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Preface

Clean water is an essential nutrient for humans, animals and plants. Because of its
limited resources, especially in countries with low rainfall, little surface water,
deep ground water levels and relatively high temperatures, careful use and fre-
quent reuse after appropriate treatment are requirements for healthy life. This
awareness is relatively new, because it was not until the late 19th century that the
population of larger industrialized cities learned that wastewater must be treated to
prevent disease. The reuse of treated water is still a topic of controversial discus-
sions. However, the authors of this book are convinced both that we must learn to
develop and continue to promote water recycling systems and also that biological
wastewater treatment processes play a highly important role.

The modern concept of industrial wastewater treatment is moving away from
the classic “end-of-pipe” technology towards “decentralized effluent treatment pro-
cesses”, “process integrated water management” and ultimately in a number of
cases being as close as possible to “fresh water-free processes”. The central concept
is to save water. In the classic concept, the groups producing intermediate or fin-
ished products are relatively isolated from the group which treats the wastewater,
frequently treating several different effluents mixed together. This situation char-
acterizes the first period of industrial wastewater treatment. After sampling, the
water quality is determined and compared with regulations and the treated water
is discharged into surface water. In all but a few exceptional cases, municipal
wastewater treatment is performed in this same manner. Frequently, it is more
favorable and economical to treat some industrial effluents by using specialized
processes (“decentralized effluent treatment”), giving a water quality which makes
it possible to reuse one or more water streams and to save fresh water. The next
phase of development is to combine production processes and wastewater treat-
ment, often called “process-integrated water management” (sustainable water use,
industrial water use, cleaner production, etc.).

Typically, the improvement comes about through a complete change of the pro-
duction process paradigm to reduce water and energy consumption, as well as
waste production. Here, productional and environmental engineers need to coop-
erate and build one team. In this book, the fundamentals are discussed which
are needed to better understand the processes taking place in “end-of-pipe” and
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Preface

“decentralized effluent treatment” plants. In the last chapter, examples of “process-
integrated water management” and “decentralized treatment” are presented.

Two different wastewater treatment concepts can be followed: either the separa-
tion of impurities from water, or the partial or complete mineralization of impur-
ities. Separation processes are based on fluid mechanics (sedimentation, centrifu-
gation, filtration and flotation) or on synthetic membranes (micro-, ultra- and
nanofiltration, as well as reverse osmosis). Additionally, physical-chemical pro-
cesses can be used — like adsorption and coagulation — to separate dissolved or
emulsified compounds from water. Impurities can be mineralized by biological
and chemical processes (advanced oxidation with ozone, H,0,, UV, etc.). We want
to concentrate our attention on biological processes. Other ones, such as sedimen-
tation or membranes, will be discussed in connection with the activated sludge
process and membrane bioreactors.

The main advantages of biological processes in comparison with chemical oxida-
tion are: no need to separate colloids and dispersed solid particles before treat-
ment, lower energy consumption, the use of open reactors, resulting in lower
costs, and no need for waste gas treatment.

The advantages of chemical oxidation over biological processes are: no sludge
production, mineralization of non-biodegradable compounds and smaller reactor
volumes. If it is necessary to remove very large amounts of organics, both process-
es should be coupled if possible, first the biological step and then the chemical
step. We will concentrate our discussion on the fundamentals of biodegradation.

Because of the early development of wastewater technology in industrialized
countries, we frequently find “end-of-pipe” treatment plants in industry which si-
multaneously treat municipal wastewater and vice versa. “Decentralized effluent
treatment” plants are initiated only if a large plant would be overloaded or the pro-
cess would be negatively influenced by hazardous compounds. The main aim is
then to optimize the treatment process by using process controls and thereby to re-
duce the cost of aeration and pumping.

In countries with rapidly growing industries and no municipal treatment plants,
the construction and operation of a “decentralized effluent treatment” plant fre-
quently has to be tested for each factory and realized as necessary. An appropriate
treatment method should be applied rigorously to enable water reuse in regions
with water scarceness or high water prices, for irrigation in agriculture, or as cool-
ing water for power stations or industry. In addition, it is often very important to
protect natural water systems used for drinking water supplies, recreation and con-
servation. Compared with “end-of-pipe” treatment, “decentralized treatment” is
often the more economical process.

A Dbetter understanding is needed of the biological, physical, ecological, social
and economical interactions surrounding water and wastewater. We cannot con-
sider all these aspects, but this book provides important information about the fun-
damentals and engineering aspects of biological wastewater treatment. The meth-
ods used to describe and solve the problems presented are those used by biochem-
ical engineers developing models based on mass balances which are valid for spe-
cific systems. The authors made every effort to present mathematical derivations
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so comprehensively that at least graduate students can follow. The target group al-
so includes all engineers, biologists and chemists working in the field of wastewa-
ter treatment who are interested in learning more about its fundamentals.

After a survey of the historical development of microbiology and wastewater
treatment, we give a brief introduction to wastewater characteristics and relevant
legislation as well as microbial metabolism and stoichiometry, which is of funda-
mental importance for mass balances with biological reactions. Gas/liquid oxygen
transfer is discussed in detail because of its high importance for all aerobic pro-
cesses in wastewater treatment. Anaerobic substrate degradation is discussed af-
terwards as a very interesting alternative for the treatment of high-load effluents.
Persistent, industrially produced compounds are not easily treated in biological
processes. Therefore, the results of several recent studies are summarized and dis-
cussed here. The great significance of nitrogen and phosphorus removal has led us
to report about their stoichiometric and kinetic backgrounds individually. In the
past two decades, discussions about modelling of the activated sludge process have
increased. To gain a better understanding of activated sludge model number 1
(ASM 1) and its description of nitrogen removal, we give detailed explanations. We
have dealt with the use of membranes in place of secondary clarifiers to emphasize
that new possibilities exist for reusing and recycling water in the future. Therefore,
they may be suitable in tandem with the topic of the previous chapters which dis-
cuss production-integrated water management and decentralized effluent treat-
ment.

