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INTRODUCTION 

Nature of the  Probl em 

N i trogen concentrat i on s  i n  raw dome st i c  wastewater typ i ca l l y  range 

from 1 5  to 50 mg/1 , of  wh i ch approx i matel y 60 percent i s  i n  the 

ammon i a - n i trogen . form and 40  percent  i s  the  org an i c  n i trog en form . A 

negl i g i bl e  amount  ( l e s s  than 2 percent )  i s  i n  the n i t r i te - n i t rogen and, 

n i trate - n i trogen forms . ( !)  N i trogen sources  con s i st  of  both n atura l  and 

man -made i nputs. Natural n i trogen sources i ncl ude the  f i xat i on  of n i tro -

· gen g a s  from the atmosphere , t h e  decompos i t i on o f  dead an i mal s and 

pl ant s, and the  decompo s i t i on of an i mal  waste product s .  Pr i mary 

man -made sources of n i trogen i n  dome st i c wastewater are feces , u r i ne  and 

food - proce s s i ng d i scharges  res u l t i ng i n  a per cap i ta con tr i b�t i on o f  ap ­

prox i matel y 8 to 1 2  pounds of ri i trogen per  year . ( 2 )  The Un i t ed States  

Env i ronmental  Protect i on Agency ( EPA) est i mates that about 0.84 m i l l i on 

met r i c ton s of n i trogen per year are d i scharged i nto dome s t i c  s ewerage 

systems i n  the Un i ted St ates . ( ! )  

N i trogen d i s ch arge i nto  rece i v i ng waters causes  several  det r i men t al 

effects . B i o s t i mul at i on and d i s so l ved oxygen depl et i on i n  the rece i v i ng 

waters are the  ma i n concern s , a l ong w i th , tox i c i ty to f i s h  and adverse 

publ i c  heal th  effects . ( ! )  



Oxygen depl et i on of  the rece i v i ng s t ream cau sed by the  oxi d at i on of  

ammon i a - n i trogen to n i trate - n i trogen , can be  el i mi n ated i f  n i t rogen i n  

the  ammon i a-n i trogen form i s  ox i d i zed to  the  n i trate - n i trogen form pr i or 

to  d i sch arge to the  rece i v i ng stream . B i o l og i ca l  n i tr i f i cat i on i s  the  

t reatment proces s  common l y  used to accompl i .s h  th i s trans format i on .  

Objectives 

The Brooki ng s Wastewater Treatme n t  Fac i l i ty i s  author i zed by a Na -

t i ona l  Po l l utant D i sch arge El i m i nat i o n  System ( N PD E S )  Perm i t No . 

· SD - 002338 to d i sch arge  treated was tewate r  to  the  B i g S i oux R i ver . A s um­

mary of th i s  perm i t can be found i n  Tabl e 1 .  To prov i de proof of comp l i ­

ance w i th the NPDES Permi t ,  per i od i c  s amp l i ng and an al yses  of  the  tre ated 

e ffl uent i s  requ i red . 

Pr i mary sampl e po i nt s  at the Broo k i ngs  Wastewater Treatme n t  Pl ant 

( BWWTP ) are l ocated at the  i n fl uent to e s tabl i s h raw wa stewater conce n ­

trat i o n s  and a t  the  e ffl uent t o  determ i n e  compl i ance w i t h  N PDES Perm i t 

d i s c h arge parameters . Th i s  sampl i ng reg i me al so  prov i de s  i n format i on on 

the overal l pl ant performance and removal  effi c i ency o f  typ i c al  dome s t i c  

was tewater concentrat i on s . Al thoug h  th i s s ampl i ng procedure does prov i de 

the  neces sary i n format i on for proof of compl i ance w i th  the  N PDES Perm i t ,  

i t  doe s not prov i de s u ffi c i ent data to eva l uate the  i nd i v i dual  perfor ­

manc e s  of  the var i ous  treatment. proce s s e s  t h roughout the  p l ant . 

2 



P arameter 

" 

Table 1. Summary of NPDES D i scharge Permit 

Wastewater Treatment P l ant Brookings,  South Dakota 

Effect i ve Unt i l Jun e  30, 1983 

Eff l uent Requ i rements  

B i ochemi c a l  Oxygen Demand - mg/1* 
Tota l Suspended Solids - mg/1 

20 mg/1 for weekly average for entire year 
30 mg/1 for mon th ly ave . ,  4 5  mg/1 for 

Feca l Co l i form number/100 ml** 
Ammon i a  - N i trogen mg/1 as N* 

Tota l Res i dua l Ch l orine*** 
O i l and Grease 
Dis so l ved Oxygen 

pH-un i ts 

week l y  average*, 100 mg/1 d ai l y .  
3000 Apri l -June, on ly  1500 Ju l y-Sept. on l y  
6 . 0 - {Nov . -Mar.), 2 . 0  {Apr. -June), 1.0 

( Ju l -Sep t . )  8 . 0  Oct . 
Sha l l  not exceed 0 .05  mg/1 
Sha l l  not exceed 10 mg/1 
Greater than 7 mg/1 Ju l y  thru Sept. and 

greater than 9 mg/1 res t of year 
Sha l l rema i n  between 6.0 and 9.0 

Samp le 
Ti:2e 

Compos i te 
Composite 

Grab 
Composite 

Grab 
Visual 
Grab 

* Ar i thmetic mean of a minimum of  3 consecut i ve samp les co l l ected on separate d ays i n  a 7 -day 
per i od. 

** Feca l co l i forms averages are from grab samp les and the geometr i c mean i s  determi ned. 
***Res i dual ch l or i ne mon i tor i ng required on ly  if eff l uent is ch l or i n ated . 

Freguencl 

3/week 
3/week 

3/week 
3/week 

Da i l y*** 
5/week 
Con t i nuou s 

2 /week 



The obj ect i ves  of  th i s  s tudy were to : (1) determ i n e  i f  t h e  n i t r i f i ­

cat i on proces s  at the  BWWTP i s  operat i ng as  a separate s t age or  c omb i ned 

ammon i a - n i trogen removal proce s s , based on the magn i t ude o f  t h e  k i n et i c  

coeff i c i ents ; . ( 2 )  eval uate the  n i t r i f i cat i on k i net i c  coeffi c i ent s a t  the  

BWWTP and  compare them w i th  va l ues reported in  the l i terature ; ( 3 )  pro ­

v i de a bas i s of  i nformat i on a n d  s ugge s t i ons  for future res earch t o  i n s ure 

opt i mum performance of the  a i r  act i vated s l udge n i tr i f i c at i on system . 

De scr i ot i on of  the  Treatment Pl ant 

The Broo ki ng s Wastewater Treatment Fac i l i ty ( BWWTP} , the  s ubj ect 

of  i nvest i g at i on i n  th i s  the s i s ,  prov i des  prel i m i nary ,  p r i mary , s econd ary 

and tert i ary treatment of  t h e  i ncom i ng fl ows and anaerob i c  s l udge d i ge s ­

t i on .  Secondary n i tr i f i c at i on treatment i s  accomp l i shed by an 

a i r - act i vated s l udge system . The des i gn average fl ow for t h e  BWWTP i s  3 

m i l l i on gal l on s  per day ( mgd ) w i th  a des i gn peak fl ow o f  6 mgd . The  

maj o r i t� of  the  commerc i a l and i ndust r i al waste fl ows are con t r i buted by 

South Dakota State Un i vers i ty ,  3M company and Artz Loc ke r .  Househo l d 

dome st i c wastewater fl ows are t h e  pr i nc i pa l  contr i butors t o  t h e  hydrau l i c  

l oad i ng ,  a s i de from typ i ca l  i n f i l trat i on quant i t i e s . 

Upon reach i ng the  was t ewater p l ant , the  raw wastewater i s  l i fted 

approx i mate l y  23 feet to the p re l i mi n ary treatment u n i t s  by t h e  mean s o f  

3 i n fl uent screw pumps , e a c h  capabl e o f  pump i ng 3 , 1 50 g a l l on s per  

m i n ute . ( 3 )  

4 



5 

The f i rst s tep i n  the  tre atment proce s s  i s  the  remova l  o f  l arge de - · 

br i s to prevent p l ugg i ng and or  break i ng  of other down s t re am t re atment  

proce s s e s . Th i s  i s  accompl i s hed by pas s i ng the wastewater t hrough a 

3 - foot w i de mechan i ca l l y - c l eaned barscreen . ( 3 ) ( 4) 

After pas s i ng t h rough the  bar screen , the  wastewater then  fl ows 

i nto  2 aerated gr i t c hambers for g r i t settl i ng .  Gr i t  remova l  i s  nece s ­

s ary t o  protect mech an i cal  equ i pment  from abras i on and p revent i on o f  

depos i t i on o f  t h e  " heavy "  g r i t part i c l es i n  downstream p i pes  and chan -

· nel s .  Exce s s  g r i t a l so  accumu l ate s i n  the anaerob i c  d i gesters  and 

aerat i on tan ks . Each chamber i s  equ i pped wi th  a pos i t i ve - d i s p l acemen t  

a i r compres sor that forces a i r t h rough a d i ffu ser caus i ng t urbul ent  con ­

d i t i on s  re su l t i ng i n  the  separat i on of  organ i c  matter from i no rgan i c  g r i t 

part i c l es .  The gr i t accumu l ates at the  s l oped bottom o f  the  1 4  feet  by 

1 4  feet by approx i mate l y  1 3  feet deep chambers and i s  removed by cen ­

tr i fuga l  gr i t  pumps i nto  a g r i t truc k . ( 3 ) ( 5 )  

So l i d  part i c l es that s t i l l  rema i n i n  t h e  waste  stream are then 

ground i nto smal l er p i eces  to el i mi n ate c l ogg i ng probl ems i n  the  rema i n ­

i ng treatment  un i ts .  The BWWTP h a s  2 commi nutors w i t h  each  un i t  c apabl e 

o f  h andl i ng 2 . 7  mgd . ( 3 ) ( 4 )  



F l ow rate mea s urement  i s  accompl i shed by pass i ng the  wastewater 

throug h an 1 8 - i nch  mol ded f i bergl a s s  parsha l l fl ume . ( 3 ) 

Settl i ng
. 

of  so l i d  part i c l es by grav i ty i s  the f i rst step  i n  the  

pri mary treatment proce s s . Qu i e scent cond i t i on s  are prov i ded i n  two p r i ­

mary c l ari f i ers that are 6 1  feet i n  d i ameter w i th a s i de water depth  of  

approx i matel y 8 . 5 feet . The settl ed sol i d  part i c l es are scraped to  t he 

center of the s l oped bottom fl oor where they are pumped per i od i c a l l y  to 

the anaerob i c  d i gesters . The c l ar i f i ed wastewater fl ows over per i meter 

we i rs i nto a col l ect i on trough and fl ows on to the next t reatment 

proce s s , rotat i ng b i o l og i ca l  con t actors ( R . B . C . 's ) . ( 3 ) ( 2 )  

The pr i mary c l ar i f i er  effl uent n ext fl ows i nto 2 tra i n s o f  rotat i ng 

b i o l og i cal  d i scs  ( R . B . C . ' s ) , 4 u n i ts to a tra i n prov i d i ng a total  s urface 

area of 800 , 000 square feet . A R . B . C . i s  made from mol ded pol yethyl ene  

d i scs  supported on a s haft 28 feet  i n  l ength pas s i ng perpend i cu l arl y 

through the center of  the  d i scs . The d i scs  are mounted such  t h at a p ­

prox i matel y hal f of  t h e  d i sc  s urface area i s  submerged bel ow the  water 

surface . The un i ts are then  rot ated so that a b i o l og i ca l  f i l m  w i l l  de ­

vel op on the d i scs  as  the  surfaces are al ternatel y  exposed t o  t h e  

wastewater and the  atmosphere . The  b i ol og i cal  growth absorbs and a s ­

s i m i l ates b i o l og i c al oxygen  demand ( BOD) organ i c  mater i a l  wh i ch res u l t s  

i n  more b i o l og i cal  growth . Excess- b i omas s i s  s l oughed o ff by the  s hear-

i ng forces exerted as  the  d i scs rotate through the  wastewater , res u l t i ng 

i n  a con stant f i xed - f i l m  m i crob i a l  popul at i on . The u n ox i d i zed BOD and 

the  s l oug hed -off b i omas s  fl ows on t o  the a i r act i vated s l udge un i t . ( 3 ) ( 4 )  
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Next , 3 screw pumps l i ft the  wa stewater approx i matel y 1 5  feet  up  to 

the i n fl uent of  the  aerat i on bas i n s .  Each screw i s  capabl e of pump i ng 

5000 ga l l on s  per mi n ute . The i ncreased pump i ng · capac i ty ,  compared to  the  

i n fl uent pumps , _i s  j u s t i f i ed by the i ncrease of  fl ow caused by  t h e  ret u rn 

act i vated s l udge from the  f i na l  c l ar i fi ers.wh i ch i s  r�i nt roduced to the  

act i vated s l udge system at the  i ntermed i ate screw pumps . { 3 )  

The secondary treatment proce s s  i s  a comb i ned a i r - act i vated s l udge 

{AAS ) system that con s i sts  o f  aerat i on tan ks , aerat i on equ i pment , f i n a l  

· c l ar i f i er a n d  sol i d s recycl e equ i pment . The obj ect i ve of the  AAS proce s s 

i s  to ox i d i ze ammon i a - n i trogen { NH3 - N )  and organ i c  s ubstrate { BOD ) t h at 

was not  removed i n  the  RBC u n i t .  Ox i dat i on i s  accomp l i s h ed by act i vated 

s l udge wh i ch cont a i n s  a l arge popul at i on of  b i o l og i ca l l y  act i ve m i cro ­

organ i sms wh i ch convert the  organ i c  wastes i nto more b i oma s s  and 

gases . { 3 ) { 4 )  

Aerob i c  cond i t i on s  prov i ded by the aerat i on equ i pmen t , comb i ned 

w i th  read i l y  ox i d i zabl e organ i c  matter and proper nutr i ent concentrat i on s  

res u l t i n  a n  opt i mum m i croorg an i sm reproduc t i on env i ronment .  The 

act i vated s l udge m i xture , commo n l y  ca l l ed m i xed l i quor , i s  t hen tran s ­

ferred t o  the f i na l  c l ar i f i er where the  m i xed l i quor i s  a l l owed t o  s ett l e 

out form i ng a s l udge bl an ket at the  bottom of  the  fi n al c l a r i f i er .  Con -

sequent l y ,  c l ar i fi ed wastewater fl ows over effl uent we i rs and fl ows onto  
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the g rav i ty fi l ters for fu rt her so l i d s removal . A fract i on o f  the 

sett l ed sol i d s i s  returned to the i ntermed i ate screw pump s and m i xed w i th  

the  RBC effl uent to i n i t i ate the b i o l og i cal  reduct i on proce s s  of org an i c  

mater i a l . ( 3 ) ( 6 )  

Sol i ds must b e  was ted from t h e  AAS system . to control  the  popu l at i on 

of m i croorgan i sms and to prevent was h - out of sol i ds over  t h e  f i na l  

c l ari f i er we i rs .  Therefore , m i xed l i quor i s  wasted to t h e  d i ge st i on fa ­

c i l i t i e s to fac i l i tate n ew mi croorg an i sm growth and a l l ocate  room for i n -

. com i ng raw wastewater sol i d s . 

The aerat i on ba s i n s at the B . W . W . T . P .  are arranged i n  2 tra i n s w i th  

4 bas i n s per trai n .  The  f i rst bas i n  i s  30  feet by 3 5  feet  w i t h  a 1 5 . 5  

feet s i de - water depth ( 1 6 , 2 7 5  cf  vol ume ) , the second bas i n i s  30  fee t  by 

40 feet w i th  a 1 5 . 4  feet s i de -water depth ( 18480 cf vol ume ) , t h e  th i rd 

bas i n  i s  30  feet by 50 feet wi th a s i dewater depth of  1 5 . 3  feet  ( 22 , 950 

cf vo l ume ) and the f i na l  bas i n  i s  3 0  feet by 60 feet w i t h  a 1 5 . 2 feet 

s i de - water depth ( 27 , 360  c f  vol ume ) . ( 3 )  

A f i na l  cl ari fi er  fac i l i tates each tra i n of bas i n s  w i t h  d i me n s i on s 

of 29  feet i n  wi dth by 1 60 feet i n  l ength w i th a s i de wate r  dept h o f  1 2  

feet ( 55 , 680 cf vol ume ) . S l udge recycl i ng i s  execut ed by a t rave l i ng  

br i dge s i phon . ( 3 )  
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The terti ary treatment proces s con s i s ts of 2 g rav i ty fi lters and 

ozone _generators for di s i nfect i on .  Two ch l or i nators are also avai l able 

as a back- up  system for d i si nfecti on. 

