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Introduction

The utilization of microorganisms for environmental 
applications

• Metabolically active microorganisms catalyze the pollutant-removing
reactions. The rate of pollutant removal depends on the concentration of
the catalyst, or the active biomass.

• The active biomass is grown and sustained through the utilization of its
energy- and electron-generating primary substrates, which are its electron
donor and electron acceptor. The rate of production of active biomass is
proportional to the utilization rate of the primary substrates.
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Basic rate expressions

• In the vast majority of cases, the rate-limiting substrate is the electron 
donor.

• The microbial kinetic is described by at least 2 rate expressions:

(α) for the growth of the biomass 

(β) for the utilization of the substrate

Specific growth rate of fast-growing bacteria

(Monod, 1949): SK
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This equation is a convenient mathematical representation for a smooth transition 
from a first-order relation (in low S) to a zero-order relation (in high S).
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Basic rate expressions
• The active biomass has an energy demand for maintenance

• Cell functions such as motility, repair and resynthesis, osmotic regulation, 
transport and heat loss.

• Flow of energy and electrons required for maintenance needs is 
represented as endogenous decay.
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Basic rate expressions
Net specific growth rate of active biomass:

b
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dX
X decsyn
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Rate of substrate utilization: aut X
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Net specific growth rate of active biomass:
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Parameter values
• The parameters describing biomass growth and substrate utilization cannot be taken as 

"random variables." The values are constrained by the cell's stoichiometry and energetics.

• The true yield Υ is proportional to fs
0 

• MAX values of fs
0 : 0.6 – 0.7 e – eq. cell/ e – eq. donor (aerobic heterotrophs)

• MIN values of fs
0 : 0.05 – 0.1 e – eq. cell/ e – eq. donor (autotrophs & anaerobes)

LL gBOD
gVSS.

gBOD 
donor.eqe 

cells.eqe 
gVSS 

donor.eqe
cells.eqe.Y 420

8
1

20
11360 =⋅⋅=

−

−−

−

• The true yield is estimated from Υ = -ΔΧ/ΔS using batch experiment in rapidly growing 
cells, so biomass decay cannot be neglected.
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Parameter values
• The maximum specific rate of substrate utilization is controlled largely by 

electron flow to the electron acceptor. 

• For 20oC, the maximum flow to the energy reaction is: qe = 1 e- eq/g VSS-d.

0ˆ ˆ ˆ ˆ/     and    μ Υe eq q f q= =

• The endogenous decay rate (b) depends on temperature and species type.

( ) ( ) 20   
20ˆ ˆ ˆ ˆ1.07    or    1.07

R

R

T T T
T T T

q q q q− −= =

MAX values of b : 0.1 – 0.3 1/d (at 20oC) (aerobic heterotrophs)

MIN values of b < 0.05 1/d (autotrophs & anaerobes)

( ) R

R
T T 

TT .bb −= 071
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Parameter values

• The value of biodegradable fraction fd = 0.8

• The Monod half-maximum-rate concentration (K) is the most variable and
least predictable parameter. Its value can be affected by the substrate's affinity
for transport or metabolic enzymes.

MΙΝ values of Κ : μg/l – 1 mg/l  (for simple electron-donor substrates and when mass-
transport is not included)

MΑΧ values of Κ :  mg/l – 100s mg/l (for difficult to degrade compounds and when mass-
transport resistance is included)
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Basic mass balances
Influent
Q , S0

Effluent
Q , S, Χa, Xi

State mass balances :

Active biomass : 0 = μ Χa V  - Q Χa

Substrate: 0 = rut V  + Q (S0 – S) ( )SSQVX
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Basic mass balances

Hydraulic retention time : θ = V/Q

Dilution rate : D = Q/V

Solids retention time :
1active biomass in the system

production rate of active biomassxθ µ−= =

θ===θ
Q
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Mass balances on inert biomass and 
volatile solids

• Inert solids were produced from self-oxidation of active biomass. In addition real
influents often contain refractory volatile suspended solids.

