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Fate of oxygen-demanding wastes

Microorganisms (Organic matter) + O,

CO, + H,0 + New cells+
+Stable products

The actual BOD < the theoretical BOD due to incorporation of some

carbon into bacterial cells l

=

Limited usefulness for practical purpose

BOD is an important metric to evaluate the effect of oxygen

demanding wastes on streams and rivers

l

Standard practice: the 5-day BOD test (BOD;)
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Laboratory measurement of BOD.

Sample

Aeration

Bottles specifically designed for
incubation of water samples for
BOD analysis.

BOD, = DO, — DO,

Measure DO, Measure DO.



Laboratory measurement of BOD.

With dilution

R

BOD, = (DO, — DO, ) xDilution factor

N

Sample

-

Dilution water

%

Measure DO,

Aeration (free from m/o0)

)

Typical wastewater has oxygen
demand of several hundred mg/L

But DO_,, is around 9.1 mg/L

U

sat

Dilution required

Measure DO;
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Laboratory measurement of BOD.

Seeded BOD test: In some cases it is necessary to “seed” dilution
water with m/o in order to ensure adequate bacterial population
to carry out biodegradation

BOD_V. =BOD,V, — BOD,V,

N RS

Sample Find BODW
P - “seeding”
dilution
% Aeration %Water
\! Y
I1 I1
DO, DO
DO, DO,
BOD, = DO, - DO,

BOD, = DO, — DO,



Example problem: BOD.

Problem#1: A standard 5-day BOD test is run using a mix
consisting of 4 parts distilled water and 1 part wastewater. The
initial DO of the mix is 9.0 mg/L and the DO after 5 days is
determined to be 1.0 mg/L. What is the BOD;.? &

Problem#2: A mixture consisting of 30 mL of waste and 270
mL of seeded dilution water has an initial DO of 8.55 mg/L; after
5 days, it has a final DO of 2.40 mg/L. another bottle containing
just the seeded dilution water has an initial DO of 8.75 mg/L
and a final DO of 8.53 mg/L. What would be the 5-day BOD of

the waste?
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Rate of BOD exertion

The rate at which biodegradable organics are utilized by
microorganisms is assumed to be a first order reaction:

dL
—t — —kLt ‘
dt LU ’----—--------]L --------------------------
! ! S BOD exerted
Ly = Loe ™ g f
O -
0 >
ol I
L, = total oxygen equivalent of £ Ky
organics at time t = 0, mg/L < =l =
L, = oxygen equivalent of organics g
at time ¢, mg/L >
k= reaction rate constant, d1 2 5
= L remaining
BOD exerted after time, t e

Yi = Lo - Lt — Lo(l_e_kt)




, Factors affecting reaction rate constant, k

(1) nature of the waste,
(2) ability of organisms to utilize the waste and
(3) temperature.

sample k (20°C)(day 1)
Raw sewage 0.35-0.70
Well-treated sewage 0.10-0.25
Polluted river water 0.10-0.25

Easily degradable organics L1 k values
Complex organics LI lower k values.

ky =kpo8' 72"

kp k,, are BOD rate constants at T Cand 20 C respectively
[1=1.047
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Problem: Determination of BOD

The BOD: of a wastewater is 200 mg/L at 20°C. k at 20°C is 0.20
per day. Determine the BOD, of the sample at 10°C

1. Determination of ultimate BOD (L ,) ultimate BOD,

_ Y5 200
Lo = 1_e Kt T 0205 =316mg /L

2. Determination of k at 10°C

kr =kpo®' ™20 kyp =0.20(1.047)70 =0.12d 7}

3. Determination of BOD,at 10°C

y7 = Lo(1—e ') =316(1-e "7 )=180.1mg / L =
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Oxygen demand due to nitrification

Nitrosomonas
2NH; + 30, >  2NO, + 2H" + 2H,0 o
Nitrification
Nitrobacter
2NO, + 0O > 2NO,
2 2 3
Plants » Animals
Fixation
I
Atmospheric
nitrogen Death,
N, N,O excreta
|
Lightning
Denitrification
I
Nitrite » Nitrite Ammonia | Organic
NO;’ NO, NH; N




Oxygen demand due to nitrification

Nitrification occurs sequentially and it is a matter of days before
the rate of oxidation of ammonia is sufficient enough to create a
significant oxygen demand

Nitrogen

O Time (days) >0



CBOD and NBOD comparison

Nitrification can start rapidly if sufficient
number of nitrifying bacteria is present

Oxygen Demand

]

6 7 8 9 10 11 12 13 14 15 16 17 18

Time (days)
In typical municipal wastes, NBOD does not exert itself for at least
5-8 days, so most BOD., tests are not affected by nitrification



Quantifying NBOD

Some domestic wastewater has 30 mg/L of nitrogen either in the form of
organic nitrogen or ammonia. Assuming that very few new cells of
bacteria are formed during the nitrification of the waste, find

(i) The ultimate nitrogenous oxygen demand.