Two automati c  backwas h fi lters each 16 feet w i de by 44  feet long 

prov i de suspended soli d removal from the clar i fi er effluent . (3) 

Two ozone generators are the pr i mary d i si nfecti on means at the 

BWWTP. For monetary reasons ,  2 chlori nators capable of del i veri ng  2 50 

pounds and 2000 pounds of ch l or ine per day respecti vely , were bei ng uti ­

. l i zed for di s i nfecti on at the ti me of sample col lecti on for th i s  

paper . (3) 

Tabl e 2 prov i des a des i gn summary of each of the un i t  processes . 
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Dimensions 
Unit and/or 

Process Capacity 

Influent Screwpumps 54"0, 380 
(3) 3150 GPM 

Mech. C1eaned Screen ��� Bars,!" Sp. 
x 3' wide 

Aerated Grit Chambers 14'x14'x13' SWD 
(2) 

Comminutors I nfil co #16 
(2) 2.7 MGD 

Parshall Flume 18 inch 
15 MGD 

Primary Clarifiers 55 ft. weir 
(2) diam.,61 ft.tank 

Rotating Biological 25' shaft 
Discs (8) 1 00 ' 000 f t. 2 

Intermediate Screw 60"0, 380 
Pumps (3) 5000 GPM 

Aeration Basins: 
Ll & Rl 30'x35'x15.5' 
L2 & R2 30'x40'x15.4' 
L3 & R3 30'x50'x15.3' 
L4 & R4 30'x60'x15.2' 

Final Clarifiers 29'xl60'xl2' 
(2) 

Table 2. Process Design (!) 

H�draulic Det. Time 
3 MGO 6 MGD 9 MGD 

18 min. 9 min. 6 min. 

2.8 hr. 1. 4 hr. 0.93 hr. 

0.90 hr. 0.60 hr. 0.30 hr. 

1 hr.ea. .5 hr.ea. .3 hr.ea. 
1.1 hr.ea. .55 hr.ea. .37 hr.ea. 
1.37 hr.ea. .69 hr.ea. .46 hr.ea. 
1.64 hr.ea. .82 hr.ea. .55 hr.ea. 

5.11 hr. 2.56 hr. 1.68 hr. 
side side side 

6.66 hr. 3.33 hr. 2.22 hr. 

Loading Rate 
3 MGO 

630 GPO 
ft.2 

2.60 GPM 
1000 ft.2 

323 GPO 
--rf:2 

6 NGD 

1260 GPO 
Tt.2 

5.20 GPM 
1000 ft. 2 

646 GPO. 
ft.Z 

\ 

9 MGO 

1890 GPO 
ft.2 

7.80 GPM 
1000 ft.2 

969 GPO 
ff.7 



LITERATURE REVIEW 

N i trogen Cyc l e 

N i trogen ex i s ts  i n  many forms i n  the  env i ronment , the  pr i n c i pa l  

forms of  n i trogen are n i trogen gas ammon i a  

org an i c - n i trogen ( N) ,  n i tr i te - n i trogen ( N02
-) and n i trate - n i t rogen 

( N03
- ) .  N i trogen a l so ex i st s  i n  many compounds due to the  s t a b i l i ty of 

n i trogen at numerou s  ox i dat i on state s ; the  ox i dat i on s tates are s h own be -

l ow : ( l )  

Ox i dat i on State: - 3  0 +3 +5 

N i trogen Spec i e s :  

The pr i nc i pal  forms of  n i t rogen i n  dome st i c  was te water  are the  

organ i c  and  ammon i a forms . Tabl e 3 s hows typ i cal  con s t i tuents  and con ­

centrat i on$ of both raw and treated dome st i c wastewater . The  rel at i on ­

s h i p o f  the var i ous  tran s format i on s  o f  the  n i trogen cyc l e are·s h own s c h e -

mat i ca l l y  i n  F i gure 1 . ( 1 ) , ( 2 ) , ( 4) 
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TABLE 3. APPROX IMATE COMPOSTION OF AN AVERAGE 
DOMEST IC WASTEWATER (mg/1). (2 ) 

Total Sol i ds 
Total volat i l e  sol ids 
Suspended sol i ds 
Vol at i le suspended solids 
BOD 
Ammon i a  nitrogen as N 
Total n i trogen as N 
Sol ubl e phosphorus as P 
Total phosphorus as P 

Before 
Sediment i on 

800 
440 
240 
1 80 
200  

1 5  
3 5  

7 
1 0  

After 
Sediment i on 

680 
340 
120 
1 00 
1 30 

1 5  
30  

7 
9 

Biological Nitr i fication 

After 
Biol og i cal 
Treatment 

530  
220 

3 0  
2 0  
3 0  
24 
26  
7 
8 

B i o l og i cal nitrificat i on does not actual l y  remove ammon i a  from the 

waste water , instead , it i nvo l ves the conversion of ammon i a  to t he n i ­

trates, which are l ess tox i c  and const i tute a decrease in 

oxygen-depl et i on potential to the receiving stream . B i o l og i cal n i t r i f i ­

cat i on is defi ned as the bi o l ogical oxi dat i on of the ammon i um i on to  t he 

intermed i ate form of nitrite and finall y to the stable n i trate 

form . (1)(6) Fi gure 2 i s  a fl ow diagram show i ng typ i cal substrate re­

moval as the waste stream progresses through both  a combi ned-and 

separate-stage biol og i cal t reatment scheme:(2) 

<;nJ fT� n Vf""'\T .  r-T" ..,..r: I 'f qT P.r! 
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Llgbt:aing 

NITRATE 

NOj 

Figure 1. The Nitrogen Cycle (1) 



• PRIMARY 1------..t 

INFLUENT 

BOD = 200 mg!l 
SS = 240 mg/1 

org-N = 20 mg/1 
NH3-N = 15 mg/1 
N03-N = 00 mg/1 

tN = 35 mg/1 

SETTLED 

WASTEWATER 

BOO= 130 
ss = 120 

org-N = 15 
NH3-N = 15 
N03-N = 00. 

tN = 30 

PRIMARY SLUDGE PER 

LITER OF WASTEWATER 

ss = 120mg 
org-N =_005 mg 

ERATION FINAL 

EFFLUENT 
BOD =30 

ss = 30 

org-N =02 
NH3-N = 24 
N03-N = 00 

tN = 26 

WASTE-ACTIVATED SLUDGE 

PER LITER OF WASTEWATER 

SS = 0.5 X 130 = 65 mg 
org-N = 04 mg 

CO!M�OINJED OXOID>A l"OOfNl 

N2-N =5 MGIL 
+ 

FINAL 
AERATION 

org-N = 4 mg 

EFFLUENT 
org-N = 02 

NH3-N =OS 
N03-N = 15 

tN = 22 

FIGURE 2. FLOW DIAGRAM OF NITRIFICATION TREATMENT SCHEME 
SHOWING TYPICAL REMOVAL RATES (�) . 



V i e s sman and Hammer report t h at pr i mary sed i mentat i on typ i ca l l y  re ­

duces the  BOD demand by approx i mate l y  3 5  percent , s u spended s o l i d s ( SS} 

50 percent and total  n i trogen by approx i matel y 14 percen t . ( 2} Comb i ned 

act i vated s l udge systems typ i ca l l y  re s u l t i n  an effl uent BOD concentra -

. t i on that i s  approx i mate l y  1 5  percent o f  the  ori g i nal  concentratt�n . 

Suspended sol i ds reduct i on i s  accompl i shed from the convers i on of  S S  to  

b i ol og i c al  b i omas s and  by the was t i ng o f  waste  act i vated s l udge . Dur i ng 

b i ol og i cal  metabol i sm i n  the act i vated s l udge proces s  organ i c  n i t rogen 

( N} i s  

· converted i nto the ammon i a  form ( NH3-N} . Extended aerat i on o f  the  act i ­

vated s l udge proce s s  ( separate - st age n i tr i fi cat i on )  i nduces  further 

trans format i on (ni tr i fi cat i on )  of  the  NH3 - N  to  n i trate -ni trogen  ( N03 - N ) . 

The rate of ni t r i fi cat i on i s  dependent upon several factors · i nc l ud i ng 

temperat ure , d i s s ol ved oxygen ,  pH, s l udge age and the  actual  n i t rogen 

concentrat i on .  Anerob i c  cond i t i on s  i n  the  f i na l  c l ari f i er  can  re s u l t i n  

den i t r i f i cat i on ,  the  convers i on of  N03 - N  to gaseous N2 . (2 ) ( 7 ) ( 8 )  

N i tr i fy i ng bacter i a  are common i n  act i vated s l udge m i xed l i quors ; 

however, t hey req u i re an extended mean - cel l res i dence t i me and l ow 

BOD/TKN ( total  Kj edah l n i trogen) rat i o i n  order for n i tr i fy i ng bacter i a  

to e stabl i s h a s uffi c i ent popu l at i on . Metcal f and Eddy reported t h at 

BOD/TKN rat i os between 1 and 3 typ i ca l l y  i nd i cate separate - stag e  n i t r i f i -

cat i on systems . ( 4 )  They al so  state  that the  fract i on of  n i tr i fy i ng bac ­

teri a to the total  popul at i on of  bacter i a ( at these rat i os )  range from 

0 . 2 1  for a BOD/TKN rat i o  of  1 to 0 . 083 for a BOD/TKN rat i o  o f  3 . ( 4 )  

Tabl e 4 shows the  rel at i on s h i p  between the BOD/TKN rat i o and the  
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ni tr i f i er fract i on . ( 4 )  

TABLE 4 .  RELATIONSHIP BETWEEN THE FRACTION OF NITRIFYING ORGANISMS AND 
THE 800

5
/TKN RATIO. ( 4 )  

N i tr i f i er N i t r i f i er  
8005/TKN rat i o fract i on 8005/TKN ratio fract i on 

0 . 5  0 . 3 5  5 . 0  0 . 054 
1 .  0 0 . 2 1  6 . 0  0.043 
2.0 0 . 12 7.0 0.037 
3.0 0 . 083 8 . 0  0 . 02 9  

B i ol og i cal ni tr i fi cat i on i s  accompl i shed by 2 pr i nc i p al g enera , 

N i tro somonas and N i t robacter . Both  o f  the these genera are clas s i f i ed a s  

aerob i c autotroph i c  mi croorgan i sms . (l ) ( 8 )  These organi sms der i ve energy 

for growth from the  ox i d at i on of i norgani c n i trogen compounds and i nor -

gani c carbon ( c arbon d i ox i de )  for synthes i s . ( l ) ( 9 )  

N i tr i f i cat i on Sto i ch i ometry 

N i tr i fi c at i on i s  the  ox i dat i on of  the  ammoni um i on to n i t r i te n i -

trogen by the N i t rosomonas bacter i a ,  and further trans format i on to  n i ­

trate n i trogen by the N i trobacter bacter i a  repre sented by the fo l l ow i ng 

two (2 )  equat i ons : ( l ) , ( 9}, ( 1 0 )  
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N i trosomonas 

+ - + NH4 + 1 . 502 
--------- -- ---------- � N02 + 2H  + H20 

N i trobacter 

N02
-

+ 0 .  502 
-- ------------------- _ _. N03_

-

W i th  the overal l ox i dat i on react i on be i ng : ( ! )  

( 1 )  

( 2 ) 

S undstrom reports t h at the  convers i on of ammoni a to n i tr i t e  i s  the  

l i m i t i ng const i tuent and  control s the  overal l react i on ;  therefo re , n i -

tr i te concentrat i on s  do not no rmal l y  bu i l d  up to s i gn i f i cant concentra­

t i ons i n  typ i cal act i vated s l udge systems . ( 6 )  

A port i on o f  t h e  ammoni um i on i s  a l s o  as s i m i l ated i nto  cel l t i s s ue . 

Equat i on (4) shows the N i trosomonas and N i trobacter autotrop h i c  a s ­

s i m i l at i on react i ons : ( l ) (lO)  
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The overal l ox i dat i on and cel l synthes i s react i on of  the  ammoni um 

i on to n i trate i s : ( 1 ) ( 1 0 )  

+ - . 

NH4 + 1 . 8302 + 1 . 98 HC03 ------· 0 . 02 1  c5H7No2 + 

0 . 98 N03
- + 1 . 04 H20 + 1 . 88 H2co3 

Oxygen Requ i rements  

( 6 )  

Oxygen i s  ut i l i zed i n  t h e  ox i dat i on react i on s  carr i ed out  by n i tr i ­

. fy i ng bacteri a .  Oxygen con s umpt i on for comp l ete n i tr i f i c ati on requ i re s  

approx i matel y 4 . 6  mg/1 o f  d i s sol ved oxygen ( D . O . ) per mg o f  ammoni a con­

verted to  n i trate: ( 1 ) ( 4 ) ( 8 )  

Al kal i n i ty Requ i rements  

Al kal i n i ty i s  destroyed by the  ox i dat i on of  the  ammon i um i on .  The 

EPA e s t i mate� that 7 . 1 4 mg/1 of  a l kal i n i ty as  Caco3 i s  ut i l i zed per mg of 

ammon i a  n i trogen oxi d i zed . ( ! )  

Temperature Effects on N i tr i f i er Growth Rates  

The growth rate of  N i trosomonas  m i croorgan i sms i s  l i m i ted by the  

concentrat i on of ammoni a - n i t rogen, wh i l e, N i trobacter m i croorgan i sms 

growth i s  control l ed by the n i t r i te  concentrat i on . ( 1 )  The growth rate 

for n i t robacter i s  s i gn i f i cant l y h i gher than that for N i t ro s omonas ,  

therefore , the  N i trosomon as n i tr i f i er growth rate i s  the l i m i t i ng factor  

for  n i t r i fy i ng bacter i a . ( 1 ) ( 6 )  Equat i on 7 s hows the effect of  tem­

perature on the  max i mum growth rate o f  rate - l i m i t i ng N i tro somonas  bacte -
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ri a as fol l ows : ( ! )  

A 
un 

= 0 . 47e**0 . 098 ( T - 1 5 )  1/day ( 7 )  
A 

where : un = peak Nttrosomonas  growt h rate , 1/day , 

T = temperature , ° Cel s i u s .  

A graph i cal  representat i on of  temperature effects  on t h e  h a l f 

s aturat i on con stant for n i tr i f i er growt h rates i s  s hown i n  F i gure 3 . ( 1 )  

S h arma and Ahl ert st ated that t h e  overal l opt i mum temperature for 

ni t r i fi er  bacter i a  growt h i s  i n  the  range of  28°C to 36°C . ( l 0 )  Sutton e t  

!1. i n vest i gated t h e  growth rate for n i tr i f i ers  between 7° and 26°C ,  and 

reported a 53 percent decrease at 5°C and a 2 1% decrea ses  at 7°C in com­

par i son to the growth rate at 26°C .. ( l2 )  Knowl es et !1. reported t h at 

max i mum n i t r i fi er  growth rates of N i t rosomonas i ncreased by approx i matel y 

9 . 5 percent for each I°C i ncrease  i n  temperature of the m i xed l i quor . ( 1 3 )  

Monad B i o l ogi cal Growth Equ at i on 

A general k i net i c  equat i on propos ed by Mon ad , ( 1 4 ) , i s  u sed to de ­

scr i be the  k i net i cs of any b i ol og i cal  growt h where a substrate concentra­

t i on i s  growth - l i mi t i ng .  Dabe s  et !1. and  Kes s i c k have a l so  s upport ed 

the  Mon ad expres s i on as  a model  for ammoni a - n i trogen removal . ( 1 5 ) ( 1 6 )  

Equat i on ( 8 )  shows th i s  re l at i ons h i p .  

1 9  



� 6.0 
e 
... 

"' 
... 
� .., -
lJ � 2.0 
14. "' 0 lJ 
� 
2 ... 
� Q:: ::) ... 
� 
"' 

"' 
,.J � l: 

'" 

Log 1<5= 0.063 T-1.149 

Log 1<5 = 0.051 T-1; /58 

... �2 �--------�----------�--�------J-----------�--------��--------_J 
-:.:."' 8 12 16 20 24 28 32 

T, TEMPERATURE, C 

Figure 3. Temperature Dependance Of The Half-Saturation 
Constants Of Nitrifiers (1) 

\ 

-. 



A 
un =u  * (S/ (Ks + S ) } 

where : un = growth rate of  m i croorgan i sm ,  1/day , 
A 

u = max i mum growt h rate o f  mi croorgan i sms , 1/day 

Ks = hal f vel oc i ty con s t ant  = s ubs trate concentrat i on ,  mg/1 

at ha l f the  max i mum growth rate , ma$s/un i t vol ume 

S = growth - l i m i t i ng s ubstrate concen trat i on ,  mg/1 . 

D i s sol ved Oxygen Effects  on N i tr i f i er Growth Rates 

( 8 )  

The amount of d i s s ol ved oxygen ( DO)  ava i l abl e for growth s i g ­

· n i fi cant l y  effects the  rate of n i tr i f i er growth , and hence , the  rate of  

b i o l og i cal n i tr i fi cat i on .  Equat i on ( 9 )  u se s  the Mon ad re l at i on s h i p  to  

est i mate the  effect that DO  i n h i b i t s the  n i tr i fi er growth rate , a s s um i ng 

oxygen to be a growth - l i mi t i ng s ubstrate , as  fol l ows : ( ! )  

A 
un = un * {DO I ( K02 + DO ) }  ( 9 )  

where : DO = d i sso l ved oxygen , mg/ 1 , and 

K02= hal f- saturat i on cons t ant for oxygen , mg/1 . 