• A steady-state mass balance on inert biomass :

• Volatile solids : Xv = Χi + Xa

0 = (1 - fd) b Χa V  +  Q (Χi
0 – Χi) 

Χv = Χi
0 + Χa (1+ (1 - fd) b θx )

Χi = Χi
0 + Χa (1 - fd) b θx
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Mass balances on soluble microbial 
products

• Soluble microbial products (SΜP) appear to be cellular components that are
released during cell lysis, diffuse through the cell membrane, are lost during
synthesis or are excreted for some purpose. Ευθύνονται σε μεγάλο βαθμό για το
COD και BOD στην απορροή. SMP also can complex metals, foul membranes and
cause color or foaming.

SMP = UAP + BAP

UAP : substrate utilization – associated products

Production: Utilization:

BAP: biomass – associated products

Production: Utilization:

a
UAP

UAP
UAPdeg X

UAPK
UAPq̂r
+

−=−

a
BAP

BAP
BAPdeg X

BAPK
BAPq̂r
+

−=−

rUAP = - k1 * rut

rBAP = k2 * Xa
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Mass balances on soluble microbial 
products

• Mass balances for soluble microbial products (SΜP) :
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+
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Mass balances on soluble microbial 
products

Information to define the soluble microbial products (SMP) kinetic parameters is sparse. 
Noguera (1991) analyzed aerobic data and obtained the following best-fit values:

1

2

0.12 /

0.09 /
ˆ 1.8 /

100 /
ˆ / 18 /

ˆ 0.1 /

85 /
ˆ / 1.2 /

p s

p a

UAP p a

UAP p

UAP UAP a

BAP p a

BAP p

BAP BAP a

k g COD g COD
k g COD gVSS d

q g COD gVSS d
K mg COD l

q K l gVSS d
q g COD gVSS d
K mg COD l

q K l gVSS d

=

= ⋅

= ⋅

=

= ⋅
= ⋅

=

= ⋅

Noguera et al. (199a) estimated SMP 
parameters for a methanogenic system:

1

2
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Nutrients and electron acceptors

1 (1 )
1

d x
n n ut

x

f br Y r
b

ϑγ
ϑ

+ −
=

+

A process in environmental biotechnology must provide sufficient nutrients and 
electron acceptors to support biomass growth and energy generation. Nutrients, 
being elements comprising the physical structure of the cells, are needed in 
proportion to the net production of biomass. Active and inert biomass contain 
nutrients, as long as they are produced microbiologically. The electron acceptor is 
consumed in proportion to electron-donor utilization multiplied by the sum of 
exogenous and endogenous flows of electron to the terminal acceptor.

Nutrient and acceptor requirements can be determined from the stoichiometric
equations developed in previous class. The net yield fraction, fs, is used to 
construct the overall reaction including synthesis and endogenous decay. 
Another approach obtains nutrient requirements directly from the reactor mass 
balances. This approach is advantageous when materials other than biomass and 
substrate are important. SMP are key examples of other important materials. In 
terms of our chemostat model, the rate of nutrient consumption is:
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Nutrients and electron acceptors

Recall that rut is the rate of substrate utilization and has a negative sense, which also 
makes rn negative. The most important nutrients are N and P. The empirical formula for 
bacterial VSS, C5H7O2N, has γN = 14 g N/113 g VSS = 0.124 g N/g VSS. Generally, the P
requirement is 20% of the N requirement, which makes γP = 0.025 g P/g VSS. An overall 
mass balance on a nutrient is then:

00 n n nQC QC r V= − +

in which Cn and Cn
0 are the effluent and influent nutrient concentrations (MnL-3), 

respectively. Solution for Cn gives:

0
n n nC C rϑ= +
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Nutrients and electron acceptors

A parallel means to compute the use rate of electron acceptor (denoted ΔSα/ Δt and 
having units MaT-1) is by a mass balance on electron equivalents expressed as oxygen 
demand. For the chemostat, the input of oxygen equivalents or oxygen demand (O.D) 
includes the electron-donor substrate and the input VSS:

0 0. . 1.42 g CODO D inputs QS X Q
gVSS υ= +

The outputs are residual substrate, SMP, and all VSS:

. . ( ) 1.42 g CODO D outputs QS Q SMP X Q
gVSS υ= + +
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Nutrients and electron acceptors

The acceptor consumption as O2 equivalents is the difference between the inputs 
and the outputs.

