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  Tema	
  8a	
  –	
  Remocion	
  Biologica	
  de	
  Nutrientes	
  
Biological	
  Nutrient	
  Removal	
  (BNR)	
  

CI7115	
  –	
  Biotecnología	
  Ambiental	
  
Prof.	
  Ana	
  Lucía	
  Prieto	
  Santa	
  

Reasons for ammonia-N control: 
1.  Oxygen demand (4.57 g O2/g N for NH4

+-N).  Medium-strength sewage has 40 
mg TKN/L, giving an NOD of (40)(4.57) =183 mg O2 demand/L.  Wow! 

2.  Toxicity to fish and other aquatic life.  The toxic species is free ammonia.  
Since pKa for ammonium/ammonia is 9.1, the problem is greatest at high pH.  
State standards depend on temperature and pH. 

3.  Nutrient for algal growth, eutrophication (N>0.3 mg/L can cause a bloom).  

4.  Ammonia increases chlorine demand for disinfection due to the formation of 
chloramines.  (Note: chloramines are disinfectants, so this could be a reason 
to add(!) ammonium to the effluent). 

El N se debe ir 
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Reasons for nitrite-N control: 
1.  Oxygen demand (1.14 g O2/g N for NO2

--N ).   

2.  Methemoglobinemia (“Blue Baby” syndrome). U.S. drinking water 
standard is 1 mg NO2

--N/L.  

3.  Nutrient for algal growth, eutrophication. 

4.  Disinfection chlorine demand. 

 

Reasons for nitrate-N control: 
1.  Methemoglobinemia (“Blue Baby” syndrome). U.S. drinking water 

standard is 10 mg NO3
--N/L.   European standard is 50 mg NO3

--N /L. 

2.  Nutrient for algal growth, eutrophication. 

Control de N 

 
 
 
 
 
Forms of nitrogen 

 
 
 
Abreviation 

 
 
 
Definition 

Conc in medium 
strength municpal 

wastewater  
(mg N/L) 

Ammonia  NH3 NH3 0 
Ammonium ion NH4

+ NH4
+ 25 

Total ammonium 
nitrogen 

 
TAN 

 
NH4

++ NH3 
 

25 
Nitrite NO2

- NO2
- 0 

Nitrate NO3
- NO3

- 0 
Total inorganic 
nitrogen 

TIN NH4
++ NH3+ NO2

- + NO3
- 25 

Total Kjeldahl 
Nitrogen 

TKN Organic N (“bound N”) + 
NH4

++ NH3 (“free N”) 
40 

Organic Nitrogen Organic N TKN – (NH4
++ NH3) 15 

Total Nitrogen TN Organic N + Inorganic N 40 
 

Total	
  Kjeldahl	
  Nitrogen	
  (TKN)	
  =	
  
organic	
  N	
  +	
  NH3-­‐N	
  

Forms	
  of	
  nitrogen	
  in	
  wastewater:	
  

Organic	
  N	
  includes	
  amino	
  acids,	
  chiUn,	
  
proteins,	
  nucleoUde	
  bases,	
  etc.	
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Estándares típicos de N 

 mg N/L 
USA  
 
Ammonia – 
depends on pH, 
fish species, 
temperature 

See: 
http://www.epa.gov/waters
cience/standards/ammonia/

factsheet.html 
http://www.epa.gov/waters
cience/standards/ammonia/ 

Nitrate, 
drinking water 

10 

SINGAPORE   
Ammonia  No standard? 
Nitrate  
- watercourse No standard? 
- controlled 
watercourse 

4.5 

 

Not	
  enough	
  nutrients	
  are	
  removed	
  by	
  cell	
  synthesis	
  in	
  a	
  convenUonal	
  treatment	
  
plant	
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Cómo controlar el N? 

Nitrificación 

NO2
-  

A Two-Step Aerobic Process 

Nitrosomonas 
NH4

+ 

O2 

NO3
- NO2

- 

O2 

Nitrobacter 
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NH4
+-­‐N	
  

O2	
  

XN1	
  

(Xi)N1	
  

BODL	
  

O2	
  

XH	
  

(Xi)H	
  

NO2
-­‐-­‐N	
  

O2	
  

XN2	
  

(Xi)N2	
  

Nitrosomonas	
  

Nitrobacter	
   Heterotrophs	
  

assimilaUon	
  

qN1	
  
YN1qN1	
  

bN1	
  

qN2	
  

YN2qN2	
  

bN2	
   bH	
  

YHqH	
  

qH	
  

Design Example 2: Single Tank 
Nitrification and BODL removal 

 
1. Determine waste characteristics and 

effluent requirements: 
 