Metcal f and Eddy , Water Pol l ut i on Control  Federat i on (W . P . C . F . ) and 

the E PA a l l agree that 1 . 3 mg/ 1 i s  a con servat i ve e s t i mate for a 

ha l f - s at urat i on con stant for oxygen . ( l ) ( 4 ) ( 1 1 ) ( 5 )  

Knowl es , Down i ng and Barret reported that n i tr i fi cat i on i s  

d i s so l ved -oxygen- concent rat i on -dependent bel ow 2 . 0  mg/1 . ( 1 3 )  N umerou s  

stud i e s h ave  supported t h e  theory o f  h i gher D O  concentrat i on s  res u l t i ng 

i n  i ncre a sed n i tri f i cat i on rates . Al thoug h , the effect of  DO on n i t r i f i -
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cat i on rate s has  been somewh at con trovers i al ,  there are a l so  s t ud i es t h at 

show compl ete n i tri fi cat i on w i th  DO l evel s of  0�5 mg/1 . However , these  

stud i es do  not  prov i de data  to s h ow t h at the  n i tr i fi c at i on rat e s  were u n ­

affected by l ow DO concentrat i on s  i nd i cat i ng that compl ete n i tr i f i cat i on  

i s  pos s i bl e  at l ow DO l evel s a s  l ong a s , i ncreased detent i on t i me s  a l s o  

accompany the  l ow DO concent rat i on s . { ! )  I t. i s  s ugge s ted that  

a i r - ac t i vated s l udge systems operate at DO concentrat i on s  of  ap ­

prox i matel y 2 . 0  mg/1 i n  the contact bas i n s to prevent a s i gn i f i cant de ­

crease  i n  n i tri f i cat i on rate s . {l ) { l l )  

pH Effect on the  N i tr i fi er Growt h Rates 

The hydrogen i on concentrat i on { pH )  has  been reported by several  

authors to have a s i gn i f i cant effect  on the  n i tr i f i cat i on rate . { 4 ) { 6) { 8 )  

There i s  a wi de range of reported opt i mum p H  operat i ng val ues , w i th the  

general concept i on be i ng that as  the pH va l ues l ower i n to 

range the rate of n i tr i fi c at i on drops dramat i cal l y . { l ) { 2 ) { 4 )  

shows a graph i cal  represent at i on o f  p H  effects  o n  the rate of  

t i on .  

the  ac i d i c  

F i gure 4 

n i tr i f i c a -
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For pH val ues l e s s  than  7 . 2  the  fo l l owi ng equ at i on repres en t s  the  

e ffect  o f_pH on the n i tr i f i er  growth rate . ( 1 ) ( 4 )  

A 
un = un * [ 1�0 . 833 ( 7 . 2  - pH ) ]  ( 10 )  

F o r  p H  va l ues between 7 . 2 a n d  8 . 0  t h e  correct i on factor for p H  can 

be con s i dered un i ty . ( l } W i l d  et �. s uggested that the  opt i mum pH for 

n i t r i f i cat i on i s  8 . 4 ,  and that 90  percent of  t h e  max i mum rate occurs  be -

tween 7 . 8  and 8 . 9 ;  Out s i de the  range o f  7 . 0  to 9 . 8 , l es s  t h an 50 percent  

·of the  opt i mum rate  occurs . ( l 7 )  The  preced i ng equat i on was devel oped for 

comb i ned carbon ox i dat i on- n i t r i f i cat i on systems , but can be u s ed for 

s eparate stage n i tr i f i cat i on systems res u l t i ng i n  cons ervat i ve va l u e s . 

Comb i ned K i net i c Expre s s i ons  

The i nd i v i dual  effects  of  temperature , DO and pH on the  n i tr i f i er  

growth rate has  been prev i ou s l y  pre s ented . These parameters a l l act upon 

the  n i tr i f i er ( n i trosomonas ) g rowth rate s i mu l taneou s l y .  The · comb i ned 

effect s  of  the l i mi t i ng factors  on b i o l og i cal growth , a s s um i ng t h at 

ammon i a - n i trogen concentrat i on i s  not  l i m i t i ng ,  i s  as  fol l ows: { l ) ( 4} 

* . 
u n = 0 . 47* [e**0 . 098 ( T - 1 5} ] * [ DO/D0+ 1 . 3] * [ 1 - 0 . 833 ( 7 . 2 - pH ) ] ( 1 1 )  

* where : u = n i tr i fi er ( N i trosomona s )  growth rate , 1/day wi t h  no n NH4 - N  l i m i tat i on s . 

Tabl e 5 s hows some typ i cal  va l ues  for max i mum n i tr i f i er growth rates i n  

var i o u s  env i ronments . ( ! }  
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Table 5. 

- � 

Organism 

8 12 
Nitrosomonas 0.40 

0.34 

0,25 
Nttrobacter 

Maximum Growth Rates For Ni tri fiers In 
Various Environments (1) 

------ � - --- -- --
)iN, day- I at stated temperature, C 

Ref. Environment 
IS 16 20 21 23 25 

0.85 4 Activated sludge, wash out 
0.65 4 Activated sludge. math model 

0.57 19 Actl va ted sludge 
0.17 20 Activated sludge 

0.37 21 Activated sludge 
o. 71 22 Activated sludge 

0.21 0.48 0.55 II Synthetic rlver water 
23 

1.08 15 Actl vated sludge 

0.5 24 Activated sludge 

0.28 0.34 0.53 11 ,23 Synthetic river water 
1 44 15 Actl vated sludge 

\ 



I f  ammon i a - n i trogen concentrat i on s  are l i mi t i ng ,  t h e  con ­

s t i tuent - l i m i t i ng Mon ad re l at i on s h i p  i s  i ncorporated , res u l t i ng i n  an 

overa l l n i tr i f i er growt h rate equ at i on as  fo l l ows: ( ! )  

u = n 

0 . 47* [ e**0 . 098 (T - 1 5 ) ] * [ DO/D0+ 1 . 3] * [ 1 - 0 . 833 ( 7 . 2 - pH)* [ N/K +N ] . n 

where: N = effl uent NH4
+- N  concentrat i on ,  mg/1 and 

+ hal f - saturat i on con stan t , mg/1 NH4 - N ,  mg/1 , 

= 1 0**0 . 0 5 1 T - 1 . 1 58 ( 1 )  

un = overal l n i tri fi er growth rate , w i th  con s i derat i on fo r 

n i trogen concentrat i on s  ( 1/day ) . 

( 1 2 )  

Tabl e 6 s hows typ i cal  hal f- saturat i on const ants  for n i tr i f i ers i n  var i o u s  

env i ronments:( ! )  

Shammanas  reported ha l f- s at urat i on con s t ant val ues  for n i tr i f i ers  

at I0°C i n  MLVSS concentrat i on s  o f  3200 mg/1 rang i ng from 2 . 5- to 3 . 8  

mg/1 . ( 1 8 )  Poduska and Andrews reported a h al f - s at urat i on con stant  equal  

to  1 . 5 1 mg/1 at 1 2°C . ( 9} The  ammon i a  ox i d at i on ( remova l ) rate i s  rel ated 

to n i tr i f i er growth rate , as  fo l l ows: ( l ) ( 4 )  
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Organlsm 

Table 6. Half- Saturation Constants For Ni trifiers In 
Vario us Environments (1) 

K s, mg/1-N at stated temperature, C 
Ref. Environment 

15 20 25 28 30 32 

Nltrosomonas 0.37 20 Actlvated sludge 

2.8 3.6 3.4 11, 23 Synthetlc river water 
10 1, 25 Lab culture 

0. 5 to 1.0 0. 5 to 1.0 2 Warburg analyses 

3.5 1. 26 Lab culture 

1.0 1, 27 Lab culture and activated 

sludge 

0.5 28 Lab culture 

Nltrobacter 0.25 20 Actlvated sludge 

0.7 1.1 0.7 11 '23 Synthetic river water 

6 1,29 Lab culture 

5 1' 30 Lab culture 

8.4 1, 31 Lab culture 

5 1,26 Lab culture 
0.07 28 Lab culture 



where : qn = ammon i a  ox i dat i on rat e , l b  o f  HN4
+ - N  ox i d i zed per l b  

of  VSS under aerat i on per day ,  

Yn = organ i sm y i el d  coe ffi c i ent , l b  N i trosnmonas  grown 

( VSS ) / l b of NH4
+ - N  removed . 

( 13 )  

The  E PA N i trogen Control Man u a l  e st i mates Y = 0 . 1 5 . ( 1 )  Metc a l f n 

and Eddy s t ated t h at the  range fo r the  organ i sm y i e l d coeffi c i ent  i s  from 

·o.l to 0 . 3 w i th  a typ i cal  val ue of  0 . 2 . ( 4 )  Jen k i n s  and Garr i son e s t i mate 

the y i e l d  coeffi c i ent to be equal  t o  0 . 33 . ( 1 9 )  M i l bury et si. e s t i mated 

a y i e l d  coeffi c i ent for act i vated s l udge , based on COD removal , at 0 . 43 

mg/ 1 VSS grown per·mg/1 COD removed . ( 2 0 )  For t h i s the s i s ,  t h e  va l ue rec ­

ommended by the  E PA w i l l  be u sed i n  a l l equat i on s  that  requ i re a 

theoret i ca l  organ i sm y i e l d  coeff i c i ent  s i nce i t  i s  the  more con s ervat i ve 

o f  t h e  3 reported val ues . 

The ammo n i a  ox i dat i on rate can be more acc urate l y  approx i mated for 

separa t e - st age n i tr i fi cat i on sy stems by t ak i ng i nto  account the  act u a l  

frac t i o n  of  n i t r i f i c at i on bacter i a ava i l abl e as  oppo sed to other  

hetero t roph i c  bacter i a that  are  present  i n  the  total  mass  o f  b i o l ogi c a l  

s o l i d s  . The fract i on of  n i tr i f i ers c an be e st i mated , a s  prev i ou s l y  d i s -

. c u s s ed , by compari ng the  BOD concentra t i on to the  Total  Kj e l dah l  N i trogen  

( TKN ) con centrat i on .  Tabl e 2 ,  prev i ou s l y  i ntroduced ,  s hows the  rel at i on ­

sh i p between the  n i tr i f i er fract i on and the  BOO/TKN rat i o .  Ba i l y  et �. 

es t i mated at a BOO/TKN rat i o o f  0 . 5  g/g t h at 1 00 percen t  of  max i mum n i -
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t r i f i cat i on rate can be expected . ( 2 1 ) S i nce TKN's were not determ i ned 

dur i ng the s amp l e anal ys i s ,  and the  BOD va l ue s were re l at i ve l y l ow ,  i t  i s  

conservat i ve to e s t i mate the  BOD/TKN rat i o  to  be at a max i mum o f  0 . 5  re ­

s u l t i ng i n  a n i tr i f i er fract i on of  0 . 35 . ( 1 )  

The n i tr i fi cat i on rate i s  ca l c u l ated from the ammon i a  ox i dat i on 

rate , qn , as  fo l l ows : ( ! )  

r = q * f N n 

where : f = n i tr i fi er fract i on  o f  the  m i xed l i quor so l i d s , 

rN = n i tr i f i cat i on rate , l b  NH4 - N  ox i d i zed / l b/MLVSS/day . 

( 1 4 )  

F i g ure 5 s how var i ous  n i tr i f i cat i on rates a t  d i fferent temperature s . ( ! )  

M i n i mum Sol i d s Retent i on Ti me 

The EPA Process  De s i gn Man ua l  for N i trogen Control e s t i mates  the  

m i n i mum so l i ds retent i on t i me ,  a s s um i ng the  ammon i a  concentrat i on i s  not  

l i mi t i ng ,  by the  fol l owi ng i nverse rel at i o n sh i p  between the so l i d s rete n ­

t i on t i me and the  growth rate of  n i t r i fi ers : ( l )  

2 9  
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where: Qc
m = mi n i mum s ol i ds reten t i on t i me ,  days , for 

n i tr i fi c at i on w i th  correct i on s  for pH , temperat ure 

and DO . 

( 1 5 )  

Ca l c u l at i on o f  the mi n i mum s o l i ds retent i on t i me i s  accomp l i s hed 

wi t h  the fol l owi ng equat i on: ( ! )  

Qc
m = 1 I [ ( Yn * qn) - kd ] 

where: kd = endogenous  decay coeffi c i ent , t i me - 1  

( 1 6 )  

The EPA ,  Metca l f and Eddy and V i e s sman and Hammer al l agree t h at a 

re asonabl e est i mate for the endogenous  decay coeffi c i ent i s  0 . 05 1/day , 

for a s u spended growt h n i tr i f i cat i on proces s . ( l ) ( 4 ) ( 2 ) 

Des i gn Sol i d s Retent i on T i me 

To prevent i nadequate waste  treatmen t , treatment systems are de ­

s i gned and operated wi th  a s afety factor . Therefore , the des i gn s o l i d s 

reten t i on t i me i s  cal c u l ated by the  fo l l owi ng expres s i on: ( ! )  

d Qc = S . F .  * Q m 
c 

where: Qe
d -

S . F .  = 

sol i ds retent i on t i me o f  des i gn ,  d ays , ]  

safety factor . 

( 1 7 )  
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Oden s des i gn for the  B . W . W . T . P .  ut i l i zed a safety factor o f  1 . 8 ,  

wh i ch i s  the  rat i o  of the  peak fl ow to the  average fl ow . ( l l )  

Exper i menta l  N i tr i f i cat i on and  Ox i dat i on Rates  

The actua l  exper i mental  mean ce l l re s i dence t i me ts cal c u l ated by 

the  fo l l owi ng expre s s i on: ( l ) ( 4 )  

Q = V * X  I [ ( Q * X ) + ( Q  * X ) ]  c w w e e 

where : Qc = MCRT based on the  aerat i on tank  vol ume , day ,  

V = total  aerat i on tan k  vol ume , mg 

X vol at i l e  s u s pended so l i d s i n  the  aerat i on tan k ,  mg/1 , 

Qw = waste s l udge fl owrate ,  mgd , 

X = vol at i l e  s u spended so l i d s i n  the  waste stream mg/1 , w 

Qe treated effl uent fl owrate ,  mgd , 

Xe = vol at i l e  suspended s o l i d s i n  the  treated effl uent 

mg/1 . 

( 1 8 )  

The  experi mental  substrate ut i l i za t i on rate can al so  be e s t i mated 

on a hydrau l i c  detent i on t i me bas i s ,  a s  fol l ows: ( 4 )  

32 



u = s
o - s I Qh * X 

where: Qh = VIQf = hyd rau l i c detent i on t i me ,  t i me .  

Q f = fl ow rate , mgd . 

U = experi mental  s u bstrate ut i l i zat i on rate , t i me - 1 . 

S0 = i nfl uent so l ubl e ammon i a - n i trogen concentrat i on ,  mgll . 

S = effl uent sol ubl e ammon i a - n i trogen concentrat i on ,  mg/ 1 . 

( 1 9 )  

Exper i ment al  oxygen demand ( BOD ) and ammon i a  n i trogen removal  e f ­

. f i c i enc i es are cal c u l ated by t h e  fo l l ow i ng formul a: ( 2 )  

E = [ ( 50 - - s
e ) I S0 ] * 1 00 ( 2 0 )  

where: E = effi c i ency o f  BOD and ammon i a - n i trogen removal , percent 

s
o = i n fl uent BOD and ammon i a - n i trogen concentrat i on ,  mgll 

s
e = effl uent BOD and ammon i a - n i t rogen concentrat i on ,  mgll 

Food - to -m i croorgan i sm rat i o  ( FIM) , i s  another common l oad i ng cr i t e ­

r i a u sed i n  mon i tori ng act i vated s l udge proces ses . FIM rat i os are 

cal cu l ated from the fol l owi ng expre s s i on:( 2 )  

FIM = s
o I QhX 

where: F/M = food I m i croorgan i sm rat i o ,  mgl l of BOD per MLVSS i n  

the aerat i on tan k .  

( 2 1 ) 

By rearrang i ng Equat i on 1 9  to s o l ve for the  hydrau l i c  deten t i on 

t i me and subst i t ut i ng the ammon i a  ox i dat i on rate , qn , from Equat i on 1 3 ,  
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qn , for the  exper i mental  s u bs trate u t i l i zat i on rate ; res u l t s  i n  t h e  

theoret i ca l  requ i red hydrau l i c  detent i on  t i me .  

restructur i ng of  Equat i on 1 9: 

Q = S - S / MLVSS * q o n 

Equat i on 2 2  s hows t h i s 

( 2 2 )  

A rearrangement o f  Equat i on 1 8  t o  so l ve for the waste act i v ated 

s l udge wast i ng rate ( Qw) and the  s u bs t i tut i on of the  theoret i cal  mi n i mum 

mean cel l res i dence t i me based on t heoret i ca l  n i t r i f i c at i on rate s , Equ a -

t i on m 1 5  ( Qc ) ,  for the actual  mean cel l re s i dence t i me re su l t s  i n  the  

ca l cu l at i on of the theoret i c al  waste act i vated s l udge was t i ng rate . 

Equat i on 23 shows th i s  re structur i ng of  Equat i on 1 8: 

( 23 )  

Act i vated S l udge Sys tems 

Act i vated s l udge i s  a s u spended - g rowth proces s  cons i st i ng of both 

act i ve and dead mi croorgan i sms he l d i n  s u s pen s i on by a mec h an i ca l  m i x i ng 

system , forced a i r for t h i s study . The organ i sms are s u s pended i n  

wastewater con s i st i ng of  both d i s so l ved organ i c  and . i norgan i c  mat e ­

r i a l s a l ong w i th  both i nert and non - b i odegradabl e s u s pended matter . 

