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The Oxygen Problem

Where are we?

Receiving Water Impacts:

* Physical, chemical, biological characteristics
of water

« The oxygen problem «
Eutrophication

Water quality criteria/standards
Water quality monitoring

Dissolved Oxygen in Natural Waters

The problem:

» Oxygen regime affected by waste discharges
due to spring runoff from manure laden fields,
high concentrations of biodegradable
organics, combined sewer overflows (CSO)

* Secondary effects include nutrient enrichment
and a sediment oxygen demand

Dissolved Oxygen Standard

Oxygen content is most important for protecting
fish and aquatic biota. Level of protection is
classified into three groups:

« Prevention of fish-kills: < mg/L
« Active to specified degree: - mgL
« Live, grow and reproduce: > mg/L

(these amounts vary for warm and cold water biota)

Biochemical Oxygen Demand

 Content of biodegradable organics in waste
discharges (from PS and NPS) is commonly
expressed as the BOD.

» BOD reflects the Oxygen used to decompose
organic materials into CO,, H,0O, minerals,
and organic nonbiodegradable residues.

BOD, vs BOD,

« Most waste is fully consumed after 20 — 30
days depending on nutrients available and
temperature: Ultimate BOD (BOD,)

« Standard methods often refer to the BOD
after 5 days (BOD;) as it was invented in
London where the flow time to the open seas
was never more than 5 days. (average
temperature also was set Iong-term summer
conditions: 18.3 °C)




Oxygen Sinks

Deoxygenation of biodegradable organics

Sediment oxygen demand (SOD)
Nitrification (ammonium to nitrate)
Respiration (algae, plants)

Oxygen Sources

« Atmospheric re-aeration

« Photosynthesis (chlorophyl-containing
organisms convert CO, or alkalinity of water
into organic matter)

Decomposition Reaction

Reaction Kinetics

 Law of mass action: rate is proportional to

C¢H,,04 + 60, - 6CO, + 6H,0
(glucose)

the concentration of the reactants.

dc
d_'[A = —kf (CA’ CB)

Rate Law

Reaction Kinetics

* Rate of reaction is proportional to product

of a temperature-dependent constant k, and
a function of the concentration of reactants
f(ca,Cg), determined experimentally

dc,

dt = —kf (CA’CB)

Reaction Kinetics

dCA a_b
— = —kCAC
dt B

» Powers in concentration function are called

the ‘reaction order’ (often an integer)




Reaction Kinetics

« Single reactant where n = ‘order’

oth, 1st and 2nd-order Reactions

o 0" order:

dC k has units of
- k M L3 T1

it

Ifc=cyatt=0:

oth 1st and 2nd-order Reactions

e 1storder:

dC _ —kC I1<__k11as units of

a_ c

C
Ifc=cyatt=0: :

Oth 1st and 2nd-order Reactions

o 2" order:

dC _ k 2 k has units of
- — C L3MLT?
dt

Ifc=cyatt=0:

Oth. 1t and 2nd-order Reactions

* In terms of c(t):

1

C=Ch—
Ol+ kCot cc’

Differential Method
dc
dt

* Log transform:

—kc"




Stoichiometry

» How much of a reactant or product is
consumed or created?

e C4H,,04 + 60, —> 6CO, + 6H,0

Moles to grams conversion

Stoichiometry

* C4H,,04 + 60, > 6CO, + 6H,0

« If a beaker contains 100 g m™ as
glucose or 100 g-glucose m-3, how
many moles of glucose:

Stoichiometry

Number of Mass of one
moles mole
6xC= 6|x|12g =729
12xH= 12/ x|1g =129

6x0= 6|x|169g =9%g
Gram- =1809¢g
molecular
weight 2

Stoichiometry

» Molar concentration:
100 g-glucose/m? (1 mole/180 g-glucose) =
0.556 mole/m?

Stoichiometry

How many grams of carbon?

« Use of stoichiometric ratio of carbon to glucose:

Stoichiometry

» How much O, consumed per 40gC m3?

r,. = mass of oxygen consumed per carbon decomposed




Temperature Effects

* Reaction rates are temperature dependent
(about double for a rise of 10°C).