Q° = 1000 m3/d 
N° = 50 mg/L NH4

+-N 
Xd° = 40 mg/L 
Xi° = 45 mg/L 
S° = 10 mg/L 
γ  = 1.2 mg COD/mg vss 
Sp° = 48 mg/L 
Ne

max = 2.5 mg/L NH4
+-N 

Xv
e = 20 mg/L 
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2.  Select coefficients and design factors. 
Aerobic heterotrophs 
Y H = 0.45 g vss/g BODL 

  

€ 

q
∧

H  = 20 g vss/g BODL –d 
b = 0.1 d-1 
K H = 100 mg/L BODL 
khyd = 0.1 d-1 
 
Nitrosomonas 
YN1 = 0.33 g vss/g NH4

+-N 
b N1 = 0.11 d-1 

  

€ 

q
∧

N1 = 2.3 g NH4
+-N /g vss-d 

KN1 = 1.0 mg/L NH4
+-N 

Nitrobacter 
YN2 = 0.083 g vss/g NO2

--N 
b N2 = 0.11 d-1 

  

€ 

q
∧

N2 = 9.8 g NO2
--N /g vss-d 

K N2 = 1.0 mg/L NO2
--N 

fd = 0.8 
SF = 10 
Design value for Xv = 2500 mg/L 

3.  Calculate 
  

€ 

θx
min[ ]lim

for each organism type 
For heterotrophs: 

  

€ 

θx
min[ ]lim

= [(0.45)(20)-0.1]-1 = 0.1 d 
For Nitrosomonas: 

  

€ 

θx
min[ ]lim

= [(0.33)(2.3)-0.11] -1  = 1.5 d 

For Nitrobacter: 
  

€ 

θx
min[ ]lim

= [(0.083)(9.8)-0.11] -1  = 1.4 d 
 
 

4. Select   

€ 

θx
d = S.F.• θx

min[ ]lim
= (10)(1.5) = 15 days 
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5. Solve 

 

  

€ 

S = Se =
KH 1+ bHθx

d( )
θx

d YH qH

∧

−bH

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ −1

  = [ ]
/LBOD mg 9.1

10.1(0.45)(20)15
 (0.1)(15)]+[1 100

L=
−−

  

 

  

€ 

N1
e =

KN1 1+ bN1θx
d( )

θx
d YN1 qN1

∧

−bN1

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ −1

 = 
[ ]

OK so mg/L, 2.5<< N-NH mg/L 3.0
10.1)(0.33)(2.315

 ](0.11)(15)+[1 1 +
4=

−−
   

  

€ 

N2
e =

KN2 1+ bN2θx
d( )

θx
d YN2 qN2

∧

−bN2

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ −1

 = 
[ ]

remaining NNO˚mg/L 4.0
10.118)(0.083)(9.15

 ](0.11)(15)+[1 1.3 -
2 −=

−−
 

6.  Determine volume requirement using the expression:  
 

  

€ 

Xv =
θx

θ
Xi

o +
Xd

o

1+ khydθx

+
YH 1+ 0.2bHθx( )Seff

o −S( )
1+ 0.2bHθx

+
YN1 1+ 0.2bN1θx( )N1

o' −N1( )
1+ 0.2bN1θx

+
YN2 1+ 0.2bN2θx( )N2

o' −N2( )
1+ 0.2bN2θx

⎡ 

⎣ 

⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
 

Problem:  N is both assimilated and oxidized.  How can we 
account for assimilation of N?  
 
Strategy:  Determine cell production rates, then calculate the 
N removed inside these cells.  To get the cell production rate 
for the heterotrophs, we need S°eff: 
 
So

eff = S° + khydθxSp°/(1+khydθx)  
     = 20 + (0.1)(15)(48)/(1+(0.1)(15)) = 48 mg/L 
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( )( )

( ) ( )( )[ ]
( )( ) ⎥

⎦

⎤
⎢
⎣

⎡
⎥
⎦

⎤
⎢
⎣

⎡

+

+−
⎥
⎦

⎤
⎢
⎣

⎡
=

⎥
⎦

⎤
⎢
⎣

⎡

+

+−
=

−

−

g 1000
kg

d 15d 0.11
d 15d 0.10.21/mBOD g 1.948BOD  vss/gg 0.45

d
m 1000

b1
0.2b1SSYQrate productionh Heterotrop

1

13
LL

3

xH

xH
o
effHo

θ
θ

 

 

( ) ( ) d/ vsskg 8.10 
g 1000

kg
m

g 5.23.8
d

m 1000  XXQ= 3

3

iH =⎥
⎦

⎤
⎢
⎣

⎡
⎥⎦

⎤
⎢⎣

⎡ +
⎥
⎦

⎤
⎢
⎣

⎡
=+°  

 
 
N uptake in heterotrophs = (14 g N/113 g VSS)(10.8 kg vss/d) = 1.3 kg N/d 
 
mg N/L assimilated = [mass flow rate (kg/d) ÷ flow rate (m3/d)]g/L x (103 mg/g) 

         = (1.3 ÷1000)(103) = 1.3 mg N/L 

Conc of N remaining after heterotrophs get their share = 50 –1.3 = 
48.7 mg/L 
 
This is the concentration of N left over for Nitrosomonas (=N1°’). 
 