(ii) The ratio of the ultimate NBOD to the concentration of nitrogen in the
waste.

NH; + 20, > NO;+ H* + H,0O
NBOD =30 mgN/L x (17 gNH; /14 gN) x (64g O, /17 g NH,)
=137mgo0,/L

Total Kjeldahl Nitrogen (TKN)

The ratio of ultimate NBOD to|the concentration of nitrogen
in the waste

137mg0, /30mgN=4.57mg0,/mgN

Ultimate NBOD = 4.6 x TKN




Oxygen demand: alternate measures

Chemical Oxygen Demand (COD):

Some organic materials (cellulose, phenols, benzene, and
tannic acid) resist biodegradation while others (pesticides,
various industrial chemicals), are nonbiodegradable

Industrial wastewater

Ultimate BOD:

Different wastewaters
may have the same BOD.
but different reaction
rates and hence different
ultimate BOD

Municipal wastewater

Oxygen Demand

S il e e e e B ]
—
- -
—
-
-
-

1 1 I 1 1 1 I 1
5 10 15 20 25 30 35 40 45 50 55 60

Time (days)




Mixing and Dilution

Point source
_ C.Q, +C,Q,,
Water discharge Qw Cd =
Pollutant concentration Cy Qs + Qw
Mixing zone AD-I Shoreline
Ll et :1:3:3:3:::1:3:3:3:::::3:3:3:3:::3:3:—:—:—:—:—:—:—:—:—:—:—:—:::3‘:::‘_‘_‘_"" V VvV Vv
e N T PV VYV VY VVVVVYVVVVVVY
___________________________ N VVVV e T W W W WYYV VVIVIVINVVYVVVVYSVVVVVYVY
| Ny YVVVVVVYVVVVVYVVVVYVYVVVVVVVYYVYVVY Combined flow v
—————————————————————————————————— NV V VYV V VYV VVVVVVVVVVVVVVVVVIVVY Q+Q
e e e MYV YN P YV Wineka lumev V.V VvV VVY sthlw g v
P VVVVVVY p VVVVVVVVVVY Vﬂ.: V¥
ey . . e e = VV VYV V VYV YV VYV VYV YV VVVVNVNVVVVVVVVNVYVVY
:-j-jRWer discharge Qs LSS Y YVVVVVVVVVVVVYVYYVVYVYY  Diuted 7
b HY FPTRTLEY oo bty iysling iy Lk i ey S Y VYV V VYV VYV VVVVVYVVVVVY®R . v
—Initial concentration Cs . UL v v v v v v v v v concentration ;g
e Y Y YV VYV VI VS Gy v
---------------------------------- Tt R L C Rk ko o e i B BB R B8
Shoreline

In water pollution control, it is often necessary to predict the
BOD concentrations and DO levels down-stream from a sewage
discharge point.



Example problem: downstream BOD

A municipal wastewater treatment plant discharges 1.20 m3/s
of treated effluent having an ultimate BOD of 60.0 mg/L into a
stream that has a flow of 9.3 m3/s and a BOD of its own equal to
6.0 mg/L. The deoxygenation constant k4 is 0.20/day.

(a) Assuming complete and instantaneous mixing, estimate the
ultimate BOD of the river just downstream from the outfall.

(b) If the stream has constant cross section so that it flows at a
fixed speed equal to 0.30 m/s, estimate the BOD of the stream at
a distance 40,000 m downstream. .

Answer: (a) 12.2 mg/L
(b) 8.96 mg/L
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Surface Water (Rivers and Streams) Pollution
and DO Availability

5ar3—ace coater bodies ¢
_.ijh{}e Ju&fsﬂ-f-ii-k 1{9 c.::ﬁ}dﬂ?iﬂﬂi‘h;{)“
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coith These evastes ?
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Modeling Effect of O, Demanding Waste on Rivers:
Important sources and sinks of DO in rivers

Sources: Sinks:

1. Reaeration from 1. Oxidation of organic
atmosphere wastes (both

2. Photosynthetic O, carbonaceous and
oroduction by nitrogenous)
aquatic plants 2. Use of O, for respiration

3. DO inincoming of aquatic plants
tributaries 3. Oxygen demand of

sediment
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Two key processes are involved in the
O, mass balance in rivers:

Deoxygenation: Reoxygenation:
i.e., the removal of i.e., the replenishment
oxygen by of oxygen through
microorganisms during reaeration at the
biodegradation of surface of the river
organic wastes
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Modeling Effect of O, Demanding Waste on
Rivers/Streams:

The key ymodel assumplims are:
- Centinuous #r‘schq?;_ g waste P
9iven Jocation
=% Hﬂfﬁm miﬁy of riveresoter and
coaste cuattr

E persien ol waste in The dirtction
p Ha Q'f ﬂ;;;ﬁﬂz'cﬁf., ‘P/'# ﬁﬂﬂ ‘ﬂ-‘-"‘m“')_




Model Equations

(due +o oxidation of a:;qnﬂ‘.
natter &y baciteria)

Rate of dtd:nr:hj‘fﬂn#'m A S
cshere, k’d T -f-f”}ﬂ adjested 80D rate
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Model Equations ........

Rﬂﬂm-}{m: 74:911: a+maﬁfﬁtrt
algle,
’——%_\H\_' Eﬂ"‘t I‘F.f"‘ Emfrﬂ,{,’m. f‘& of (&gﬂ- -Dﬂ)

W e el = &I_:"'I""D {:}

cohere, D=z dissolved axyjyen defi cit
Dout = F (T, 2. Salinity) = See Table %°¥
Can wse,
BOat= 14-€C2-0399 7T +a O0FZI4 T
~0:'00006%¢ T3 ;Tin'e
Kr = Reaaration constent d-")
= f (Particwlar condition of river)
(Note: For shallew, fast moving Stream
Kp higher; Jfov slugsish streem Ky Iaueﬁ




Model Equations ...... .

Ca-mmm-"); tsed epun.

- X 3-.? Lf__”?-
K (25%) = 5z

: & . efre velac
5 w= avy. streom Cm/s;?f

o : dep e
H = avg - Stream Eﬂi) |

: T-26
ﬁ"”f' Cavveetion : Kr(‘!’) =kr{;g.'¢) (&) s O=1024 .
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Model Equations ...... .

classic
Solution of Ey.3 15 knocon as 11¢

Eyation
freeter-Phalps Opgen °Y 3
kdlLe é‘_;r'“"i_ Ek"& D& — @
~ - Kd 2 o, —Ep 70
7 D= kfiid y kil v'F_D&'E' (&>

where, D, = DO d'a.ﬁ:.i# até ¢£=o0
x = disdance /s C:H-f;
le= Stream velocity
g = Hme
for The Special case , Dhen ki=kr .,

b: (KJL;'&' 'f'-D‘ ‘E-k:d& C‘*)




DO Sag Curve




Critical Point and Minimum DO

T4 is imporfant e }ﬂ’fnir-r';[?f eritiecal

Do is minimeuam— .

Pﬂi‘.ﬂ;' EI7IEVE
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Streeter-Phelps oxygen sag curve

Pollution
Velocity, 4 ———

River or stream
x=0ort=0

Initial deficit, D
¥ ° Saturation DO (DO;)

Deficit (D)

Critical Point

Dissolved Oxygen

Domin

Dissolved oxygen (DO)

A4

: . : K D,(k. —k
Time to critical point t, = Ih!{—"|1— ok, —kq)
: K, L,



Zones of Pollution

e
>

DO Content/ No. of Binlogical Lif
] >

Zone of Active Zone of , f

Zone Decomp05|t|0 ) oneo
Degradatmn /Septic Zone RECUVEW <+ Clear Water
Dissolved
’;c:%ﬁ%_

Bacteria

Protozoa

Effluent
discharge 1

Distance

Pollution and self-purification of stream and changes in the aquatic

ecology by the disposal of sewage/industrial wastewater



Effect of Temperature on DO Sag Curve

G D e

------

Ter T

—> tor

Qs SFemperature increanes. Ip noreases
as ftrrf!rﬂ'ﬂ‘ﬂﬂ inerecases. 92 4“"‘*‘5#?‘7 decreanes
Thus, as %m/pcrnﬁ:rr. nvreases,

— eritreal ﬁn}n# Reaches saener
— DO,pj, becomes Jocoer.

Other Jfacters affecling Do sej curve:
see handouf .