The s u spended part i c l es  i n  the  act i vated s l udge aerat i on bas i n  are 

commonl y referred to as m i xed l i quor  s u s pended so l i ds ( MLSS ) . 

The act i vated s l udge treatment  proce s s  i s  an aerob i c  b i o l og i c a l  

proce s s  i n  wh i ch the  m i croorgan i sms metabol i ze and b i o l og i cal l y  fl oc -
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cu l ate the  organ i c _ mater i a l and i s  typ i ca l l y  con s i dered a s  a s econdary 

tre atment  proces s .  Act i vated s l udge e ffl uent i s  then s u bj ected to q u i ­

e scent cond i t i on s  i n  the f i nal  c l ar i f i er  al l ow i ng the  m i croorg an i sms 

to set t 1 e ,  thus formi ng a 1 ayer o f  c 1 ear supern at ant , ( f i  n a  1 

c l ari fi er  e ffl uent ) . The m i croorgan i sms are. then returned to  ��he 

aerat i on tank  for fu rther  metabol i zat i on . Exce s s  act i vated s l udge i s  

was ted from the system i n  order to ma i nta i n a proper 

food - to - m i croorg an i sm rat i o  ( F/M) and corre s pond i ng s l udge age to  opt i ­

m i ze removal  effi c i enc i es .  

The organ i c  matter i n  the aerat i on bas i n  funct i on s  a s  a carbon  and 

energy source fo r the  act i ve m i cro b i al  popul at i on wh i ch convert s t h e  

org an i c  mater i al i nto new m i cro b i a l  cel l t i s sue  a n d  ox i d i zed end . prod ­

uct s , ma i n l y  carbon d i ox i de . I n  the  WPC F  Manual of Pract i ce No . 8 i t  i s  

e s t i mated that m i croorgan i sms are composed of  70 to 90 percent org an i c  

and 1 0  t o  30 percent i norgan i c matter depend i ng on the  chemi ca l  compo s i ­

t i on of  the  wastewater . ( S )  

Act i vated s l udge systems are c l a s s i f i ed a s  one o f  two proce s s e s . 

The f i rst  proces s  comb i nes  bot h  carbon ox i dat i on (organ i c  ox i da ­

t i on )  and n i t r i f i cat i on ( ammon i a  ox i dat i on )  concurrent l y .  The s econd 

process  i so l ates the  ammon i a  ox i dat i on proce s s , res u l t i ng i n  

separate - stage n i tr i f i cat i on . 
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Separate - s tage n i tr i fi c at i on h a s  a l ow BOD5 to ammon i a - n i t rogen ra ­

t i o .  Therefore , i t  i s  nece s s ary to reduce the org an i c  l oad t o  the ac ­

t i vated s l udge system by the  mean s o f  v ar i ous  pretreatment proce s s e s . 

W i th  s u ff i c i ent  pretreatment  the  popu l at i on of  n i tr i f i ers i s  

i ncreased , res u l t i ng i n  h i g her rates of  n i tr i fi cat i on . · The maj or­

i ty of the  oxygen demand for separate s t age  n i tr i fi cat i on systems i s  

a res u l t of the  ox i dat i on o f  ammon i a . ( S )  
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METHODS AND MATERIALS 

The act i vated s l udge system i nvest i gated i n  th i s  st udy i s  a 

convent i onal  system . . Th i s  act i vated s l udge l ayout con s i st s  of  4 rect -

angul ar aerat i on tanks operat i ng i n  ser i e s . Each tan k was comp l ete l y  

m i xed , w i th  the  seri es fl ow ( 4  tanks i n  ser i e s )  s i mu l at i ng a n  overal l 

p l ug - fl ow scheme . The i n fl uent wastewater and return act i vated s l udge 

pas s through the aerat i on tank tra i n pr i or to i ntroduct i on i nto  the  

f i n al c l ar i fi er . ( ! )  

3 7  

F i ve compl ete s ampl e col l ect i o n s  and an al yses  were performed i n  

t h i s study . Sampl es  were col l ected dur i ng the  per i od from December 2 7 , 

1 983 to J an u ary 1 8 ,  1 984 . Was tewater temperatures  at the  t i me o f  s am- · 

pl i ng var i ed from 1 0  to 1 1  degrees Ce l s i u s .  These cond i t i on s  represent 

co l d -weather operat i on for the  pl ant . 

Met hod s of  Anal ys i s 

Tes t s  conducted on the  s amp l es  col l ected were as  fo l l ows : s u s pended 

so l i ds ( 55 ) , vol at i l e  s u spended so l i ds ( V5S ) , i n i t i a l d i s so l ved oxygen  

concen trat i on s  ( DO ) , tota l  b i o l og i ca l  oxygen demand ( BOD ) , 5 - d ay b i o l og i ­

ca l  oxygen  demand ( BOD5 ) ,  chemi cal  oxygen demand ( COD ) , ammon i a - n i trogen 

concentrat i on ( NH3 - N ) , temperature and pH . 



F i gure 6 i s  a graph i cal  repre sentat i on o f  the  l ayout of  the  

aerat i on system and  f i na l  c l ar i fi er .  Al so  shown i n  F i gure 6 are the  l o ­

c at i on s  of the sampl e col l ect i on po i n t s . 

The f i rst s ampl e col l ected for eac h  run was of  the  i nfl uent to the  

aerat i on tra i n .  Sampl i ng then  progre s s ed to  each  of  the  aerat i on ba s i n 

effl uent s . Sampl es  were col l ected a s  rap i dl y  as  pos s i bl e , w i th  the  total  

durat i on of  the  s ampl i ng peri od requ i r i ng approx i mate l y  1 hour . 

· Su spended Sol i d s 

The s u s pended sol i ds concentrat i on s  were determ i ned u s i ng the  mem­

brane f i l ter techni que descri bed i n  Standard Methods , page 94 . ( 2 2 )  Con ­

centrat i on s  of the  mi xed l i quor were s u b s t ant i al , therefore , al l sampl e s  

were d i l uted a t  a rat i o  of 1 0 : 1  w i th  except i on of  the  f i n al c l ari f i er  e f ­

fl uent s ampl e wh i ch w a s  fi l tered wi thout  d i l ut i on .  

Vol at i l e  Su spended Sol i ds 

The vol at i l e  sus pended so l i ds determ i n at i on was performed u s i ng t h e  

total  vo l at i l e  and f i xed re s i due  at 5 50° C method descri bed i n  S t andard 

Methods , p age 95 . ( 2 2 )  
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I n i t i a l D i s sol ved Oxygen 

I n i t i a l d i s sol ved oxygen va l ues  were determ i ned u s i ng t h e  a z i de 

mod i f i cat i on procedure desc r i bed on page 390 i n  Standard · Method s . ( 2 2 )  

D i s so l ved oxygen sampl es  for the m i xed l i quor samp l e po i nt s  were co l ­

l ected w i th  a 3 - gal l on sampl e buc ket . The s amp l e was l eft und i sturHed 

for approx i matel y 1 to 3 m i nutes  to e s tabl i s h qu i e scent cond i t i on s  to  a l ­

l ow a maj or i ty of the sol i d s to sett l e out  and produce a c l ear l en s  of  

s upern at ant . A 300 - ml sampl e was s i phoned from the s upernatant and i m ­

med i atel y ac i d  fi xed at the  sampl e s i te and l ater t i trated at the  l ab for 

· determ i n at i on of d i s so l ved oxygen at the t i me of s ampl i ng .  

So l ubl e F i ve - Day B i ol ogi cal  Oxygen Demand ( BOD�l 

So l ubl e 5 - day b i ol og i cal  oxygen  demand was determi ned fol l ow 1 ng t h e  

procedures  outl i ned on page 483 i n  Standard Methods . ( 2 2 )  Al l s amp l es  

were fi l tered through  a s tandard g l a s s  f i ber f i l ter w i th  the  f i l trate 

u s ed for deter� i n i ng sol ubl e BODs concentrat i on s . The fi l trate for each 

s amp l e was then fi l tered aga i n  to  i n s ure a representat i ve sol ubl e · s ampl e .  

N i t rogen i nh i b i t i on was accompl i shed w i th  add i t i on of 2 - ch l oro - 6  pyr i d i ne 

to  each of the  s ampl es . The add i t i on o f  a n i trogen i nh i b i tor prevent s  

ammon i a  ox i dat i on ,  therefore , mea s ured oxygen dem�nd i s  ent i re l y  

carbon aceous  demand and not comb i ned carbonaceous and n i trogenous  d e ­

mand s . The f i l teri ng of  the  s ampl e s  t o  prov i de sol ubl e BODS s amp l e s  re ­

s u l ted i n  an i n suffi c i ent popul at i on o f  m i c roorgan i sms capabl e o f  ox i d i z ­

i ng b i odegradabl e organ i c  matter . Therefo re , pr i mary c l ar i fi er effl uent  

was added to each  of the s ampl e s  at a concentrat i on of  6 -ml per 1 000 - ml 

s amp l e to prov i de a suff i c i ent  popul at i on  o f  m i croorgan i sms that were 
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adapted to the  was te . 

So l ubl e Chemi cal  Oxygen Demand 

The anal ys i s  for sol ubl e c h emi ca l  oxygen demand { COD ) was performed 

i n  accordance w i th  Standard Met hod s  on page 489 . { 2 2 )  A port i on of the  

f i l tered sampl e used i n  the  determ i n at i on o f  sol ubl e BODs was a l s o  u sed 

i n  so l ub l e COD ana l ys i s .  

Ammon i a - N i trogen Concentrat i on 

A F i s her Expanded - Scal e ,  Model  76 , I on meter w i t h  a 

ammon i a- se l ect i ve e l ectrode was u s ed to  me asure ammon i a - n i trogen concen ­

trat i on s . The ammon i a - n i trogen concentrat i on determ i nat i on was conducted 

i n  accordance wi th  Standard Method s , page 362 . ( 2 2 )  A port i on o f  the  fi l ­

tered s ampl e used i n  the determi n at i on o f  sol ubl e BODs was a l so u sed i n  

ammon i a - n i trogen anal ys i s .  The I on Meter was standard i zed i mmed i atel y 

pr i or  to use  w i th  standard sol ut i on s  cover i ng the  concentrat i on s  o f  2 S , 

1 0 , S ,  1 and O . S  mg/1 of NH3 - N . The ammon i a - n i trogen concentrat i on s  

were recorded t o  the nearest  tenth  of  a mg/ 1 . 

Temperat u re and pH 

Temperature and pH meas urements  of  the  s amp l e s  were t a ken  at the  

t i me of  s ampl i ng from the pl ant temperature and  pH  probes wh i ch are  stan ­

dard i zed on a weekl y bas i s .  { 2 2 ) ) 
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RESULTS AND DISCUSSION 

I nd i v i dual  test res u l ts  for each  of  the  5 run s are tabul ated i n  Ap ­

pend i x  A .  Al so i ncl uded are the  BOD t o  COD rat i os and the  var i o u s  l oad -

i ng rates encountered by the i nd i v i d ua l  bas i n s .  

N i tr i f i er Growth Rates 

F i gure 7 i ncl udes the cal cu l ated n i t r i f i er  growth rate s , un , for 

· each bas i n  and s ampl e run , a s s umi ng ammon i a - n i trogen concentrat i on s  were 

s uffi c i ent and other nece s s ary growt h con s t i t uents  ex i st i n  the m i xed l i ­

quor thereby res u l t i ng i n  s i gn i f i can t  concentrat i on s  of  n i tr i f i er  popu l a -

t i on s . Max i mum n i tr i f i er growth val ues , as sumi ng non - l i m i t i ng 

ammon i a - n i trogen cond i t i ons , were ca l c u l ated u s i ng Equat i on ( 1 1 ) : 

* u n = 0 . 47* [ e**0 . 098 ( T - 1 5 ) ] * [ DO/D0+ 1 . 3 ] * [ 1 - 0 . 833 ( 7 . 2 - pH ) ] ( 1 1 )  
* 

where : u n = n i tr i fi er ( N i trosomon a s ) g rowth rate , 1/day wi th  n o  · 

NH4 - N  l i mi tat i ons . 

A s amp l e cal cul at i on us i ng data from Run  1 , Bas i n  1 i s  s hown i n  Append i x  

B .  A D . O . ha l f- s aturat i on con s tant  o f  1 . 3 mg/ 1 was a s sumed a s  d i s c u s s ed 

p rev i ou s l y i n  the  Monad d i s so l ved oxygen growth rel at i onsh i p  ( Equat i on 

8 ) . These  growth - rate val ues  r�present  the  combi ned effects  o f  d i s so l ved 

oxygen concentrat i on s  and temperature on the n i tr i f i er growth rate . 

S i nce  a l l the  pH val ues for t h i s st udy were gre ater than 7 . 2 ,  the  effect 
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o f  pH on the n i tr i fi er growt h rate was  a s s umed to be un i ty ,  i n  accordance 

w i t h  the  observat i ons  reported i n  the  L i terature Rev i ew . ( l ) ( 2 ) ( 4 ) ( 6 ) ( 8 )  

Th e cal cul ated max i mum n i t r i f i er  growth rates  a s s umi ng l i m i t i ng 

ammon i a - n i trogen cond i t i on s  for eac h of the  bas i ns are shown i n  F i gure 8 .  

The val ues  presen ted i n  F i gure 8 were c a l cu l ated ut i l i z i ng Equat i on ( 1 2 ) : 

u = n 

0 . 47* [ e**0 . 098 {T- 1 5 ) ] * [ DO/D0+ 1 . 3 ] * [ 1 - 0 . 833 ( 7 . 2 - pH ) * [ N/Kn+N ] 

where : N effl uent NH4
+ - N  concentrat i on ,  mg/1 and 

+ Kn = hal f- saturat i on con s tant , mg/1 NH4 - N ,  mg/1 , 

= 1 0**0 . 05 1 T - 1 . 1 58 ( 1 )  

un = overal l n i tr i fi er growth rate , wi th  cons i derat i on for 

n i trogen concent rat i on s  ( 1/day ) . 

( 1 2 )  

A s ampl e cal cu l at i on us i ng data  from Run 1 ,  Bas i n  1 i s  shown i n  Append i x  

B .  The s e  val ues d i ffer from the  val u e s  reported i n  F i gure 7 because  they 

refl ect the  effect of act ual  effl uent ammon i a - n i trogen concent rat i on s  i n  

l i eu  of  a s s umi ng non - l i m i t i ng ammon i a - n i trogen concentrat i on s . The  

effect o f  pH on n i tr i fi er growt h was aga i n  a s s umed to un i ty .  
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Reported max i mum growth rat e s  for n i tr i fi ers i n  var i ous  env i ron ­

ments  was prev i ous l y s ummar i zed i n  Tabl e 5 .  Val ue s i n  th i s  tabl e ,  for 

act i vated s l udge processes  at 1 2°C ,  ranged from 0 . 40 and 0 . 34 ( 1/day ) . 

Actua l  exper i mental ( 1 1 °C )  n i tr i f i er g rowth rates  ( F i gure 7 ) , a s s um i ng 

n on - l i m i t i ng n i trogen concentrat i on s , y i e l ded i nd i v i dual  bas i n  va l ues  

rang i ng from 0 . 04 to 0 . 2 5 ( 1/day ) . Average va l ues  for each  of  the  bas i n s 

ranged from 0 . 1 3 to 0 . 1 9 w i th an overal l average o f  0 . 1 6 ( 1/day ) . Aver­

age  val ues  for each of the 5 run s var i ed from 0 . 1 0 to 0 . 2 2 w i th  an  over­

a l l average of 0 . 1 6 ( 1/day ) . S hamma s  reported a max i mum growt h rate for 

· n i tr i f i ers  of 0 . 0 1 8  ( 1 /day ) for MLVSS of  32 00 mg/1 at 1 0°C . ( 18 )  Prod u s ka 

and Andrews reported a n i tr i f i er g rowth  rate at 1 2°C equa l  to  0 . 3 6 

( 1/day ) . ( 9 )  

Max i mum n i tr i f i er growth rate va l ues  for l i mi t i ng ammon i a - n i t rogen 

cond i t i on s  ( F i gure 8) accoun t i ng for actua l  effl uent ammon i a - n i trogen 

concentra t i ons  resu l ted i n  i nd i v i dua l  bas i n va l ues rang i ng from 0 . 02 to 

0 . 1 9 ( 1/day ) . Average val ues for each  o f  the  bas i n s ranged from U . 08 t o  

0 . 1 4 wi t h  a n  overal l average of 0 . 1 1  ( 1/day ) . Average val ues  for e a c h  of  

the  5 run s var i ed from 0 . 08 to 0 . 1 4  w i th  an overa l l average of  0 . 1 1  

( 1/day ) . 

Ammon i a  Ox i dat i on Rate s 

I n  F i gure 9 ,  ammon i a  ox i dat i on rate s , qn , i n  pounds  of  

ammon i a - n i trogen ox i d i zed per  day per pound o f  m i xed l i quor vol at i l e  s u s ­

pended so l i d s under aerat i on ,  are s h own for each of  the i nd i v i dua l  bas i n s 

and each corre spond i ng sampl e run . These  va l ues  were cal cu l ated u s i ng 
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Equat i on ( 1 3 ) : 

qn = un I y
n 

where : qn = ammon i a  ox i dat i on rate , l b  o f  HN4
+ - N  ox i d i zed per l b  

of  VSS under aerat i on per day , 

Yn = organ i sm y i el d coeffi c i ent , l b N i trosomonas  grown 

( VSS ) ll b of NH4
+ - N  removed . 

