnon rate. Alost rcsulrs h m  rhis 5nidy mdicnrc 

n ~ d v  zero N I T Î ~ ~  ~r mmce m the m o a c  rencror et'flucnr. Iicncc rhc inastmum 

Jcrumhc:lnon rare could nor be c l e t c m e d  for mosr cr>iidiuoiis. . \s  .i r c d t .  rhc 

(nnph mdiczrcs rhc relmonslüp benveen dic 5DKR 2nd the mmrc rcnim ro rhc mo'ric .> 

zone. .\s \vas discusscd prc\-~ously. the sysrcm cshbircd complcrc Jcnirnhc~rir>ri 



F i w e  16 shows rhnr drmrri~cnoon efficlcirncv a.hich mcrcnscs 2s the ( :( ID \ (  )--\ 

rnno mcrc:lscs. -ilus result çonti>ms ro rheory :ind <hou-s rhc Jcpendcnc~. i 

&nimticlm>n on  slrbon. The lo~vcr pomts rcdcct condinons in p e n d  4 n-licrc ivc:ik 

\\-asrrwnrer coniiioons csisrrd. If  prriod 4 wcrc rernol-cd. rlie p p h  ivould cshbir .i 

Linrîr rrcnd, .\ (:OD NO,-% rnuo o f  3rc:ircr rhnn 1 0  for clcmrn8cnni)n c t h c n c ~ c r  

o-rcarcr rh:m -i , 1'; nccdcrl :is \vas Jiscusscd c:irücr. 



Train A I-J Train 8 

Effects of Recycle on Denitrification 

Recycle Ratio 
Train B 



;ici rhc rccldc r3u0 



Recirculatlon Ratio 

- - -  

NO3 O lnf COD 

Recirculation Ratio 



Recycle Ratio 

Figure 10 sliuws d u t  tord nirrogen terno\-nls rench :in opurnum le\-cl :ir 3 rec~cle ntio 



NITRIFICATION 

Effect of COD/TKN on Niuogen Removal 

(:=bon. ~vlule requtred for drimtnficanon. is  nor dcsued for mmficnuoti. lircraturc 

the mtluenc (:<>D/-TLX rauo is :l pnrncularlirlr lmportnnr pnramctcr r o  i h c n - c  u-licn 

ccins&nny $uiglc-hdgc rysrems. \Yhilc 3 h v  r n a o  indiclrcj ~ j o d  iurnfic:irion 

pc , rend  :ind is prcit.rred for ii nrrn5mg sysrem. ir could inhrbit Jcnimfic~uon tn .i 

smglr-sludge pr~dcntrnficnoon rysrem. .\ h h  rmo. on rhe othcr limd I~cnchrs 

c~cm~fjcnuun. IIuc h J e r s  rurniicnuon pcriorm:incc ir' csccssi\--c c i r b ~ m  I~lccding 

, ,ccurs. \ propcr rnno musr tx rnnintaincd in irder r o  ( >pumsc rhc pcrhrm:inçc ( 'i :i 

imKlc-,ludg~ prcdemtnficnuon sysrem. 



effluent tord niuogen conccnuanon. 



Train A influent COD,,,/lnfluent TKN ,,, 

- 
30 A 

l- O 
2 20 - -  - 

- - -  - 

O 
f 

@ch 0 

Q - - -  
O - 0 - - - -  - e a-.----.-- 

I I I  

Train B influent COD,,,/lnfluent TKN,,, 



Tram A 
Influent CO& (rngfl) 

Influent COD,,, (mgIl) 
Train B 



Train A 

Train B influent COD sy/lnfluent TKNrin - (mg/\) 



Train A 







Train A Influent TKNfiit., (mgll) 

Train 6 Influent TKN filt,, (mg/l) 



BENEFITS OF PREDENITRIFICATION CONFIGURATION ON 

ALKALINITY DESTRUCTION AND pH DEPRESSION 

Scnrr i 9 0 3 ,  sntdied rhe effecrs o f  pH md ;~lknlinq- on muiiicnnon in :i purc-osi--cn 





. . 4 

50 . . + Nitrification (Sears. 1995) - 

Ammonia Removal. (%) 

O - .+ +4 -e- 4 -  - 0 5 8  - *- 
2 _ _ _ _  _ - _ -  L -- a - -  - - 
0 5.6 - - -  4 4 - +  

a 6 4- 

5 4  - - + 4 -  . Nitrification. (Sears. 1995) 

Ammonia Removal, ('10) 



Predicted Final Effluent Alkalinity (mg/L as CaCO,) 

1-igurc 3.3 dlusrratc'; rhc prcdicred h n l  effluent îlliahn o f  Tram B. l h c  prcdicrcd 

final cffluent :ik:ihn- \\-AS cnlculîred Assunung an ~lknlinin producuon 3-59 mg 

~ k n h n -  pcr mg of nicrarr nitrogen reduced and -24 mg  kal lu un- consuinpuon pcr 

mg arnrn0n.k niuogen osidised. The actud effluent alkaluun corresponds ro rhc 

predicrrd eiiluenr allinlinin- \-edjuig the o r e r d  d k a h ~  destruction xnd producuon 

u-ithm die svsrem. -1hs indicnrcs rhar die o r e r d  stabilin. d rhc process in rcrms 

ettcct of a h h n -  2nd pH o n  nirrificaaon w d  bc grcater in a prcdemmSicnaon 