‘ Effect of NBOD on DO Sag Curve \

Dissolved Oxygen

A second dip in the DO
sag curve due to NBOD

An additional term in
Distance or time downstream the DO sag equation

L

_ _ _ k L _ _
(e at _ g krt)+ D, e kt | ®Bntn (e at _ @ krt)
k, — Kk,

_ deO
k, —k,

Minimum DO cannot be determined analytically (trial and error

solution required)

k= the nitrogenous deoxygenation rate (day)
L = ultimate initial NBOD (mg/L)



‘ Multiple point sources \

- Divide the river into multiple reaches with each point source
located at the beginning of the reach

- The parameters (DO, BOD etc.) computed at the end of each
reach serve as initial conditions for the subsequent reach

b— — o o — — e —— e — — e — — L . — i v i — — . — i ———— —— — e — — ———— ———i—

Dissoved Oxygen, mg/|
»
T

Turag river inflow

- Effluent discharge
L points n
oty . W 1 v oy Lt « 1t W N S N B |

23 20 IS T 5 o

Distance from Dhaleswari River, km



Limitations of Oxygen Sag Equations
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Estimation of Parameters of DO Sag Equations

——

D= Kd.Le /-kit ké —kp &
Kr.=kd (:f' - < ) ""'E':'r:.mt

(> Ly = ultimate 8Bap

Eﬂ% L' G"‘ ﬂ‘-t*)
If 800, and k are kﬂ#m:-r Lo can be
ﬁ*ma#d’ From The abive r:a-i‘: epafion .

(2) Kd. — is estimated From !n&m-;fn_J
detevmired 8aD rate censtont K e, k.'u -
Kz Ky * Koo (& 2, 9= tosz.
For any desired Jemp. T, kq can b
estmeted ngﬁ Anown value J} K.



Estimation of Parameters of DO Sag Equations .......

(3) kr-= a[(ﬁﬂrﬁcumv condi fion of river)
70s# d.i.rdt uped -q,u:fum

Kr (ese> * —;,,_— U= vy Jifﬁm(m/s;
H = &os) 3t dcrl'f-.
75'#?/? corvection : e .
Ky = Krlzeo - (99 . Oz)02¢

Typical k, values for different water bodies

Water body Range of k. at 20°C (base e)
(day')

Small ponds and backwaters 0.10-0.23

sluggish streams and large lakes 0.23-0.35

Large streams of low velocity 0.35-0.46

Large streams of normal velocity 0.46-0.69

Swift streams 0.69-1.15

Rapids and waterfalls >1.15




Estimation of Parameters of DO Sag Equations ...... :

(% D = inikial Do defreit
- m;aJ- "-'C'Dalu. Fhe F.jﬂ}- .; dflﬂﬁlﬂt a

DOsaf = /44€2- 03947 + COOFZI¢ T+
- g'a0008¢lL T 5 3 7w "c . (Low-saline

water)

Solubility of oxygen in water at 1 atm

Chloride concentration in water (mg/L)
Temperture ( C) 0 5000 10000 15000
0 14.62 13.73 12.89 12.10
5 12.77 12.02 11.32 10.66

10 11.29 10.66 10.06 9.49

15 10.08 9.54 9.03 8.54

20 9.09 8.62 8.17 7.75

25 8.26 7.85 7.46 7.08

30 7.56 7.19 6.85 6.51




Example Problem:

. Taslecrater:
_gﬂ- ﬁ‘b ‘1"- 25t
, R = 157060 wm7/d
p— ¥ _——— z012 mYS.
e __5’0'&_1‘*: my/e .
" RiverQadber: po= 2m9 /L.
T=22% v
a'r = Oy m‘/ﬁ Gi'l'l'ﬂ: Ldb"‘;lv d&krﬂ"llﬂtﬂ :
Bodg = 3 mg /e value fov mixture T cvarde -
Do= & msg/L. ciater And rivevedatrs '5"13/4

Vdat.{#? of Strearm = 0'2 m/s
Avg. Stream J'FH' = 2°€6 m . .,
f.i#mm"'@ O9min ,

e, £ ond §ketch




Pollution Control: Factors affecting self-purification

dFor O, demanding wastes: dilution, time of passage, water
temp., waste characteristics, stream characteristics

For pathogens: dilution, time of exposure, water temp
JFor POPs: dilution, association with stream sediment

Physical channel characteristics: shallow and steep channels
have better aeration compared to deep meandering rivers

Organic wastes comprise the most significant part of pollution
load. If waste assimilation capacity of a stream is adequate to
handle organic wastes, it is usually adequate to handle other
classifications of waste as well.
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‘Pollution control measures \

 Reduce concentration of pollutants by (1) wastewater
treatment (2) industrial in-plant process control

U Controlling u/s point and non-point sources
[ Reduce effluent volume by process modification

U Increase u/s flow by flow augmentation (releasing water
from u/s storage reservoirs or from flow diversion)

U Increasing environmental/in-stream degradation rate of
substances (e.g. use of easily degradable chemicals in industry)




Control of Non-point source pollution:
Riparian buffers (nature based solution, NBS)

Riparian buffers significantly improves water
quality through filtering pollutants

Also protects banks from erosion
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