( )( )

( ) ( )( )[ ]
( )( ) ⎥

⎦

⎤
⎢
⎣

⎡
⎥
⎦

⎤
⎢
⎣

⎡

+

+−
⎥
⎦

⎤
⎢
⎣

⎡
=

⎥
⎦

⎤
⎢
⎣

⎡

+

+−
=

−

−

g 1000
kg

d 15d 0.111
d 15d 0.110.21N/m g 3.07.48 N  vss/gg 0.333

d
m 1000

b1
0.2b1NNYQrate productionNitrifier 

1

133

xN1

xN1
o’
effN1o

θ
θ

 

 

( )( ) ( ) d/vss kg 8 
g 1000

kg
m

vss g 0.20.6
d

m 1000  XXQ= 3

3

N1iN1 =⎥
⎦

⎤
⎢
⎣

⎡
⎥⎦

⎤
⎢⎣

⎡ +
⎥
⎦

⎤
⎢
⎣

⎡
=+°   
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N uptake rate in Nitrosomonas = (14 g N/113 g VSS)(8 kg vss/d) = 1.0 kg/d 
 
mg N/L assimilated = [mass flow rate (kg/d) ÷ flow rate (m3/d)]g/L x (103 mg/g) 
         = (1.0 ÷1000)(103) = 1.0 mg N/L 
 
Conc N available to Nitrobacter = 50 – 1.3 –1.0 – 0.3 = 47.4 mg N/L = N2°’  
 
 (0.3 mg N/L is NH4

+-N left undegraded in the effluent, so it is not available to 
Nitrobacter) 

Finally, we can compute θ: 
 

( )( ) ( )( ) ( )( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

+

−+
+

+

−+
+

+

−+
+

+
+=

xN2

2
o’
2xN2N2

xN1

1
o’
1xN1N1

xH

o
effxHH

xhyd

o
do

i
v 2b.01

NN2b.01Y
2b.01

NN2b.01Y
2b.01

SS2b.01Y
k1
XX

X θ
θ

θ
θ

θ
θ

θ
θ

θ x  

 
( )( )

⎥
⎦

⎤
⎢
⎣

⎡

+

−+
+++++

+
+=

)2(0.11)(15.01
0.447.4)2(0.11)(15.01083.00.20.65.23.8

)15)(1.0(1
4045

2500
15

θ  

 
= 15/2500(45.0 + 16.0 + 8.3 + 2.5 + 6.0 + 2.0 + 1.5 + 0.5) = 15/2500(81.8) = 0.49 d 
 
Say that θ =  0.5 day. 
 
V=Qθ = (1000 m3/d)(0.5 d) = 500 m3 
 
7.  Determine O2 requirements using a balance on oxygen equivalents 
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COD of cells 

C5H7O2N +5O2 = 5CO2 + NH3 + 2H2O 

O2 eq para las células 

COD 
 WT 

= 5(32) 
 113 

= 1.416 

NOD of cells 

Each mole of C5H7O2N yields 1 mole NH3 upon oxidation so: 

NH3 + 2O2 = HNO3 + H2O NOD 
 WT = 2(32) 

 113 = 0.566 

ThOD of cells 

C5H7O2N +7O2 = 5CO2 + HNO3 + 3H2O ThOD
 WT

= 7(32) 
 113 = 1.98 

NH3 + 2O2 = HNO3 + H2O NOD 
N 

2(32) 
 14 = = 4.57 

HNO2 + 0.5O2 = HNO3 
NOD 

N 
0.5(32) 
 14 = = 1.14 

O2 eq para el ammonio y el nitrito 
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XH,	
  XN1,	
  XN2,	
  Xi,	
  Xd,	
  S	
  

Inputs	
  

1000(10+48)/1000=58	
  kg/d	
  COD	
  
1000(50)(4.57)/1000=229	
  kg/d	
  NOD	
  

Outputs	
  

soluble	
  parUculate	
  
Se	
  XHe	
   Xde	
  

XNe	
   (Xie)syn	
  

XHw	
   Xdw	
  

XNw	
   (Xiw)syn	
  

	
  Total	
  input	
  =	
  287	
  kg/d	
  ThOD	
  

NO2
-­‐-­‐Ne	
  

NH4
+-­‐Ne	
  

Demanda de O2 – Nitrificación en un sólo tanque 

Output O2 eqs 

O2 requirement = input - output = 287 - 64 = 223 kg/d 
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Anaerobic	
  
digester	
  

Influent	
  

dewatering	
  

return-­‐sludge	
  

stabilized	
  
sludge	
  

primary	
  
sludge	
  

waste	
  
sludge	
  
(2%	
  P)	
  

disposal	
  

Effluent	
  

Single-Stage Nitrification in Conventional Muncipal Wastewater 
Treatment 

Pre-­‐treatment	
   Primary	
   Secondary	
  
AcUvated	
  Sludge	
  System	
  

thickener	
  
The	
  aerobic	
  process	
  can	
  remove	
  
BOD	
  &	
  oxidize	
  ammonium	
  to	
  
nitrate.	
  	