( 1 3 )  

A s ampl e ca l cu l at i on u s i ng data from Run 1 ,  Bas i n  1 i s  s hown i n  Append i x  

B .  A va l ue of  0 . 1 5 pound s of  org an i sms ( VSS ) grown (wasted ) per pound o f  

· ammon i a - n i trogen removed , was a s s umed for t h e  organ i sm y i e l d coeff i c i ent 

as  d i s c u s sed prev i o u s l y  i n  the  L i terature Rev i ew .  F i gure 9 shows i nd i ­

v i dua l  bas i n  ox i dat i on rate s rang i ng from 0 . 26 to 1 . 64 w i th  bas i n  aver­

age s rang i ng from 0 . 85 to  1 . 2 7  ( l bs NH4
+- N  I l b  MLVSS under aerat i on 1 

day) . 

N i tr i f i cat i on Rate 

The val ues presented i n  F i gure 9 ( ammon i a - n i trogen ox i dat i on · rates )  

a s s um i ng that the ent i re popu l at i on o f  m i c roorgan i sms are n i tr i f i ers , 

where i n  actual i ty ,  the n i tr i f i e r  popul at i on onl y accounts for a port i on 

of  the  ent i re mi crob i a l  popul at i on .  The  n i tr i f i c at i on rate s , rN ,  ( l b s of 

NH4
+ - N  ox i d i zed I l b  MLVSS under aerat i on I day )  are cal c u l ated from 

Equat i on ( 1 4 ) : 
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rN = . Qn * 
f ( 1 4 )  

where : f = n i tr i f i er fract i on o f  the  m i xed l i quor so l i d s ,  

rN = n i tr i f i cat.i on rate , l b  NH4 - N  ox i d i zed ll biMLVSSiday . 

A s ampl e ca l cul at i on u s i ng data from Run 1 ,  Bas i n  1 i s  shown i n  Append i x  

B .  F i g ure 1 0  shows the  n i tr i f i cat i on rates  for eac h of the  i nd i v i du al 

bas i n s and each corres pond i ng s ampl e run . A n i t r i f i er fract i on ,  f ,  of  

0 . 3 5 was used for cal cu l at i ng the  n i tr i f i cat i on rate as se l ected from 

· prev i o u s l y - i ntroduced Tabl e 4 .  

F i gure 1 0  shows the i nd i v i du a l  n i tr i f i cat i on rates  rang i ng from 

0 . 09 to 0 . 58 l bs of NH4
+- N  ox i d i zed I l b  M LVSS under aerat i on I day .  

These  val ues  were cal cu l ated account i ng for l i mi t i ng DO and 

ammon i a - n i trogen concentrat i on s  by ut i l i z i ng the Monad equat i on s . ( l 4 )  

Average n i tr i fi cat i on rates for each  of  t h e  bas i ns ranged from 0 . 3  to 

0 . 44 .  The average n i t r i fi cat i on rates  for each of the  run s var i ed from 

0 . 2 2 to 0 . 52 wi th  an overal l average of 0 . 38 .  These  val ues  fal l w i th i n 

the  range of  val ues for a s i m i l ar n i t r i f i c at i on system ( BODITKN rat i o  = 

1 . 2 ) ; 0 . 28 to 0 . 63 ,  pre sented by the E PA i n  i n  F i gure 5 . ( 1 )  
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F i g ure 5 i s  a p l ot of  exper i menta l l y -determi ned val ues  for peak  n i ­

t r i f i c at i on rates , ( l i m i t i ng DO and ammon i a  concentrat i on s  were not  taken 

i nto account ) .  The BOD5/TKN rat i o ' s for t h i s  graph are re l at i ve l y  h i gh ,  

W i th  l ower rat i os ,  h i gher n i tr i f i cat i on rates wou l d be expected t heoret i ­

ca l l y .  The n i tr i f i cat i on rate s reported i n  th i s paper are general l y  i n  

agreement  wi th  the val ues  pres ented i n  F i g ure 5 .  However , wi th  the  l ow 

BOD5/TKN rat i os th at are as soc i ated w i th  the  experi mental  re s u l t s  o f  t h i s 

paper , h i gher n i tr i fi cat i on rat e s  wou l d be expected . 

Low n i tr i f i cat i on rate s typ i cal l y  can be attri buted to l i m i t i ng DO , 

l i m i t i ng ammon i a - n i trogen concen trat i on s  and l ow concentrat i on s  of  i n fl u ­

ent org an i c  matter . ( 23 ) Al l three o f  these  parameters are l i ke l y con ­

tr i butors to the l ower n i tri fi c at i on rate s  obt a i ned i n  t h i s s tudy . 

Batche l or reported that as  i n fl uent organ i c  matter concentrat i on s  de ­

creased i n  separate - s tage n i t r i f i c at i on sys tems that s i gn i fi cant concen ­

trat i on s  of  n i trate s deve l oped i n  the  MLVSS . ( 2 4 )  W i th  the h i gh so l i d s 

reten t i on  t i me s , aerob i c  cond i t i on s  and l ow i n fl uent org an i c  matter con ­

centrat i on s  exper i enced i n  th i s  st udy , h i gh concen trat i on s  of  n i trates  

wou l d seem l i ke l y  i n  the  MLVSS . 

Non - l i m i t i ng and l i mi t i ng n i t r i f i er  growth rates are bot h funct i on s  

o f  temperature a s  refl ected i n  t h e  comb i ned - e ffects  growt h - rate equat i on 

( Equat i on 1 2 ) . Dat a reported by Sh ammas e st i mates  that wi th  the  tem­

peratures encountered at  the  BWWTP , rang i ng from 1 0°C to I I °C for a l l 5 

of  the  s ampl e run s , that the  ammon i a  ox i d at i on rate i s  approx i mate l y 20  
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percent of  the max i mum n i tr i fi er  growth rates . ( 1 8 )  

Sol i d s Reten t i on  T i me 

Sol i d s retent i on t i me ( SRT ) , Qc i s  the  rel at i on s h i p  between the  

quan t i ty of  so l i ds under aerat i on after tak i ng i nto account the  amount  o f  

so l i ds that are l o st i n  t h e  effl uent  a n d  t h e  amount . o f  sol i ds that are 

wasted i n  the waste - act i v ated s l udge fl ow , as  shown by Equat i on ( 18 ) . 

Qc = V * X  I ( ( Qw * Xw ) + ( Qe * Xe ) ]  

· where : Qc = MCRT ba sed on the  aerat i on t an k  vol ume , day ,  

V total  aerat i on tank  vol ume , mg 

X = vol at i l e  s u spended so l i d s i n  the  aerat i on tan k ,  mg/1 , 

Qw = waste s l udge fl owrate ,  mgd , 

X = vol at i l e  suspended so l i ds i n  the  waste stream mg/1 , w 

Qe treated effl uent fl owrate , mgd , 

Xe = vol at i l e  s uspended so l i d s i n  the  treated effl uent 

mg/1 . 

( 1 8 )  

A s amp l e ca l cu l at i on us i ng data from Run 1 ,  Bas i n  1 i s  shown i n  Append i x  

B .  

The t heoret i cal  opt i mum mi n i mum s o l i d s reten t i on t i me ,  Qc
m ,  requ i red 

to  prov i de n i tr i f i cat i on can �e c a l c u l ated by v ar i ous  d i fferent method s  

a s  d i scus sed prev i ou s l y i n  t h e  l i terat u re rev i ew sect i on o f  t h i s report . 
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Equat i on I S  shows the  i nverse rel at i onsh i p  between Qc
m and the  

n i tr i f i er  growth rate ( un , for  non - l i mi t i ng NH4
+- N  concent rat i on s ) . 

where : Qc
m = m i n i mum sol i d s reten t i on t i me ,  days , for 

n i tr i fi cat i on w i th  correct i on s  for pH , temperature 

and DO . 

· A s amp l e ca l cu l at i on u s i ng d ata  from Run I ,  Bas i n  I i s  shown i n  Append i x  

B .  F i g u re I I  shows the  average m i n i mum so l i ds retent i on t i me for e ach  o f  

the  run s ca l cul ated from exper i mental  n on - l i m i t i ng n i tr i f i er g rowt h  

rat e s . 
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I f  i t  i s  a s sumed that when l ow concentrat i on s  o f  NH4
+

- N  are encou n ­

tered i n  a n i tr i f i cat i on treatment proce s s ,  subst i tut i on o f  t h e  max i mum 

n i tr i fi er  growth rate , un , ( l i m i t i ng NH4
+

- N )  woul d repre sent act u al con ­

d i t i on s  and the actual requ i red sol i d s reten t i on t i me .  These val ues  are 

pre s ented i n  F i gure 1 2 . F i gure 1 2  s h ows  the average mi n i um so l i d s reten ­

t i on t i me requ i red to ach i eve n i tr i f i c at i on for the  study - system for t h e  

concentrat i on s  of D . O . , temperature a n d  ammon i a- n i trogen present d u r i ng 

each of the  s ampl e run s . 

Ca l cu l at i on of the  theoret i c a l  m i n i mum sol i ds retent i on t i me can  

al so  be accompl i shed u t i l i z i ng Equat i on # 1 6 , wh i c h shows the  re l at i on ­

s h i p between the organ i sm y i el d  coeffi c i en t , Yn ,  ammon i a  ox i dat i on rate 

( q ) and an e s t i mate of the  endogeno u s  decay coeffi c i ent ( kd ) .  n . 

Qc
m 

= 1 I [ ( Yn * 
qn ) - kd 

where : kd 
= e�dogenous decay coeffi c i ent , t i me - 1  

( 1 6 )  

A samp l e ca l cu l at i on u s i ng data  from Run 1 ,  Bas i n I i s  shown i n  Append i x  

B .  F i gure 1 3  presents  these theoret i ca l  opt i mum Qc
m val ues · 
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To a s s ure adequate treatment , 

t i on s , a safety factor i s  appl i ed 

a s  shown i n  Equat i on 1 7 ,  to obt a i n 

Qe
d = S . F . * Qc

m 

i n  s p i te  of  vary i ng 

t o  t h e  mi n i mum so l i ds 

d Qc ' t he  des i gn so l i ds 

i n fl uent 

retent i on  

retent i on 

where : Qe
d so l i ds retent i on t i me of  des i gn ,  days , ]  

S . F . = safety factor . 

cond i -

t i me , 

t i me .  

( 1 7 )  

A s ampl e ca l cul at i on u s i ng dat a  from Run  1 ,  Bas i n  1 i s  shown i n  Append i x  

B .  The s e  va l ues are pres ented i n  F i gure 1 4 . 

I n  pr i or u s age , the  term " s l udge age "  has  been defi ned a s  t h e  total  

s l udge ma s s  i n  the aerat i on tan k  d i v i ded by the  i ncom i ng l oad (def i n ed i n  

terms of  BOD or SS ) . These  expre s s i o n s  do not y i e l d the  real  age o f  the  

s l udge but rather an i nverse of  the  BOD or  S S  l oad i ng rates . Therefore , 

the  actual  experi mental  sol i d s retent i on ( s i m i l ar to s l udge age )  i s  c a l ­

cu l ated from Equat i on 18 . These  va l ues  are shown i n  F i gure 1 5 . 

F i g ure 1 6  represents  a comprehen s i ve s ummary o f  al l 4 theoret i ca l  

so l i d s retent i on t i me s  and  the  actu al experi menta l  so l i d s reten t i on 

t i me s . 
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A rev i ew of the  d i fferent sol i d s reten t i on t i mes  shown i n  F i gure 1 6  

reveal s ,  i n  general , that the actua l  so l i ds reten t i on t i mes  are gre ater  

than  the  theoret i cal l y - requ i red reten t i on t i mes . A compar i son of  the  

m i n i mum so l i ds retent i on t i mes ca l c u l ated from the non - l i mi t i ng n i t r i f��r 

growt h rate ( Equat i on 1 5 )  revea l s t h at i n  a l l the  s ampl e run s , w i th  the  

except i on of Run  5 ,  the actual reten t i on t i me s  were more than adequate i n  

prov i d i ng s u ff i c i ent retent i on for n i tr i f i cat i on based on the  exper i men ­

tal  D . O . , temperature and pH va l ues . The  non - l i m i t i ng n i tr i f i er growth 

· rate so l i d s reten t i on t i mes  ( Equat i on 1 5 )  var i ed from 4 . 6  to 1 5 . 1  d ays 

w i t h  an average of 8 . 8  days . The act u al s o l i d s reten t i on t i me s  ( Equat i on 

1 8 )  var i ed from 1 0 . 4  to 16 . 8  days wi th  an average of 1 2 . 4  days . A com ­

pari son of  t h e  average val ues shows t h at the  actual retent i on t i me s  are 

approx i matel y 40 percent greater t h an those  theoret i ca l l y  requ i red to  

prov i de s u ffi c i ent n i tr i fi cat i on . 

Compar i ng the exper imental  va l ues  to the  t heoret i cal  so l i d s reten ­

t i on t i me s  based on l i mi t i ng n i tr i f i er  growth rate s  reveal s t h at the  va l ­

ues  are approx i matel y equal . The l i m i t i ng n i t r i f i er  reten t i on t i me s  vary 

from 7 . 6  t o  2 2  days wi th  an average of  1 2 . 1  days . Al though these  va l ues  

are  substant i a l l y l arger than  the  non - l i mi t i ng va l ues , the  actua l  reten ­

t i on t i me s  are ag a i n l arger than the  theoret i ca l l y  necess ary retent i on  

t i me s  for al l the  run s , exc l ud i ng Run  5 .  The s ubstant i a l i ncreas e  i n  

theoret i ca l  retent i on t i mes obta i ned u s i ng the  ava i l abl e ammon i a - n i trogen 

concentrat i on s  seem to i nd i cate t h at the ammon i a - n i trogen concentrat i on s  

are l i mi t i ng i n  th i s  act i vated s l udge system , more s o  than D . O .  and/or 
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pH . 

Compar i ng the theoret i c al mi n i mum so l i ds reten t i on t i me s , Q m ,  a s  c 

cal cul ated by Equat i on 16 , to the exper i mental  va l ues  determ i n ed u s i ng  

Equat i on 18  show the most d i vers i ty between actual  and theoret i ca l  v a l ­

ues . The m i n i mum sol i d s reten t i on t i me s  { Equat i on 1 6 )  are s ubstant i a l l y 

l es s  than the actual  retent i on t i mes . The  m i n i mum so l i d s retent i on t i me s  

vary from 4 . 5  t o  1 5 . 1 days wi th an average of  8 . 7  days . The  average  

theoret i ca l  mi n i mum so l i ds reten t i on t i me i s  approx i mate l y  43  percent 

· l es s  than  the average act ual  sol i d s reten t i on t i me .  

The de s i g n sol i d s reten t i on t i mes , Qe
d

' ( Equat i on 1 7 )  vary from 8 . 1 

to 27 . 2  days wi th  an average of 1 5 . 7  days . These val ues  i nd i cate that 

the  retent i on t i mes i n  the  p l ant cou l d be i ncreased to i mprove 

n i tr i f i cat i on .  

However , al l 4 of the  prev i ou s l y - men t i oned theoret i cal so l i d  ·reten ­

t i on t i me s  are dependent upon the n i tr i f i er growth rate ( Equat i on 1 2 )  

wh i ch ,  i n  turn i s  dependent u pon the  av a i l ab l e ammon i a - n i trogen concen -

trat i on . 
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u = 
n 

0 . 47* [ e**0 . 098 ( T - 1 5 ) ] * [ DO/D0+ 1 . 3 ] * [ 1 - 0 . 833 ( 7 . 2 - pH ) * [ N/Kn+N ] 

where : N = effl uent NH4
+ - N  concent rat i on ,  mg/1 and 

Kn ha l f- saturat i on con stan t , mg/ 1 + mg/1 , = NH4 -N , 

= 1 0**0 . 05 1 T - 1 . 1 58 ( 1 )  

un  = overal l n i tr i f i er growth rate , w i t h  con s i derat i on for 

n i trogen concentrat i on s  ( 1/day ) . 

( 1 2 )  

· A s ampl e ca l cu l at i on us i ng data from Run 1 ,  Bas i n  1 i s  shown i n  Appen d i x  

B .  I n  a l l o f  the s ampl e run s , the  ava i l abl e ammon i a - n i trogen was l es s  

t h an 2 . 0  mg/1 and the removal  was g reat l y decreased i n  the  th i rd and 

fourth aerat i on bas i n s .  At these  l ow concentrat i on s  and removal s ,  t he  

" mu l t i pl i er "  ( un , n i tr i fi er  growth rate ) for ammon i a - n i trogen concentra ­

t i on s  approaches  a con s tant va l ue  o f  one  and i ncreases  the requ i red re ­

tent i on t i me s ubstant i al l y .  