» Temperature dependence is described by the
Arrhenius equation:

—E where
__—  A=apre-exponential factor
RT, E = activity energy (J molet)
— a
k(Ta) =Ae R = the gas constant (8.314 J mole-*K-1)
T, = absolute temperature (K)
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Temperature Effects
« If we define the following constant:

_E
0= eRTT2

» Then we can compare reaction rate
constants at different temperatures (in °C):

Temperature Effects

« In water quality, many reactions are
reported at 20 °C:

K(T) = k(20)0T-20

0 values:
1.024 for oxygen reaeration
1.047 for BOD decomposition
1.066 for phytoplankton growth
1.08 for sediment oxygen demand
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Dissolved Oxygen Sag

—® River
Saturation
DO
Mg L3
Recovery zone
Critical concentration
. . Distance
decomposition reaeration

Experiment: closed bottle

« Strength of waste in discharge. Let’s look
at respiration/decomposition of life/death
cycle in a closed-batch experiment:

* C4H,,04 + 60, » 6CO, + 6H,0
respiration

* Place sugar and bacteria in bottle with
initial O, content o, then close off

Experiment: closed bottle
» Decomposition following 1 order reaction:

Vi d79 -k Vg g = glucose conc.(mg-glucose L1)
dt 1 k, = decomposition rate (d-1).

« If the initial level of glucose is g,, this equation
can be solved for:




Experiment: closed bottle

* Mass balance for O,:
0 = oxygen conc.(mg-O L-1)
\V} dio = —r. k Vg log = stoichiometric ratio
dt 0g "1 O/glucose (mgO mg-glucosel)
k, = decomposition rate (d-1).

* Substituting the expression for g, and 0,:

—kqt
0=00 —fogJo(l—€ ")
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Experiment: closed bottle
—kqt
0=0p —Togdo (L—€1")

* So, the concentration o in the bottle will
reduce exponentially and asymptotically
from an initial concentration o,

0— 04— roggo

BOD

» Waste discharge is more than glucose. So,
the same bottle experiment with waste was
adopted measuring how much oxygen was
consumed: the BOD.

e A new variable, L (mgO L), represents the
amount of oxidizable organic matter
remaining in the bottle expressed as oxygen
equivalents.

BOD
» Mass balance for L:
Vv d—L =-kq1VL
dt

« If the initial level is L, we obtain:

L=Lge X

BOD
» Oxygen consumed: BOD = L,-L, or

BOD = Lg(1-e k)
where BOD is expressed as mgO Lt

* L, can be the initial concentration of
oxidizable organic matter, or ultimate BOD
(BOD,)

BOD

Conc.
(mgO L) BOD

Oxidizable organic matter

Time (days)




BOD

* Mass balance for O,:

do —kqt
V—=-k{VLge ™!
it 1Vl

« If original oxygen concentration is oy

0=0q— Lo(l—e_klt)

BOD

0=0q— Lo(l—e_klt)

* So, the concentration o in the bottle will
reduce exponentially and asymptotically
from an initial concentration o,

0—>0,-Lg

BOD, and BOD;

BOD; = BOD, (1-e K1t)

* So, if the BOD; of a waste discharge is 250
mg L, and k; is 0.46 d*:
250 = BOD,, (1-°046%5)
BOD,, = 250/(1 — e046%) = 277.8 mg L™

BOD, and BOD;
* Without the k-value, BODg not very useful:

BOD; not equal
A
%BOD
satisfied BOD, ~ equal
B
\ } } 1
5 Time (days)

BOD, and BOD,

If BOD is measured daily, use Thomas method to
find k and BOD,;:

k2/3

t 1/3
= (kBOD, )3 +
BOD;

5.98(BOD, )3

 Equation has formy = a + b x, so if plotted,
should become a straight line where:

k = 5.98 (b/a), and BOD,, = 1/(ka®)

}

BOD Model for a Stream

» Apply BOD equation to point source:

oL _ oy
ot OX
k, is total removal rate (d*), which is composed
of both decomposition and settling:

k. = ky + Kk (note that k; = k; used before)
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BOD Model for a Stream
Vs

ke=-5
S
H
where
v, = BOD settling velocity (m d)
H = water depth (m)

BOD Model for a Stream

ot OX
L = amount of oxidizable organic matter (mgO L)
k, = total removal rate (d)
U = mean velocity in the stream (Q = UA) (m d?)
T =time (d)
x = distance (m)