I h c  srud1- consisred n\.o parxllel trams tn 3 modified I.utïack-Litmgcr proces.;. 'the 

srudt \vas conllucted ui four phases. I h e  first phnsc consistcd of rhc itnrr-up plxiw 

\\-licrc bot11 rr:ims n-crc :illo\vcd CO ~cliie\-c i t d ~  st:itc concliaoni. l'lic ~ c c i  mcl p h a ~ c  

cc~rrcspc)ndcd t c ,  an inhibiton pliase u-here 3 1" ( 1  mtniic3uim :ind ;i c( )rrcyp( bnding 

decrease m denidicanon \\.as obsen-ed. -nie source o f  inhibiuon could nor I>c 

Lietermincd duma die course of dus studv. I h e  durd and fourdi phnscs obsen-cd 

çornplcrc mrniicloon :ind corrcspondmg mcrciscs in dcrurniic:iuon. tIo\vc\-cr. .i slqlir 

dccrc3sc m the influcnr COD conccnusnon lcad to di fi cul^ in m:unrming 

drnimhcanon e\-en though cornplete nimhcnuon was &sen-ed in borh trnins. I r  1s 

nssurned that the composiuon of the rntluent COL> clianged dunny dus pcnod such 

rhït rhc ir:~cuon of rcfracroq- org:inics mcrc~scd. 



O p m s n u o n  o f  rhc zvsrem was ~cluct-cd by dccrcasmg the :inouc HR-1' from 211 r o  

1.3h :ind :iiso In- incrcfismg rhc rccrclc rano. (:omplcrc denimficiiaon u-:is: (~ l~wn-e i l  î r  

. 1 .  1 1 Sinnre bre:ikrhroush irom rhc :inouc zone \\-as 4 h c n - c d  .ir luglicr 

rccvclc rauus. 'l'hc rcrurn o f  ruuarc :lionl= ulth clissol\-cd o:;v+n :ind iimrcd c:irbon 

: ~ \ - ~ b l l i n  resultcd m :i dccremc m the nitrate rernm-a1 ctiîcicnc~- rn rhc :inosrc mnc.  

liec~clc ranos m ths smdv ranged from 1 ro 2.5 Q, ,.,, , but 2 rcci-clc rauo ï ~ r '  1 .S  ( 2  : . , 

n . 1 ~  found to bç die oparnurn ro ensure complcre dcmmhcaaon undcr non-carbon 

Imung condiuons. 





- 
. Influcnr carbcm composiaon and concenuanon played 3. sqniticmr rolr in 

dcrutniicanon at hgher rec-cle noos. .\valable carbon in die mtluenr u-nsreu-lrcr 

Ltmted the rnaumum pracncnl recycle rauo to 1.x (2,, , r o  cniurc complcrc 

dcnttnticauc,n undcr non-cîrbon l~mimg cr>ndinon';. 

S. .\ ( 1  O - .  rnoo o f  î r  leasr l ( i  1s requred r o  ~ u s r x n  cr,niplcrc 

denttnficnaon undcr non-carbon Lunimg condiaon';. 





J [:lm[( )hi. 

' SruJ-\- dlffcrcnr '.R*l.'i ro J e r c m c .  rhc h c a c  cociticienri 111 rhc prcdcmrnficnrion - - 

confipurauon. .17ic srudy ~hou ld  :ils0 consider :L combmnoon ( ) f  FIRI'S r o  Jcrcmiuic 

thc m u m  rord HRT r e q u e d  ro :ichc\-c r o d  mtrogen remorni. 

i. I * . ~ i u ç  .;N&CS x ç  rçqweJ  ro c\-du.lte dlr need o f  :1 mpp1cmcnr.d carbon iourcc 

tor complcre demrniicanon ar mcrensed recycle raaos. .\lthough cîrbun could not I)c 

r e n d \ -  shcm-n ro inl-ubir m m ~ c a a o n  in rhs  sruJy.  ir  bccxmc :ippnrenr r h x  





n&clted diar 3 roral HRI' of 4 hours 1s suthcwnr r o  ;içiue\-c 2rc:ircr rii:iii 

L.o\r-er ieraaun cequrrrrnenrs c m  dso be rrdsed due ro rhc con.iurnpaon o f  re:iddv 

2~-&ble cxbon îc rou~  cornpounds rn dit. ~~inosîc zone md die wbsequcnr Jecrcnsc ui 

orgpruc loahing to dic aerobic zone. .\Ithough dus smdy cLd nor un-csngirc rhc 

porenuai çoa r  sa\-mgs. based on theorencal o x y n  requircmenrs. :i u\-uic m wrnnim 

ccquirrments of approsunïrrly 34" o could bc cr:hucallr ~chi r rcd .  
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