Pao l i n i and Vari al i reported t h at n i t r i f i c at i on began i n  the i r  ac ­

t i vated s l udge system at a hydrau l i c  deten t i on t i me of 1 . 2 to  1 . 7 

d ays . ( 2 5 )  Th i s  supports t h e  exper i menta l  data  represented here i n wh i ch 

s hows that the  actual  hydrau l i c  deten t i on t i me s  are greater than 

t heoret i ca l l y  requ i red , e spec i a l l y  whe n  con s i der i ng the i n fl uent  

ammon i a - n i trogen concen trat i on s  are so  l ow i n i t i al l y .  
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Substrate Ut i l i zat i on Rates 

Equat i on 19 i s  used to cal cu l ate the  exper i mental  s ubs trate  ut i l i ­

zat i on rate , U ,  ba sed on exper i menta l  ammon i a - n i trogen removal  and hy­

draul i c  detent i on t i me .  

u = s
o - s I Qh * X 

where : Q h = VIQf = hydraul i c  detent i on t i me ,  t i me .  

Q f = fl ow rate , mgd . 

U = experi mental  subs trate ut i l i zat i on rate , t i me - 1 .  

S0 = i n fl uent sol ubl e ammon i a - n i trogen concentrat i on ,  mgl l . 

S = effl uent sol ubl e ammon i a - n i trogen concentrat i on ,  mgl l . 

( 1 9 )  

A s amp l e cal cu l at i on us i ng data from Run 1 ,  Bas i n  1 i s  shown i n  Append i x  

B .  S i nce the  i n fl uent sol ubl e B005 concentrat i on s  were so l ow enter i ng  

the aerat i on ba s i n s ,  the exper i mental  substrate ut i l i zat i on rates  were 

cal c u l ated for ammon i a - n i trogen removal  on l y .  These  exper i mental  s ub ­

strate ut i l i zat i on rates are compared wi th  t h e  val ues  devel oped · u s i ng 

Equat i on 1 3  ( ammon i a  ox i dat i on rate s , qn , > and Equat i on 14  { n i t r i f i c at i on 

rate s , rn > ·  

qn • 
un I yn ( 1 3 )  

where : qn = ammon i a  ox i dat i on rate , l b  o f  NH4
+ - N  ox i d i zed per l b  

of  VSS unde r aerat i on per day ,  

Y = org an i sm y i el d  coeffi c i ent , l b  N i trosomona s  grown n 

( VSS ) ll b of  NH4
+ - N  removed . 
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rN = qn * 
f ( 1 4 )  

where : f = n i tr i fi er frac t i on of  t h e  m i xed l i quor so l i ds ,  

rN = n i tr i fi cat i on rate , l b  NH4 - N  ox i d i zed l l biMLVSSiday . 

A s ampl e cal cu l at i on us i ng data from Run 1 ,  Bas i n 1 . i s  s hown i n  Append i x  

B .  The experi mental  substrate ut i l i zat i on rates were cal cul ated based on 

overal l performances on l y .  Ba s i n - by - bas i n  performance was not determ i ned 

due to t he very l ow removal s that occurred i n  each bas i n .  F i gure 1 7  i n -

· e l udes the overal l average exper i mental  s u bstrate ut i l i zat i on rates for 

each of  the  s ampl e run s . 

The actual  exper i mental  overal l s ubst rate removal  rate s , a s  s h own 

i n  F i gure 1 7 ,  have val ues rang i ng from 0 . 0 1 2  to 0 . 02 7  l b ' s  of NH3 - N  re ­

moved I l b ' s of  MLVSS I day . The overal l average for al l 5 o f  the  runs  

wa s 0 . 0 1 9 . The very l ow concentrat i on s  o f  ammon i a - n i trogen enter i ng i nto 

bas i n s 3 and 4 for each of the  runs  caused the overal l averages  for each 

of  the  run s to be substant i a l l y  l ower t h an the others . Jenki n s  et al . re ­

ported a range of  removal  rates from 0 . 2  to  0 . 5  l biMLVSS/day for an act i -

vated s l udge system wi th  a average mean cel l res i dence t i me o f  

approx i matel y 1 0  days . ( 2 6 )  
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A graph i cal compar i son o f  the  d i fferent substrate ut i l i zat i on rate s  

i s  presented i n  F i gure 1 8 . The 3 d i fferent substrate rates s hown were 

o bt a i ned from Equat i on 13 for ammon i a - ox i dat i on ( qn ) , Equat i on 1 4  for 

n i tr i f i cat i on rate ( rn )  and the  act ua l  exper i mental  removal  rate as  ca l ­

c u l ated us i ng Equat i on 1 9 .  The  compar i son o f  the  theoret i ca l  ut i l i zat i on 

rates ( Equat i on ' s 1 3  and 1 4 )  w i th  t h e  actual  ut i l i zat i on rate , ( Equat i on 

1 4 )  a s  s hown i n  t h i s f i g ure revea l s a dras t i c  d i fference between the  

theoret i cal  and actu al  val ues . The  theore t i cal  val ue s are  c a l cu l ated 

tak i ng i nto account pH , DO , temperat ure , effl uent ammon i a - n i t rogen 

· concentrat i on s , typ i cal  y i e l d  coeffi c i ent { Yn )  and an e s t i mate o f  the  

n i t r i f i er fract i on of  organ i sms i n  the  m i xed l i quor . 

A rev i ew of  the parameters ut i l i zed for c al cu l at i ng the theo ret i ca l  

s u bstrate ut i l i zat i on rate s shows t h at a l l o f  the  parameters are  repro ­

duc i bl e  and documented thorough l y ,  w i t h  the  except i on of  the  y i e l d coef­

f i c i en t  and the  n i tr i f i er fract i on .  The n i tr i f i er fract i on est i mate o f  

0 . 3 5 ,  a s  d i scussed i n  t h e  l i terat ure rev i ew sect i on ,  i s  a con s ervat i ve 

e s t i mate and the l arge d i ffere nce between theoret i ca l  and expe r i menta l  

va l ues  probabl y are not  be  l i n ked to t h i s parameter . 
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Therefore , by the proces s of  e l i mi n at i on ,  the  l ow exper i menta l  ut i ­

l i zat i on rate s mi ght be assoc i ated w i t h  the  organ i sm y i e l d  coeffi c i en t , 

Y ,  l b  VSS grown I l b  NH3 - N  removed . The l arge mass  of  sol i ds t h at were 

under aerat i on coul d .have produced y i el d  coe ffi c i ents h i gher  t h an normal  

va l ues  because  the  pound s of VSS produced i s  fal sel y exaggerated where i n  

fact , V . S . S .  product i on i s  actual l y  decreased by the carry - over o f  so l ­

i d s . Therefore , the  l arge amount o f  so l i ds under aerat i on compet i ng for 

s ubstrate are proh i b i t i ng the growth of new organ i sms ( VSS )  and t h u s  

forc i ng the  s u bstrate ut i l i zat i on  rates  to  s ubstant i a l l y  

· l ower- than- normal val ues . 

BOD Removal  E ff i c i enc i es 

Equat i on 20, can be used to ca l c u l ate the  BOD removal  eff i c i enc i e s 

and the  ammon i a - n i trogen removal  effi c i enc i es .  

E = [ ( S0 - Se ) / S0 ] * 1 00 

where : E = effi c i ency of  BOD and ammon i a - n i trogen removal , percent' 

50 = i nfl uent BOD and ammon i a - n i trogen concentrat i on ,  mg/1 

Se = effl uent BOD and ammon i a - n i trogen concentrat i on ,  mg/1 

( 20 )  

A s ampl e cal cu l at i on us i ng data from Run 1 ,  Bas i n  1 i s  s hown i n  Append i x  

B .  F i gure 1 9  shows the i n fl uent ( ba s i n  1 i n fl uent ) and e ffl uent ( bas i n  4 

e ffl uent ) concent rat i on s  and overal l act i v ated - s l udge BOD removal  effi -

c i enc i es . 
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Ammon i a - N i trogen Removal  E ffi c i enc i es 

F i gure 20  shows the  overal l ammon i a - n i trogen removal  effi c i en c i e s  

ca l cu l ated by ut i l i .z i ng Equat i on 20  and the  i nfl uent and effl uent  

ammon i a - n i trogen concent rat i on s . These  ammon i a - n i trogen removal  e ffi ­

c i enc i e s ranged from 93 . 3  to 98 percent w i th  an average  percent remova l  

of  95 . 2 .  These  val ue s are fa i r l y  typ i ca l  for an  act i vated s l udge sys t em . 

However , the  effl uent ammon i a - n i trogen concentrat i on s  i n  bas i n s 3 and 4 

are approach i ng or have reached the  m i n i mum ammon i a - n i trogen concent r a -

. t i on where removal  c a n  s t i l l  b e  accomp l i s hed effect i vel y .  T h e  l ow per ­

cent removal  effi c i enc i e s exper i enced i n  the  l atter bas i ns 3 and 4 tended 

to l ower the  overal l average . 

The BOD removal effi c i enc i es ranged from 39 . 4  to 67 . 4  percent  w i th  

an overal l average of  57 . 9  percen t .  These  val ues  are  s ubstant i a l. l y  l ower 

t h an expected for normal act i vated s l udge systems . However , such l ow t h e  

i n fl uent BOD concentrat i on s , h i gher  removal eff i c i en c i e s  wou l d b e  d i f ­

f i c u l t to ach i eve . 
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Food - to - M i croorgan i sm Rat i o s  

Food � to -m i croorgan i sm rat i os ( F/M ) are used as  both des i gn a n d  con ­

trol  p arameters for act i vated s l udge proces ses . The F/M rat i o  was de ­

f i ned i n  Equat i on 2 1  . . F i gure 2 1  i s  a graph of  the average F/M rat i o s  for 

e ach  of the 5 run s . Sol ubl e BOD was  u s ed a s  an est i mator of  the food 

port i on of the equat i on and the m i xed l i quor vol at i l e  s u s pended s o l i ds 

(MLVSS ) concentrat i on was ut i l i zed a s  an est i mator for the m i c roorg an i sm 

concentrat i on .  

The F/M rat i o s i n  F i gure 2 1 , ca l c u l ated from i n fl uent sol ub l e BOD 

concentrat i on s , ranged from 0 . 0 1 4  to 0 . 069 wi th  an overal l average of  

0 . 03 9 . Typ i cal va l ues  for an extended aerat i on proces s  range from 0 . 05 

to  0 . 1 5 . ( 4 )  A compar i son of  the act ua l  exper i mental  val ues  to the  

typ i cal  val ues reveal  that the  exper i mental  val ues  are s ubstant i a l l y  

l ower .  The l ow val ues  can be attri buted t o  both of the  var i abl es  i n  the  

equat i on ;  l ow i n fl uent substrate concentrat i on s  and  h i gh sus pended sol i d s 

concentrat i on s  under aerat i on .  The  graph al so  i nd i cates 

trend i n  the rat i os as  the fl ow proceeds t h rough the bas i ns .  

a decl i n i ng 

Th i s  de -

c l i ne was very l i ke l y  due to the  decrease  i n  the  substrate concentrat i on s  

from bas i n  1 t o  bas i n  4 .  I t  shou l d be noted that the  rat i os were 

ca l cu l ated u s i ng MLVSS concentrat i on s . I f  MLSS concentrat i on s  h ad been 

u s ed , even l ower rat i os wou l d h ave res u l ted . 
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F i gure 22  i s  a graph i ca l  representat i on of  F/M rat i os based on 

ammon i a - n i trogen as  an est i mator o f  food . These rat i os ,  cal cu l ated u s i ng 

the  i n fl uent sol ubl e ammo n i a - n i trogen concentrat i on s , are l arger  t h an the  

rat i os obt a i ned us i ng sol ubl e BOD concentrat i on s  ( espec i al l y  i n  bas i n s 1 

and 2 ) . Th i s  i s  attri buted to  t h e  l arger subs trate concent rat i on s  that  

the  ammon i a - n i trogen concentrat i on s  i ntroduce i nto . the  system . Because  

mo st  o f  the  removabl e BOD h a s  al ready been removed i n  upstre am waste  

treatment proces ses , i t  seems appropr i ate to de fi ne  the  s u bstrate port i on 

of  the  F/M rat i o  as  ammon i a - n i trogen s i nce i t  i s  the  predomi n ant  con -

. s t i tuent i n  the waste stream , the  l arge s t  quant i ty of substrate removed , 

and the  s ubstrate of  pr i mary i ntere s t  i n  the  n i tr i f i c at i on proces s . 

Hvdrau l i c  Detent i on T i mes  

C al cu l at i on of the  theoret i ca l  hydrau l i c  detent i on t i me ,  Q ,  can be 

accompl i shed u s i ng Equat i on 2 2 . 

Q = S0 - S / MLVSS * qn ( 2 2 )  

The theoret i cal  hydraul i c  deten t i on  t i me i s  dependent upon the  i nfl uent 

ammon i a - n i trogen concentrat i on ,  MLVSS concentrat i on and the  s ubstrate 

max i mum removal  rate . Both  ox i dat i on and n i tr i f i cat i on max i mum rates  o f  

ammon i a - n i trogen removal were compared w i th  t h e  actu al hydraul i c  

deten t i on  t i me .  Ox i dat i on ammon i a - n i trogen removal rates take i nto ac ­

count  temperature , pH , D . O .  and effl uent  ammon i a - n i trogen concentrat i on s ; 

whereas , n i tr i f i cat i on removal rates  accounts  for the  port i on of  the  
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m i croorgan i sms th at are actual l y  n i tr i fy i ng bacter i a . 

F i gure 23  con ta i n s a compar i so n  o f  the  theoret i cal  hydraul i c  deten ­

t i on t i mes ca l cu i ated from ox i dat i on rates and n i tr i fi cat i on rat e s  to 

the  exper i mental  hydraul i c  detent i on t i me .  Theoret i cal hydrau l i c  deten ­

t i on t i me s  cal cu l ated from ox i dat i on rates ranged from 0 . 03 to 0 . 1 3 h ours  

w i th  an average of  0 . 06 hours . These  deten t i on t i me s  refl ect removal  

rates based on opt i mum cond i t i on s  o f  pH , D . O . , and  temperature and the  

a s s umpt i on that the ent i re popu l at i on of  bacter i a i s  n i tr i f i ers . Of 

· course , th i s  a s sumpt i on t h at 1 00 percent of  the act i vated s l udge bacter i a  

are n i tr i f i ers  i s  not val i d  for mos t  comb i ned or separate stage act i vated 

s l udge n i tr i f i cat i on sys tems . Therefore , t h e  fract i on of  bacter i a  t h at 

are n i t r i f i ers ( n i tr i fi cat i on rat e )  mu s t  be approx i mated as  . prev i ou s l y  

descr i bed i n  d i scuss i ng Equat i on 1 4 . Theoret i ca l  hydraul i c  deten t i on 

t i me s , ca l cu l ated from theoret i ca l  n i tr i f i cat i on rates , y i el ded deten t i on  

t i me s  vary i ng from 0 . 1 2  to 0 . 2 5 hours  w i t h  an average of 0 . 2 1 hours . 
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The exper i mental  ( actual ) hydraul i c  detent i on t i me s  ranged from 

0 . 67 to 3 . 2 5 hours w i th an average of  1 . 4 1  hours . Actua l  hydrau l i c  de ­

tent i on t i mes  were cal cu l ated from the  total  vol ume o f  a l l 4 bas i n s con -

s i dered as  a s i ng l e un i t .  C l e arl y ev i dent i n  F i gure 23 i s  that the  ac ­

tua l  hydrau l i c  deten t i on t i me s  are s u bstant i al l y  greater t h an 

theoret i cal l y  requ i red when con s i de r i ng the  parameters of  D . O . , pH , tem­

perature and ammon i a - n i trogen concentrat i on s . Actual  hydrau l i c  detent i on 

t i me s  cou l d be reduced by remov i ng a bas i n  or  ba s i n s  from the t reatment 

scheme . Taki ng the fourth bas i n  out  o f  the  treatment tra i n wou l d be con -

. servat i ve al so when cons i der i ng the  fact that a l l of  the  effl uent  

ammon i a - n i trogen concentrat i on s  from bas i n  2 were bel ow the d i scharge  

permi t concentrat ton for al l 5 s amp l e run s . 

Waste Act i vate S l udge Rates 

Theoret i cal  waste act i vated s l udge rat e s  ( Equat i on 2 3 )  are depen ­

dent upon several parameters i nc l ud i ng f i nal  c l ari f i er effl uent fl ows , 

effl uent vol at i l e  s u spended so l i d s concentrat i ons , waste act i vated s l udge 

concentrat i on s , mi xed - l i quor vol at i l e  s u spended sol i d s concentrat i o n s  and 

· the  m i n i mum mean cel l res i dence t i me ( Equat i on 1 5) .  

Qw = [ ( ( V*X )/Qc
m) - ( Qe*Xe ) ] /Xw ( 23 )  

The m i n i mum mean - cel l res i dence t i me i s  ca l c u l ated from the  theoret i ca l  

max i mum n i tr i f i er growth rate , wh i ch a s s umes the  ammon i a - n i t rogen concen ­

trat i on s  to be non - l i mi t i ng .  F i gure 2 4  exh i b i t s  the theoret i cal  waste  

act i v at ed s l udge rates , actual  waste  act i vated s l udge rates , d i fference 
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between theoret i c al  and actua l  rates  and the  percent d i fference between  

the  2 rates . 