BOD Model for a Stream

Assuming steady-state: dL
dx

If we again use an initial concentration, L, at the
point of entry (assuming complete mixing):

BOD Model for a Stream

L, can be calculated using a flow-weighted
average of loading (w) and BOD discharge (r):

Lo = Qwlw +Qrly
Qw +Qr

where
Q = discharge (m? d1)
L = oxidizable organic matter (mgO L)

BOD Model for a Stream
k
——Ix
L = Loe U
We can also determine the removal rate:

Ln(L) = In(LO)—lUx

A plot of In(L) versus (x/U), travel time,
should yield a straight line with a slope k, ~ #

Experiment: open bottle

» Mass balance for BOD and dissolved O,:

VAV
dt

where k, is reaeration rate (d-), o, = saturation oxygen
concentration (mgO L-3)
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Experiment: open bottle

¢ Reaeration constant is dependent on water velocity
and depth (O’Connor-Dobbins formula):

0.5

U
kg =3.93——
a Hl.5

where
U = mean water velocity (m/s)
H = mean water depth (m)

Experiment: open bottle

* We define the oxygen deficit D: D = o, - 0,
and:

b _ _do
dt — dt

v‘ﬁ?: kgVL — k,VD

Experiment: open bottle

eIfL=L,andD=0,att=0:
L = Lge Kdt

KdLo
ka_kd

Experiment: closed & open bottle

» While in both the closed and open bottle,
oxygen decreases, the difference is that in
the open bottle, reaeration replenishes
oxygen.

Experiment: closed & open bottle

Closed bottle:

L \
t
Open bottle:

L \‘
t 53
BOD Deficit DO

Oxygen Sag for Stream: PS

« For Point Source in a Stream at Steady State
» Mass balance:

dx
and 0=—Ud—D+de—kaD
dx

Remember that k, = kg + k; !




Oxygen Sag for Stream: PS

eIfL=L,and D=D,, atx =0:

Ky
——X
L - Loe U Eqn. (A)
k k
ik Py Ray
D=Dge Y +deI2(F U _e U)
a-
Reaeration BOD ”

Oxygen Sag: Non-point Source

S (ML3TY)
River
L x=u

Oxygen Sag: Non-point Source

« For Non-point Source in a Stream at Steady State:
» BOD mass balance for a no-flow source (0t order):

where S, is the rate of the BOD distributed source (g m d-)

ForD=0,atx=0: ——Ix
L =S—'-(l—e U
Ky
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Oxygen Sag: Non-point Source

S (ML3TY)

UUUIUUUlUlUUlUUlUl&_lUUlU
\—» X = Ut

Suk,

_Kry
L :S—'—(l—e U
kr

X

Oxygen Sag: Non-point Source

 For Non-point Source in a Stream at Steady State:

» Mass balance oxygen deficit for a no-flow
source:

dD
0=-——" _—k.,D+kgyL
dx a d
dD K Ky
0=-———kyD+-45, (1-¢ U
o Ka K, L ( )
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Oxygen Sag: Non-point Source

* IfD=0,atx=0: Ean (B)

D:kds'-(l—eTjX)

krka ‘reaeration’ term
Ka
kSL 0% u¥
— L e U ¢ U
kr (ka - kr) BOD term 60

10



Oxygen Sag: Non-point Source

Effects of plant and sediment oxygen demand:

O=—d—D—kaD—P+R+S—B
dx H
where
P and R = volumetric rates of plant photosynthesis
and respiration (g m3d?)
Sg = areal rate of sediment O, demand (g m2 dt)
H = mean water depth (m)
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Oxygen Sag: Non-point Source

ForD=0,atx=0: Eqn (©)

ka
-P+R+Sg/H _UX)

D= (1-e
ka

Thus, the deficit increases in a step-response fashion and
asymptotically approaches a steady-state level D, where the net

deficit gain is balanced by reaeration losses. o

Oxygen Sag: Non-point Source

N

o (mg L) saturation

— O

0s—D
|

Travel time (x/U)

Total Oxygen Sag

» The sum of point source and nonpoint
source contributions makes up the total
oxygen deficit:

« Eqgn (A) + Egn (B) + Eqgn (C)

« This approach is also knows as Streeter-
Phelps (Thomann and Mueller, 1987)
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