0 01.42( )a
a

S Q S S SMP X X
t υ υγ∆  = − − + − ∆

in which γα is the stoichiometric ratio of acceptor mass to oxygen demand. For 
oxygen, γα = 1 g O2/g COD; for NO3

--N, γα is 0.35 g NO3
--N/g COD. 

The acceptor can be supplied in the influent flow or by other means, such as 
aeration to provide oxygen. This can be expressed as:

0a
a a a

S Q S S R
t

∆  = − + ∆

in which Sa and Sα0 are the effluent and influent concentrations of the
acceptor, and Rα is the required mass rate of acceptor supply (MαT-1).
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Input active biomass
Whether by design or by happenstance, some biological processes receive significant 
inputs of biomass active in degradation of the substrate. Three circumstances provide 
practical examples. First, when microbial processes are operated in series, the 
downstream process often receives significant biomass from the upstream process. 
Second, microorganisms may be discharged in a waste stream or grown in the sewers. 
Third, bioaugmentation is the deliberate addition of microorganisms to improve some 
aspect of process performance.

When active biomass is input, the steady-state mass balance for active biomass, must 
be modified.

0 ˆ
0 a an a a

qSQX QX Y X V bX V
K S

= − + −
+

The other mass balances remain the same. The above equation can be solved for S
when the SRT is redefined mathematically to maintain its definition as the reciprocal of 
the net specific growth rate:

1
0

1
ˆ (1 )

x a
x

x x a a

b X VS K where
Yq b QX QX

ϑ ϑ µ
ϑ ϑ

−+
= = =

− + −
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Input active biomass

Although the mass balances for substrate, inert, and volatile biomass remain the same 
as before, their solutions differ, due to the change in definition of θx. In particular, 
mass balance, combining different equations, give:

0 1( )
1

x
a

x

X Y S S
b

ϑ
ϑ ϑ
 

= − + 

0

0

(1 )

(1 (1 ) )

i i d a

i a i d a

X X f bX

X X X X f b Xυ

ϑ

ϑ

= + +

= + = + + −
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Input active biomass

The concentration of active biomass is "built up" by input of active biomass, and this 
"build up" is quantified by the ratio θx/θ. 

0

1
1 /

x

a aX X
ϑ
ϑ

=
−

When Xα
0 approaches, but is less than Xα, θx is substantially greater than θ. It is even 

possible to have Xα
0 > Xα, if Xα

0 is very large. In such a case, θx is negative, and the 
process is in net biomass decay. Supplying a very large Xα

0 is a means to make the 
steady-state μ negative and sustain S < Smin.

Once S and Xα are determined from the proper definition of θx, UAP and BAP
concentrations are computed from previous equations, as usual.
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Hydrolysis of particulate substrates

hyd hyd pr k S= −

Despite its great importance in many situations, hydrolysis has not been thoroughly 
researched. The best way to represent hydrolysis kinetics is not settled. Part of the 
problem comes about because the hydrolytic enzymes are not necessarily associated 
with or proportional to the active biomass, although the active biomass produces 
them. Exactly what controls the level of hydrolytic enzymes is not established, and 
their measurement is neither simple, nor has it been carried out frequently in 
systems relevant to environmental biotechnology. A simple, but reasonably reliable 
approach for describing hydrolysis kinetics is a first-order relationship with respect to 
the particulate (or large polymer) substrate:

in which
rhyd = rate of accumulation of particulate substrate due to hydrolysis (MsL-3T-1 ),
Sp = concentration of the particulate (or large polymer) substrate (MsL-3)
khyd = first-order hydrolysis rate coefficient (T-1)
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Hydrolysis of particulate substrates