  Large	
  amounts	
  of	
  
sludge	
  are	
  produced.	
  

O2	
  O2	
  O2	
  

biogas	
   generator	
   electricity	
  

Nitrificación y Denitrificación 

-3 

-2 

-1 
0 

+1 

+2 

+3 

+4 
+5 

Electrons are 
released 
(O2 must be 
present as e- 
acceptor) 

NH2OH 

NOH 

NO2
- 

NO3
- 

NO 

N2O 

N2 Nitrosomonas 
Nitrosococcus 
Nitrosospira 
Nitrosolobus 

Nitrobacter 
Nitrospira 
Nitrococcus 
Nitrocystis 

Oxidation 
state of N 

Rhizobium and legumes 
Clostridium 

Nitrification 
Denitrification - many bacteria, including 
Pseudomonas, Hyphomicrobium. Micrococcus, 
Proteus, Thiobacillus 

Ammonification: 
Clostridia, Bacillus 

Nitrate respiration 

NH4
+ 

Electrons are taken up 
(An e- donor must be 
provided, such as 
organic matter, H2, or 
reduced forms of sulfur) 

The N Cycle 
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Cinética de la Nitrificación 
Factors affecting nitrification: 
 
•  Temperature - cold temperatures greatly reduce rate. 
•  Dissolved oxygen - nitrifiers are sensitive to DO, Ko =0.5 mg/L  
•  Low pH (<6) inhibits nitrification. 

( ) ( )Tb
NK

N
OK

OT
No

−⎥
⎦

⎤
⎢
⎣

⎡

+⎥
⎦

⎤
⎢
⎣

⎡

+
=

∧

µµ

Modified expression for the specific growth rate: 

[ ] 2SFSF min
x

d
x ≥= θθ

Kinetic parameters are given 
as a function of temperature in 
Tables 9.1 and 9.2 (text).   

Requisitos de bufer para nitrificación  
The	
  energy	
  reacUon	
  for	
  nitrificaUon	
  is:	
  	
  	
  
	
  
NH4

+	
  +	
  2O2	
  =	
  2H+	
  +	
  NO3
-­‐	
  +	
  H2O	
  	
  	
  	
  	
  	
  	
  [Note	
  that	
  strong	
  acid	
  is	
  formed]	
  	
  

	
  
NitrificaUon	
  requires	
  a	
  pH>6,	
  so	
  nitrificaUon	
  is	
  self-­‐limiUng	
  unless	
  enough	
  alkaline	
  
buffer	
  is	
  present	
  to	
  neutralize	
  the	
  acid.	
  	
  
	
  
If	
  we	
  express	
  alkalinity	
  as	
  CaCO3,	
  where:	
  
	
  
CaCO3	
  +	
  2H+	
  =	
  	
  Ca2+	
  +	
  H2CO3	
  
	
  

One	
  mole	
  of	
  CaCO3	
  neutralizes	
  all	
  of	
  the	
  protons	
  produced	
  by	
  oxidaUon	
  of	
  
one	
  mole	
  of	
  NH4

+.	
  The	
  formula	
  weight	
  of	
  one	
  mole	
  of	
  CaCO3	
  is	
  100,	
  so	
  100	
  g	
  
of	
  CaCO3	
  neutralizes	
  the	
  acid	
  from	
  oxidaUon	
  of	
  14	
  g	
  NH4

+-­‐N.	
  	
  The	
  raUo	
  is	
  
100/14	
  =	
  7.14	
  g	
  CaCO3/g	
  N.	
  
	
  

Medium	
  strength	
  wastewater	
  contains	
  40	
  mg	
  TKN/L,	
  so	
  we	
  need	
  40(7.14)	
  =	
  286	
  
mg	
  CaCO3/L	
  of	
  alkalinity.	
  	
  This	
  exceeds	
  the	
  available	
  buffer	
  in	
  many	
  wastewaters	
  
(omen	
  only	
  around	
  100	
  mg	
  CaCO3/L).	
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Untreated	
  sewage	
  in	
  
Bangladesh	
  

Cholera	
  

Sewage	
  	
   Algal	
  blooms	
  

V.	
  cholerae	
  blooms	
  

Human	
  
host	
  

Zooplankton	
  blooms	
  