The theoret i c al waste act i vated s l udge rates spanned from 889 t o  

23 1 0  pounds per day wi th  a n  average o f  1 667 . · The  actual  was t i ng rates 

ranged from 724  to 1 406 wi th  an average rate  of  100 1 pounds  per day .  

Th u s , compar i ng average s ,  the  theoret i cal  rate i s  32  percent h i gher  t h an 

the  actual  wast i ng rate . An i ncrease  i n  the  actual  was t i ng rate wou l d 

event ual l y  res ul t i n  a decrease  i n  the  aerat i on system MLVSS concentra -

. t i on wh i ch woul d a l so decrease  the  requ i red wast i ng rate after the  syst em 

ach i eved equ i l i bri um .  
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SUMMARY 

Tabl e 7 i s  a s ummary of  pert i nent  val ues  d i scussed i n  t h i s s tudy . 

Max i mum n i tr i f i er growth rates { F i gure 7 ,  non - l i m i t i ng 

ammon i a - n i trogen concent rat i on s )  for an average MLVSS act i v ated s l udge 

concentrat i on of  2400 mg/1 ( see Append i x  A, for MLVSS dat a )  at 1 1 °C for 

· t h i s  study ranged from 0 . 1 0 to 0 . 22 { 1/day )  wi th  an average of 0 . 1 6 .  

Th i s  average va l ue i s  approx i mate l y  55 to 60  percent l es s  t h an reported 

recommended val ues reported i n  the  l i terature . 

Max i mum n i tr i fi er growth rat e s  ( F i g ure 8 ,  effl uent ammon i a - n i trogen 

ut i l i zed ) at 2400 mg/ 1  and 1 1 °C for t h i s study ranged from 0 . 08 to  0 . 1 4  

( 1/day )  wi th  an average of 0 . 1 1  for each  o f  t he runs . Th i s  average  i s  

s ubstant i a l l y l es s  than val ues  for typ i ca l  n i tr i fi cat i on systems reported 

i n  the l i terature at t he temperat ures encountered . 
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Tabl e 7 .  S ummary of  Experi menta l  Data 

Parameter . Experi mental  
Ave . Val ue 

Theoret i cal  · * C i ted L i teratute 
Val ue  % Di ff . Val ue % D i ff . 

Non - L i m i t .  
N i t .  G row . 
Rates ( U  ) 
( F i gure � )  

Sol i ds 
Rent i on t i me 
( Qc ) ( F i gures 
1 1  - 1 6 )  

Substrate 
Ut i l i zat i on 

· Rates ( U )  
( F i gure 1 7 )  

Substrate 
% Removal  
Eff i c i ency 
( F i gure 2 0 )  

F/M Rat i o s 
( F i g ure 2 1 )  

Hydrau l i c  
Detent i on 
T i me ( Q  ) 
( F i gureh 23 ) 

W . A . S .  
Was t i ng 
Rate (Q ) 
( F i g urew2 4 )  

0 .  1 6  ( 1 /  day )  

1 2 . 4  (days ) 

0 . 02 ( 1/d ay ) 

57 . 9  (%) 

0 . 04 

1 . 4 1  ( Hours ) 

1 00 1  
( 1 b/day ) 

8 . 7@ 

1 2 . 1 # 

" 
1 . 08 
0 . 38-

" 
0 . 06 
0 . 2 1-

1 667  

+45  

+45  
+03 

- 98 
- 95 

- 39 

0 

+2250 
+5 7 1  

-40  

< Ca l c u l ated Accoun t i ng for Act ual  Ammon i a - N i trogen 
* Concentrat i on s  

0 . 36 ( 9 )  
0 . 40 ( 1 )  

0 . 3 5 ( 26 ) 
0 . 29 ( 1 )  

N . A .  

0 . 1 0 ( 4 )  

N . A .  

N . A .  

Percent D i fference From Exper i menta l  Va l ue @ C al c u l ated Us i ng N i tr i f i er Growth Rates A s s um i ng Non - L i mi t i ng 
Ammon i a - N i trogen Concentrat i on s  ( Equat i on 1 6 ) . # Ca l cu l ated Us i ng N i tr i fi er �rowth Rates  As s umi ng L i m i t i ng 
Ammon i a - N i trogen Concentrat i on s  ( Eq u at i on 1 5 ) . � Des i gn Res i dence T i me ,  Cal cu l ated U s i ng a Safety Factor = 1 . 8 

_ Ox i dat i on Rate , ( qn ) 
+ N i tr i f i cat i on Rate , ( rN ) 
> Ca l c u l ated based on NH4 � N  as a Food Source . 

Ca l cul ated based on NH4 - N  for Substrate Removal  

- 55 
- 60 

- 2 1  

- 94 
- 9 3  

N . A .  

- 60 

N . A .  

N . A .  
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Actu al so l i ds retent i on t i me s  ( F i gure 1 5 )  vari ed from 1 1 . 4  to  1 6 . 8  

days  w i th . an average of 1 2 . 4 .  Theoret i ca l  m i n i mum sol i ds reten t i on  t i me s  

( F i gure 1 3 ,  non - l i m i t i ng ammon i a - n i trogen concen trat i on s )  ranged from 

4 . 52 to 1 5 . 1 days w i th  an average of 8 . 7 .  Max i mum n i tr i fi er  growth rate 

va l ues ( F i gure 1 2 ,  l i m i t i ng ammon i a - n i t rogen concentrat i on s )  res u l ted i n  

theoret i c al  sol i ds retent i on t i me s  rang i ng from 7 ; 6 to 2 2  d ays w i t h  an 

overal l average of 1 2 . 1  days . Thus , the  average exper i mental  s o l i d s re ­

tent i on t i me wa s approx i matel y 45  percent h i gher than theoret i ca l l y  re ­

q u i red as cal cul tated for the cond i t i on present duri ng s ampl i ng .  Fur -

· thermore , the average exper i menta l  so l i ds retent i on t i me wa s 

approx i mate l y  3 percent h i gher than  theoret i cal l y  requ i red for opt i mum 

cond i t i on s . The - average exper i menta l  s o l i ds retent i on t i me was ap ­

prox i matel y 2 1  percent l es s  than the  des i gn me an cel l res i dence t i me .  

Actual ( exper i mental ) s ubstrate ut i l i zat i on rates ( F i gure 1 7 )  o b ­

t a i ned i n  t h i s study ranged from 0 . 0 1 2  to 0 . 02 7  days wi th an average of  
I 

0 . 0 1 9 .  Theoret i cal  ut i l i zat i on rates , ca l c u l ated from n i tr i f i c at i on and 

ox i d at i on rates , resu l ted i n  substant i al l y l arger average rate s , equal to 

0 . 38 and 1 . 08 days respect i vel y .  Thus , the average actual  ut i l i zat i on 

rate was approx i matel y 97 percent  l e s s  than the  average theoret i ca l  n i ­

tr i f i cat i on and ox i dat i on rates . 

Exper i mental  substrate percent removal  effi c i en c i es , a s  ca l c u l ated 

from BOD concentrat i on s  ( F i gure 1 9 ) , v ar i ed between 39 . 4  to 67 . 4  percent 

w i th  an average of 57 . 9 .  Substrate percent removal  effi c i enc i es ,  ca l c u ­

l ated from ammon i a - n i trogen substrate removal  quant i t i e s ,  res u l ted i n  
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val ues rang i ng from 93 . 3  to 98 . 0  percen t w i th  an average of  95 . 2 .  Thu s ,  

the BOD substrate removal  effi c i ency i s  approx i matel y  39 l es s  t h an 

ammon i a - n i trogen s ubstrate removal  quant i t i es . 

Actual  ( exper i mental ) F/M rat i o s ( F i gure · 2 1 ) ranged from 0 . 0 1 t o  

0 . 07 w i th a n  average of 0 . 04 .  F/M rat i os cal c u l ated ut i l i z i ng 

ammon i a - n i trogen  as a food source resu l ted i n  val ues rang i ng from 0 . 0 1 to  

0 . 1 4 w i th an average of 0 . 04 .  Val ues  reported i n  the l i terature rev i ew 

resu l ted i n  average val ue of 0 . 1 0 for a s i mi l i ar n i tr i f i c at i on sys t em . 

· Thus , the exper i mental  F/M average rat i o was approx i matel y 60  percent 

l e s s  t h an the  reported val ue . 

Act ual ( exper i men tal ) hydraul i c  detent i on t i me s  var i ed between 0 . 6 7 

and 3 . 24 hours w i th  an average  of 1 . 4 1 . Theoret i ca l  average hydraul i c  

detent i on t i mes  cal cu l ated from ox i dat i on and n i tr i f i cat i on rates re ­

s u l ted i n  average t i mes  of 0 . 06 and 0 . 2 1 hours  respect i vel y ,  res u l t i ng i n  

detent i on t i mes  of  2 2 50 and 5 7 1  percen t  h i gher than theoret i ca l l y  re ­

qu i red a s  cal cu l ated from the average theoret i ca l  ox i dat i on and n i tr i f i ­

c at i on rates . 
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Actual  waste act i vated s l udge was t i ng rates vari ed between 724  a nd 

1 406 w i th  an average of 1 00 1  pounds of  dry we i ght  sol i d s wasted per d ay .  

Theoret i cal wast i ng rates as  ca l cu l ated from Equat i on 2 4  ranged from 889 

to  23 1 0  w i th  an average of 1 667  pound s of  dry we i ght  so l i d s wasted per 

day ,  40  percent bel ow theoret i ca l  average wast i ng rate s . 
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CONCLUSIONS 

The fo l l owi ng concl us i on s  h ave been made from the i nvest i g at i on s  

conducted at the  n i tr i f i cat i on fac i l i ty at the  BWWTP . 

1 .  Based on  the  l ow BOD - to - ammon i a - n i trogen rat i os o bt a i ned , the  

treatment process  seems to be  operat i ng a s  a separate - stage  n i t r i f i c at i on 

act i vated s l udge system . 

2 .  The exper i mental  average s u bs trate ut i l i zat i on rate obt a i n ed was  

approxi matel y 95 percent l owe r t h an that  found i n  the  l i terature rev i ew 

and as theoret i cal l y  cal cul ated . 

3 .  Substrate percent removal  e ff i c i ency , as  ca l cul ated from BOD 

removal  quant i t i es ,  was approx i mate l y  39 percent l es s  than the s ubs trate 

removal  effi c i ency a s  cal cul ated from ammon i a - n i trogen removal  quant i ­

t i e s . 

4 .  Average n i tr i f i er  growth rate , determ i ned i n  th i s  experi men t  as s um ­

i ng n on - l i m i t i ng ammon i a - n i trogen  cond i t i on s , w a s  approx i mate l y 5 5  per­

cent l e s s  than those found i n  the  l i terature . 
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5 .  Average actual  ( exper i menta l ) so l i d s retent i on t i me was ap ­

prox i mate l y  45  percent greater t h an theoret i cal l y  requ i red for the  con ­

centrat i on s  of proces s  parameters that  were present at  the  t i me o f  s am­

pl i ng for t h i s study . 

6 .  Average actual ( exper i men tal ) hydraul i c  t i me · was approx i matel y 570  

percent  greater than requ i red as  determ i n ed by the  theoret i cal n i tr i f i c a ­

t i on rate . 

· 7 .  Average actual ( experi men t al ) was te - act i vated s l udge was t i ng rate 

was approx i matel y 40 percent l es s  t h an t heoret i cal l y  requ i red . 

8 .  Proces s  control  and mon i tor i ng  can be accompl i s hed by ut i l i z i ng a 

F/M rat i o  based on ammon i a - n i trogen i n  l i eu of  BOO concentrat i on s . The 

rat i o  o f  food - to - m i croorgan i sm of  0 . 8 ,  wh i ch i s  the average o f  the rat i o s 

i n  bas i n s 1 and 2 ,  shou l d be u s ed for establ i sh i ng opt i m i mum 

ammon i a - n i trogen removal  cond i t i on s . 
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RECOMMENDATIONS FOR FUTURE STUDIES 

The fol l owi ng recommendat i on s  are made f6r future stud i es i n vo l v i ng 

s i m i l ar re search obj ect i ves . 

1 .  An attempt s hou l d be made to  establ i s h the m i n i mum i n fl uent  

ammon i a - n i trogen concentrat i on at temperatures l e s s  than I S°C where 

· ammon i a - n i trogen l i m i ts n i tr i f i er growt h rates and n i tr i f i cat i on rat e s  i n  

the  treatment  system . 

2 .  The phenomenon i n  wh i ch h i gh so l i d s retent i on t i me s  have been ob­

served to prevent l ow temperatures from e ffect i ng n i t r i f i er growth rat e s  

shou l d b e  stud i ed to determi n e  the  reten t i on t i me at wh i ch temperature 

e ffects  are e l i mi n ated . 

3 .  The effect of h i gher carbo n aceou s  BOD l oad i ng s  to the aerat i on sys ­

tem s h ou l d be stud i ed to determ i ne  the  e ffect  exerted on t he n i tr i f i c a ­

t i on treatment proce s s . 

4 .  Bench - scal e reactor stud i es s hou l d be conducted at var i ou s  MLVSS 

and ammon i a - n i trogen ( s ubstrat e )  concentrat i on s  to e stabl i s h prec i se 

y i e l d  coeffi c i ents  for n i tr i fi ers  i n  l ow - t emperat ure env i ronmen t s . 
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5 .  Data shoul d be col l ected to substan t i ate report s that  i n  

s eparate - st age n i tr i f i cat i on sy stems , the  rat i o  of  organ i c  matter t o  n i -

trogen i s  the maj or factor i n  determ i n i ng i f  b i o l og i cal  n i tr i fi c at i on i s  

effect i ve l y  po s s i bl e .  

6 .  The feas i b i l i ty of  us i ng bas i n  4 ( and perh aps bas i n  3 )  for 

den i tr i fi cat i on shoul d be stud i ed .  

9 1  
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Tab l e  A1 . Data From Run 1 

12/27/83 1 :00 p . m. 

COD (MG/L) 
RBC Left Eff l uent 50. 2 
RBC R i ght Effl uent 39 . 6  
Aerat i on B as i n  I n f l uent 26 . 5  

· Aerat i on B as i n 1 Eff l uent 25 . 3 
Aerat i on B as i n  2 Eff l uent 28 . 8  
Aerat i on Bas i n  3 Eff l uent  21 . 2  
Aerat i on B as i n  Eff l uent 21 . 6  
F i na l  C l ar i f i er Eff l uent 23 . 7  

P l ant I nf l uent pH = 7 . 55  
P l ant  I nf l uent Temperature = 11 . 70 C 
P l ant I n f l l uent F l ow = 2 . 28 MGD 
Waste Act i vated S l udge F l ow = 32 GPM 
Return Act i vated S l udge F l ow = 1 . 65 MGD 
Return Act i vated S l udge V . S . S .  = 7940. 0  MG/L 
L . - R . B . C .  F l ow = 1 . 65 MGD 
R . - R . B . C . F l ow = 1 . 08 MGD 
Aerat i on Room Temperature = 20 C 
Out s i de A i r  Temperature = 130 F 
P l ant Eff l uent pH = 7 . 28 

BOD AMMON IA (MG/L) (MG/L) 
16 . 9  16 . 0  
17 . 7  17 . 3  

5 . 7  9 . 2 
3 . 8  6 . 4  
3 . 9  2 . 7  
2 . 4 0 . 7 
2 . 5 0 . 6  
1 . 9  0 . 1 
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ss vss DO (MG/L) (MG/L) (MG/L) 
6 7 . 0  5 6 .0 5 . 1  
98 . 0  74 . 0  4 . 8  

3880 . 0  3070 . 0  3 . 6 
4820 . 0 3400. 0 0 . 9 
3740 . 0  2870 . 0  0 . 6  
2550. 0 1980 . 0 4 . 3  
3560 . 0  2700 . 0  3 . 9 

15 . 0  9 . 0  5 . 2 



� .. q 

·C. 

Tab l e  A2 . Data From Run 2 

12/29/83 1 :00 p . m.  

COD 
(MG/L} 

RBC Left Eff l uent 
RBC R i ght Effl uent  
Aerat i on B as i n  I nf l uent 
Aerat i on B as i n  1 Eff l uent 
Aerat i on B as i n  2 · Eff l uent 
Aerat i on B as i n  3 Effl uent 
Aerat i on B as i n  Effl uent 
F i n a l  C l ar i f ier  Effl uent 

P l ant I nf l uent pH = 7 . 55 
P l ant I nf l uent Temperature = 1 1 . 2° C 
P l ant I nf l uent F l ow = 1 . 95 MGD 

33 . 5  
34. 3 
2 7 . 3 
2 1 . 2  
24 .8  
24 . 5 
24 . 4  
20 . 0  

Was te Act i vated S l udge F l ow - 31  GPM 
Return Act i vated S l udge F l ow = 7 . 97 MGD 
Return Act i vated S l udge V . S . S . = 10220. 0 MG/L 
L . - R . B . C . F l ow = 1 . 45 MGD 
R . - R . B . C . F l ow = 0 . 90 MGD 
Aerat i on Room Temperature = 40 C 
Outs i de A i r  Temperature = 5° F 
P l ant  Eff l uent pH = 7 . 27  

BOD AMMON IA 
(MG/L} (MG/L} 

7 . 3  7 . 4  
5 . 1 7 . 4  
3 . 3  4 . 5  
3 . 4  1 . 3  
3 . 1  0 . 3 
3 . 3  0 . 3 
3 . 1  0 . 3 
2 . 0 0 . 1 
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ss vss DO 
(MG/L} (MG/L} (MG/L} 

39 . 0  3 0 . 0  6 . 1 
38 . 0  29 . 0  5 . 6  

1640 . 0  1 240 . 0  2 . 6 
2510 . 0 1880. 0 0 . 7 
3350 . 0  251 0 . 0  6 . 3 
4260. 0 3 100. 0 7 . 5  
3220 . 0  2380 . 0  6 . 7  

10 . 0  10 . 0  6 . 8  
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Tab l e  A3 . Data From Run 3 

1 /3/84 1 :00 p . m.  