When previous equation is used for the hydrolysis rate, the steady-state mass balance 
on particulate substrate in a chemostat is:

00 ( )p p hyd pQ S S k S V= − −

in which Sp
0 = the effluent concentration of particulate substrate (MsL-3). Solving the 

above equation gives:
0

1
p

p
hyd

S
S

k ϑ
=

+

Here, θ represents the liquid detention time and should not be substituted by θx. 
The destruction of particulate substrate results in the formation of soluble substrate 
with conservation of the electron equivalents, or BODL. When both substrate types 
have the same mass measure (generally oxygen demand as a surrogate for electron 
equivalents), the formation rate of soluble substrate is simply khydSp.
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Hydrolysis of particulate substrates

Then, the steady-state mass balance on soluble substrate is:

ˆ
0 ( ) / /p a hyd p

qSS S X V Q k S V Q
K S

= − − +
+

Because its shows an additional source of substrate from hydrolysis, S0 effectively is 
increased by khydSp V/ Q; the amount of biomass accumulated should be augmented.
Other constituents of particulate substrates also are conserved during hydrolysis. 
Good examples are the nutrients nitrogen, phosphorus, and sulfur. The formation 
rate for soluble forms of these nutrients is:

hydn n hyd pr k Sγ=

in which
rhydn = rate of accumulation of a soluble form of nutrient n by hydrolysis (MnL-3T-1)
γn = stoichiometric ratio of nutrient n in the particulate substrate (MnMs

-1).
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Inhibition

How an inhibitor affects growth and substrate-utilization kinetics can be 
expressed succinctly by using effective kinetic parameters. The kinetic 
expressions for substrate utilization and growth remain the same as 
before, but the effective kinetic parameters depend on the concentration 
of the inhibitor.

,

,

ˆ

( )

eff
ut eff a

eff

eff eff ut eff eff

q S
r X

K S

Y r bµ

= −
+

= − −
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Inhibition
A common type of inhibition for aromatic hydrocarbons and chlorinated 
solvents is self-inhibition, which also is called Haldane or Andrews kinetics. In 
this case, the enzyme-catalyzed degradation of the substrate is slowed by high 
concentrations of the substrate itself. It is not clear whether the self-inhibition 
occurs directly through action on the degradative enzyme or indirectly through 
hindering electrons or energy flow after the original donor reaction. In either 
situation, the effective parameters for self-inhibition are:

ˆˆ ,
1 /1

eff eff
IS

IS

q Kq KS S K
K

= =
++

where KIS = an inhibition concentration of the self-inhibitory substrate (MsL-3).
Yeff and beff are not affected and remain Y and b, respectively.
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Inhibition

The second type of inhibition is competitive, and a separate inhibitor is present 
at concentration I (MTL-3). The competitive inhibitor binds the catalytic site of 
the degradative enzyme, thereby excluding substrate binding in proportion to 
the degree to which the inhibitor is bound. The only parameter affected by I in 
competitive inhibition is Keff:

(1 )eff
I

IK K
K

= +

where KI = an inhibition concentration of the competitive inhibitor (MTL-3). A 
small value of KI indicates a strong inhibitor. The rate reduction caused by a 
competitive inhibitor can be completely offset if S is large enough, because qeff
remains equal to q. Competitive inhibitors usually are substrate analogues.
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Inhibition

A third type of inhibition is noncompetitive inhibition by a separate inhibitor. A 
noncompetitive inhibitor binds with the degradative enzyme (or perhaps with 
a coenzyme) at a site different from the reaction site, altering the enzyme 
conformation in such a manner that substrate utilization is slowed. The only 
parameter affected is qeff:

ˆˆ
1 /eff

I

qq
I K

=
+

In the presence of a noncompetitive inhibitor, high S cannot overcome the 
inhibitory effects, since the maximum utilization rate is lowered for all S. 
This phenomenon is sometimes called allosteric inhibition, and allosteric
inhibitors need not have any structural similarity to the substrate.
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Inhibition

In some cases, competitive and noncompetitive impacts occur together. This situation is 
termed uncompetitive inhibition. Both effective parameters, qeff and Keff, vary as they do 
for the individual cases:

ˆˆ
1 /eff

I

qq
I K

=
+

(1 )eff
I

IK K
K

= +

Mixed inhibition is a more general form of uncompetitive inhibition in which the KI
values can have different values.

The last inhibition type considered is decoupling. Decoupling inhibitors, such as aromatic 
hydrocarbons, often act by making the cytoplasmic membrane permeable for protons. 
Then, the proton-motive force across the membrane is reduced, and ATP is not 
synthesized in parallel with respiratory electron transport. Sometimes, decouplers are 
called protonophores. A decrease in Yeff and/or an increase in beff can model the effects 
of decoupling inhibition:

, (1 / )
1 /eff eff I

I

YY b b I K
I K

= = +
+
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Χρηματοδότηση
• Το παρόν εκπαιδευτικό υλικό έχει αναπτυχθεί στο πλαίσιο του 

εκπαιδευτικού έργου του διδάσκοντα.

• Το έργο «Ανοικτά Ακαδημαϊκά Μαθήματα στο Πανεπιστήμιο Αθηνών» 
έχει χρηματοδοτήσει μόνο την αναδιαμόρφωση του εκπαιδευτικού 
υλικού. 

• Το έργο υλοποιείται στο πλαίσιο του Επιχειρησιακού Προγράμματος 
«Εκπαίδευση και Δια Βίου Μάθηση» και συγχρηματοδοτείται από την 
Ευρωπαϊκή Ένωση (Ευρωπαϊκό Κοινωνικό Ταμείο) και από εθνικούς 
πόρους.



Σημειώματα
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Σημείωμα Ιστορικού Εκδόσεων Έργου
Το παρόν έργο αποτελεί την έκδοση 1.0.0.  
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Σημείωμα Αναφοράς
Copyright Πανεπιστήμιο Πατρών. Αναπληρωτής Καθηγητής, Μιχαήλ 
Κορνάρος. «Περιβαλλοντική Βιοτεχνολογία». Έκδοση: 1.0. Πάτρα 2015. 
Διαθέσιμο από τη δικτυακή διεύθυνση: 
https://eclass.upatras.gr/courses/CMNG2145
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Σημείωμα Αδειοδότησης
Το παρόν υλικό διατίθεται με τους όρους της άδειας χρήσης Creative Commons 
Αναφορά, Μη Εμπορική Χρήση Παρόμοια Διανομή 4.0 [1] ή μεταγενέστερη, Διεθνής 
Έκδοση.   Εξαιρούνται τα αυτοτελή έργα τρίτων π.χ. φωτογραφίες, διαγράμματα 
κ.λ.π.,  τα οποία εμπεριέχονται σε αυτό και τα οποία αναφέρονται μαζί με τους 
όρους χρήσης τους στο «Σημείωμα Χρήσης Έργων Τρίτων».                     

[1] http://creativecommons.org/licenses/by-nc-sa/4.0/ 

Ως Μη Εμπορική ορίζεται η χρήση:
• που δεν περιλαμβάνει άμεσο ή έμμεσο οικονομικό όφελος από την χρήση του έργου, για 

το διανομέα του έργου και αδειοδόχο
• που δεν περιλαμβάνει οικονομική συναλλαγή ως προϋπόθεση για τη χρήση ή πρόσβαση 

στο έργο
• που δεν προσπορίζει στο διανομέα του έργου και αδειοδόχο έμμεσο οικονομικό όφελος 

(π.χ. διαφημίσεις) από την προβολή του έργου σε διαδικτυακό τόπο

Ο δικαιούχος μπορεί να παρέχει στον αδειοδόχο ξεχωριστή άδεια να χρησιμοποιεί το έργο για 
εμπορική χρήση, εφόσον αυτό του ζητηθεί.
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