COD 
(MG/l) 

RBC left Eff l uent 34 . 3  
RBC R i ght Effl uent 31 . 9  
Aerat i on B as i n  I nf l uent 26 . 1  
Aerat i on Bas i n  1 Eff l uent 2 2 . 2  
Aerat i on B as i n  2 Eff l uent  2 1 . 4  
Aerat i on Bas i n  3 Eff l uent 24 . 2  
Aerat i on B as i n  Eff l uent 22 . 0  
F i na l  C l ar i f ier  Eff l uent 19 . 8  

P l ant I nf l uent pH = 7 . 56  
P l ant  I nf l uent Temperature = 1 1 . 10 C 
P l ant I nf l uent F l ow = 1 . 62 MGD 
Waste Act i vated S l udge F l ow = 26 GPM 
Return Act i vated S l udge F l ow = 1 . 70 MGD 
Return Act i vated S l udge V . S . S .  = 6940 . 0 MG/L 
L . - R . B . C . F l ow = 1 . 20 MGD 
R . - R . B . C . F l ow = 0 . 6 7  MGD 
Aerat i on Room Temperature = 4° C 
Out s i de A i r  Temperature ; 12° F 
P l ant Eff l uent pH = 7 . 1 1  

BOD AMMON IA  
(MG/l) (MG/L) 

6 . 3 6 . 6  
5 . 5  7 . 2 
2 . 8 3 . 7  
2 . 2  1 . 4 
1 . 6 0 . 2  
1 . 8 0 . 2 
1 . 7 0 . 2 
1 . 4 0 . 1 
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ss vss DO 
(MG/L) (MG/l) (MG/l) 

64 . 0  4 8 . 0  5 . 1 
5 3 . 0  4o . o· 4 . 9  

1030 . 0  790 . 0  6 . 5 
1 600 . 0 1 240 . 0  2 . 7  
2340 . 0  1 74 0 . 0  3 . 0 
281 0 . 0  2190 . 0  7 . 8  
2670 . 0  204 0 . 0  7 . 3 

2 1 . 0  1 7 . 0  6 . 9 
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Tab l e  A4 . Data From Run 4 

1 /1 1 /84 1 : 00 p . m .  

COD 
(MG/L) 

RBC Left Eff l uent 4 5 . 4  
RBC R i ght Eff l uent 45 . 4  
Aerat i on B as i n  I n f l uent 2 6 . 3  
Aerat i on B as i n  1 Eff l uent 2 3 . 9  
Aerat i on B as i n  2 Eff l uent 20 . 9  
Aerat i on Bas i n  3 Effl uent 2 2 . 1  
Aerat i on B as i n  Effl uent 2 1 . 5  
F i na l  C l ar i f i er  Eff l uent 2 2 . 7 

P l ant I nf l uent pH = 7 . 53  
P l ant  I nf l �ent  Temperature = 1 2 . 3° C 
P l ant I nf l uent  F l ow = 2 . 44 MGD 
Return Act i vated S l udge F l ow = 1 . 6 7  MGD 
Return Act i vated S l udge V . S . S .  = 274 5 . 0  MG/L 
L . - R . B . C .  F l ow = 1 . 60 MGD 
R . - R . B . C .  F l ow = 1 . 16 MGD 
Aerat i on Room Temperature = 40 C 
Out s i de A i r  Temperature = 1 2° F 
P l ant  Eff l uent pH = 7 .41 

BOD AMMON IA 
(MG/L) (MG/L) 

1 2 . 3  1 7 . 8  
1 3 . 0  17 . 2  

5 . 3  1 0 . 0  
2 . 8 7 . 1 
3 . 0 5 . 9  
3 . 0  2 . 2  
2 . 6 0 . 2 
1 . 8 0 . 1 

101 

ss vss DO 
(MG/L) (MG/L) (MG/L) 

87 . 0  63 . 0  4 . 30 
79 . 0  5 9 . 0  4 . 1 

5 290 . 0  382 0 . 0  4 . 6  
3410 . 0  2500 . 0  0 . 6 
3 170 . 0  2 31 0 . 0  0 . 2 
2 370 . 0  1680 . 0  0 . 7 
3270 . 0  232 0 . 0  1 . 9  

10 . 0  7 . 8  2 . 9 
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Tab l e  AS . Data From Run 5 

1 /18/84 1 : 00 p . m.  

RBC Left Eff l uent 
RBC R i ght Eff l uent 
Aerati on B as i n  I nf l uent 
Aerat i on B as i n  1 Effl uent 

· Aerat i on B as i n  2 Eff l uent 
Aerat i on Bas i n  3 Eff l uent 
Aerat i on B as i n  Eff l uent 
F i na l  C l ar i f i er Effl uent 

P l ant I nf l uent pH = 7 . 82 
P l ant  I nf l uent Temperature = 1 10 C 
P l ant I nf l uent F l ow = 3 . 00 MGD 

COD 
(MG/L) 

42 . 0  
40. 4 
2 7 . 9  
27 . 2  
2 5 . 2 
26 . 4  
24 . 0  
26 . 0  

Waste Act i vated S l udge F l ow = 29 . 0  GPM 
Return Act i v ated S l udge F l ow = 1 . 80 MGD 
Return Act i vated S l udge V . S . S .  = 7390 . 0  MG/L 
L . - R . B . C . F l ow = 1 . 75 MGD 
R . - R . B . C . F l ow = 1 . 20 MGD 
Aerat i on Room Temperature = 1° C 
Out s i de A i r  Temperature � -10° F 
P l ant  Eff l uent pH = 7 . 18 

BOD AMMON IA  
(MG/L} (MG/L) 

8 . 8  1 5 . 8  
7 . 5  15 . 8  
4 . 6 8 . 4  
4 . 2  6 . 0  
3 . 8 4 . 7  
4 . 5  1 . 4 
4 . 1  0 . 3  
1 . 5 0 . 1 
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ss vss DO 
(MG/L) (MG/L) (MG/L) 

60 . 0  44 . 0  5 . 7  
56 . 6  43 . 4  5 . 3 

4 170 . 0  2940 . 0  4 . 9  
3400 . 0 2530 . 0  2 . 9  
2790 . 0  2 170 . 0  0 . 3 
3010 . 0 2220 . 0  0 . 6 
3740 . 0  2790 . 0  0 . 2 

1 3 . 0  1 1 . 0  2 . 3  



Tab l e  A6. BOD To COD Rat ios  

RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 AVERAGE 
BOD TO COD BOD TO COD BOD TO COD BOD TO COD BOD TO COD BOD TO COD 

RBC Left Eff l uent 0 . 337  0 . 2 18 0 . 184 0 . 271  0 . 210  0 . 244 
RBC R i ght Eff l uent 0 . 447 0 . 149 0 . 172  0 . 286 0 . 186 0 . 248 
Aerat i on B as i n  I n f l uent 0 . 2 15  0 . 1 2 1  0 . 107 0 . 202 0 . 165 0 . 162 
Aerat i on Bas i n  1 Effl uent 0 . 150 0 . 160 0 . 099 0 . 1 17 0 . 154 0 . 1 36 
Aerat i on B as i n  2 Eff l uent 0 . 135  0 . 1 25  0 . 07 5  0 . 144 0 . 1 5 1  0 . 1 26  
Aerat i on Bas i n  3 Eff l uent 0 . 1 1 3  0 . 1 35 0 . 074 0 . 1 36 0 . 170  0 . 1 26 
Aerat i on B as i n  Eff l uent 0 . 1 16 0 . 1 2 7  0 . 077 0 . 1 2 1  0 . 1 71 0 . 1 2 2  
F i na l  C l ar i f i er Effl uent 0 . 080 0 . 100 0. 071 0 . 079  0 . 058 0 . 0 78 
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Tab l e  A7 . Pounds of So l ub l e  BOD Per 1000 Cub i c  Feet of Tank Vo l ume Per D� 
Based On Effl uent F l ows of R . B . c . • s  On ly ( No RAS F l ow I nc l uded ) 

RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 

Aerat i on Bas i n  No . 1 6 . 42 3 . 90 2 . 32 5 . 5 3  6 . 43 
Aerat i on Bas i n  No . 2 4 . 5 7 3 . 32 1 . 54 3 . 48 5 . 1 2 
Aerat i on B as i n  No . 3 2 . 98 2 . 61 1 . 10 2 . 88 4 . 2 5 
Aerat i on Bas i n  No . 4 1 . 94 2 . 18 0 . 95 2 . 24 3 . 6 7  

\ 
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Tab l e  AS . Pounds of Vo l ati l e  Suspended So l i ds 

RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 

Aerat i on Bas i n  No . 1 3 399 . 47 1639 . 31 1066 . 60 3320 . 65 2874 .05  
Aerat i on Bas i n  No . ,2 3754 . 5 5  2628 . 78 1784 . 46 2880. 29 281 4 . 42 
Aerat i on B as i n  No . 3 3630 . 30 4 199 . 16 294 1 . 66 2986 . 57 3 285 .98  
Aerat i on Bas i n  No . 4 4203 . 66 4922 . 2 3 3799. 46 3592 . 87 4500. 0 7  
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Tab l e  A9 . S l udge Age In  Days Based On MLSS 

Ca lcu l ated Wi th R . B . C  Effl uent F l ows and R . A . S F l ow 

Equati on = Pounds of S . S .  i n  Bas i n  I Pounds of S . S .  Into B as i n  

RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 
--

Aerat i on B as i n  No . 1 1 . 52  1 . 70 0 . 79 1 . 49 1 . 72 
Aerat i on Bas i n No . 2 1 .  7 0  2 . 73 1 . 36 1 . 29 1 . 61  
Aerat i on Bas i n  No . 3 1 . 56 4 . 44 2 . 2 1 1 . 35 1 . 88 

. Aerat i on B as i n  No . 4 1 . 82 5 . 2 3 2 . 83 1 . 65  2 . 63 
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EXPER I M ENTAL CALCULAT I ONS 
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Experi mental  Ca l cu l at i on s  

A .  N i t r i f i er Growth Rates , Non - L i mi t i ng Ammon i a - N i trogen 
Cond i t i on s : 

* u n = 0 . 47* [ e**0 . 098 ( T - 1 5 ) ] * [ DO/D0+ 1 . 3 ] * [ 1 - 0 . 833 { 7 . 2 - pH ) ] ( 1 1 )  
* where : u n = n i tr i f i er  ( N i tro s omonas ) growth rate , 1/day w i t h  

no NH4 - N  l i m i t at i o n s . 

* 
u n = 0 . 47* [ e**0 . 098 ( 1 1 . 7 - 1 5 ) ] * [ 0 . 9/0 . 9+ 1 . 3 ] * [ 1 ] ]  
' * u n = 0 . 1 3 1/day 

B .  N i t r i fi er  Growth Rates , L i m i t i ng Ammo n i a - N i trogen Cond i t i on s : 

u = 0 . 47* [ e**0 . 098 ( T - 1 5 ) ] * [ DO/D0+ 1 . 3 ] * [ 1 - 0 . 833 { 7 . 2 - pH ) * n [ N/K +N ] + 
. 

{ 1 2 )  
where : N n= effl uent NH4 - N  con centrat i on ,  mg/1 and 

+ Kn = h al f- s aturat i on con stant , mg/1 NH4 - N ,  mg/1 , 

= 1 0**0 . 05 1 T - 1 . 1 58 { 1 )  

un = overal l n i tr i f i er growt h rate , wi th  con s i derat i on 
for n i trogen concent rat i on s  ( 1/d ay ) . 

' 

un = 0 . 47* [ e**0 . 098 { 1 1 . 7 - 1 5 ) ] * [ 0 . 9/0 . 9+ 1 . 3 ] * [ 1 ] *  
[ 6 . 4/ ( ( 1 0** ( { 0 . 0 5 1 * 1 1 . 7 ) - 1 . 1 58 ) +6 . 4 ) ) ] 

= 0 . 1 3 1/day 

{ 1 2 )  
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C .  Ammo n i a Ox i d at i on Rate : 

qn = un I y
n 

where : q = ammon i a  ox i dat i on rate , l b  of HN4
+

- N  ox i d i zed per n l b  of VSS under aerat i on per �ay , · 

Yn = organ i sm y i el d c�e ff i c i ent , l b  N i trosomon as  grown 
( VSS ) l l b of  NH4 - N  removed . 

qn = 0 . 1 3 I 0 . 1 5  

= 0 . 87 l b  o f  NH4 - N  I l b  VSS I day 

D .  N i tr i f i cat i on Rate : 

rN = qn * f 

where : f = n i tr i fi er fract i on o f  the  m i xed l i quor so l i ds , 

rN = n i tr i f i cat i on rate , l b  NH4 - N  oxi d i zed l b  I MLVSS I 
day .  

rN = 0 . 87 * 0 . 35 

= 0 . 30 

E .  M i n i mum Sol i ds Retent i on T i me ,  L i mi t i ng Ammon i a - N i trogen 
Cond i t i on s : 

Q m = 1 I c un 
where : Q m = mi n i mum so l i d s retent i on t i me ,  days , for c n i tr i fi cat i on w i th  correct i on s  for pH , 

temperat ure , ammo n i a - n i trogen and DO . 

Q m = 1 I 0 . 1 3 c 

= 7 . 6  days 

1 0 7  

( 1 3 )  

( 1 4 )  

( 1 5 )  



F .  M i n i mum Sol i ds Reten t i on  T i me :  

Q m 
c 

where : kd = endogenous decay coeffi c i ent , t i me - 1 

qn = average of run 1 

Qc
m = 1 I [ ( 0 . 1 5  * 0 . 87 )  - 0 . 05 ] 

= 1 2 . 4  days 

G .  Des i gn Sol i d s Retent i on T i me :  

Qe
d = S . F .  * Qc

m 

where : Qe
d = sol i d s reten t i on  t i me o f  des i gn ,  days , ]  

S . F .  = safety factor . 

Q d = 1 . 8 * 6 . 44 c 

= 1 1 . 6 days  

1 08 
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H .  Actual  Sol i d s Reten t i on T i me :  

Qc = V * X I [ (Qw * Xw) + ( Qe * Xe ) ]  

where : Qc = MCRT based on the  aerat i on t an k  vol ume , day ,  

V = total  aerat i on tank  vol ume , mg 

X = vol at i l e  s u spended s o l i ds i n  the aerat i on t an k ,  
mgll , 

Qw = waste s l udge fl owrate ,  mgd , 

X = vol at i l e  su spended so l i ds i n  the waste stream w mg/1 , 

Qe = treated e ffl uent fl owrate ,  mgd ,  

Xe = vol at i l e  s u s pended so l i d s i n  the treated e ffl uent 
mg/1 . 

Qc = 0 . 64 * 2737 . 0  I [ ( 0 . 05 * 287 0 )  + ( ( 2 . 73 - 0 . 05 )  * 9 . 0 ) ]  

= 1 0 . 4  days 

I .  Exper i meta l  Substrate Ut i l i zat i on Rates : 

u = s
o - s I Qh * X 

where : Qh = VIQf = hydrau l i c  deten t i on t i me ,  t i me .  

Qf = fl ow rate , mgd . 

U = exper i mental  s u b strate ut i l i zat i on rate , t i me - 1 .  

S0 = i nfl uent so l ub l e ammon i a - n i trogen concentrat i on ,  
mgll . 

S = effl uent sol ub l e ammon i a - n i t rogen concentrat i on ,  
mgll . 

u = 9 . 2  - 0 . 6  I ( ( 0 . 64 I ( 2 . 73 + 1 . 65 - o . o5 ) ) * 2 737 ) 

= 0 . 02 1  1lday 

1 09 
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J .  Experi mental  Removal  Effi c i enc i es ( Ammon i a - N i trogen ) 

E = [ ( S0 - Se ) I S0 ] * 1 00 ] 

= [ ( 9 . 2  - o . 6 ) * 1 00 1  1 ��z 
= 93 . 5  % 

K .  Theoret i ca l  Hydraul i c  Detent i on T i me ,  Ba sed on Theoret i cal  
N i tr i f i cat i on Rates . 

Q = S0 - S I MLVSS * qn 
= [ 9 . 2  - 0 . 6  1 2737  * 0 . 30 ] * 24  

= 0 . 25 hours 

L .  Theoret i cal Waste Act i vated S l udge Wast i ng Rates : 

Qw 
= 

[ ( ( V*X ) IQc
m) - ( Qe*Xe ) ] IXw 

= 

[ ( ( 0 . 64 * 2737  1 6 . 5 ) - ( ( 2 . 68 * 9 . 0 ) ] I 2870 

= 0 . 0855  mgd * 8 . 34 * 2870 

= 23 1 0  l b ' s I day 

1 1 0  
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