Mrs. Christine Heimerl-Rotsch transcribed our texts several times, as they were
updated numerous times. She deserves our high recognition for her thoroughness
and punctuality. Dr.-Ing. Gregory Morgan corrected our English. Although we
made every effort to compose the text faultlessly, there was still need for improve-
ment. We express our thanks to him.

It would not have been possible to write this book without the numerous discus-
sions with students, graduate students, scientific and chemotechnical co-workers
as well as assistants. Thank you all very much for your cooperation!

We realize that not all parts of this book are easy to read, because it was neces-
sary to use a large number of different variables and complicated indices. It was
our conviction, however, that this was necessary to avoid misunderstanding and
confusion.

Over the past 25 years, many new processes have been tested successfully, a lot
of them have gone into operation and a great number of papers have been pub-
lished in this field. We hope that this book will help provide a better understanding
and orientation in the important and interesting field of “Biological Wastewater
Treatment”.

The Authors






List of Symbols and Abbreviations

Symbol Explanation Unit Basic unit
(example)

A Surface m? L?

A Membrane area m? L?

A Membrane constant mh™' bar™ *M™

A Membrane constant gmZh*bart L

a Volume specific surface m’>m™ |l P

a Activity - -

a Coefficient - -

a, Ay, a3 Constants - -

B Membrane constant mh™ LT

Bi Biot number -

B, Loading per volume gm>d! ML*T™

C Dimensionless concentration - -

C Integration constant

c* Dimensionless dissolved - -
concentration in equilibrium
with gas concentration

c Dimensionless dissolved oxygen —— -
concentration

C Concentration of special gas gm™ ML?
components in air

/ Dissolved concentration gm™ ML?

c* Dissolved concentration in equi- gm™ ML?
librium with gas concentration

D Dilution rate h™ -

D. Critical dilution rate h -t

D Diameter m L

D Diffusion coefficient m”>h™! LT

DC Desorption capacity gm>h™ ML?T!

D, Dispersion coefficient in x direction m?*h™" LT
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List of Symbols and Abbreviations

Symbol Explanation Unit Basic unit
(example)
Day; Dambkohler number II (= . t) -
d Diameter m L
d, Hydraulic diameter m -
E Efficiency kg (kWh)' O, L?T?
E Density of residence time -
E* Dimensionless efficiency - -
ea Energy of activation kJ mol™ ML*T?N!
F Residence time distribution -
Fo, Power of resistence of oxygen -
molecules
f; Portion of inert biomass related  —
to the total biomass
f, Portion of particulate products - -
related to biomass
AG° Difference of free reaction
enthalpy kJ mol™ ML*T?>N!
g Earth acceleration ms™? LT
h Distance of the stirrer from the  m
bottom
AH° Difference of enthalpy kJ mol™ ML*T?N!
H’ Henry coefficient gL' bar™ ML'T?
H Henry coefficient -
H, Henry coefficient atm (mol/))™  NL?M™'L7
H “Height” of deep tanks
H Height m L
I Strength of a electric current A S
i Strength of electric carrent A
ixp Nitrogen in bacteria related to - -
mass of bacteria and slowly biod.
susbstrate
ixp Nitrogen in bacteria related to - -
particular inert organic matter
J Specific mass transfer rate gm?s™! ML?T!
(volume flux) mol m~s™ NL?T™
Jo Diffusion flux gm?s™! ML?T!
Joec Flux for diffusion and convection gm™2s™ ML?T™
Jo Standard volume flux Lm?bar's!' MT?
K Total mass transfer coefficient h™ T
K Bolzmann constant 1.38x10*JK"ML*T26
K Saturation coefficient for oxygen mgL™ ML

Kp

Dissoziation constant



List of Symbols and Abbreviations

Symbol Explanation Unit Basic unit
(example)

K. Equilibrium constant - -

K¢ Equilibrium constant Lmg™ L’M™

K K Coefficients for excess substrate  mg L™ ML
inhibition

Kin Coefficient of non-competitive mg L™ ML
inhibition

K. Overall mass transfer coefficient mh™ LT

K;a Specific overall mass transfer
coefficient h™ -t

K Michaelis—Menten coefficient mol L™ NL?

K Equilibrium constant - -

Kou Saturation coefficient for mg L™ ML>
hydrolysis

Kp Henry coefficient barLg™ MTL?

Ks Saturation coefficient for substrate mg L™ ML

Ksit Saturation coefficient - -

k Coefficient for dry air (= 0.2857) - -

k Coefficient of reaction rate h™ -t

ko Theoretical maximal value of - -
reaction rate for T — oo

ke Mass transfer coefficient for mh™ LT
liquid boundary

k;a Specific mass transfer coefficient h™' T
for liquid boundary

ke Mass transfer coefficient for mh™ LT
gaseous boundary

kea Specific mass transfer coefficient h™' T
for gaseous boundary

ky Decay coefficient h™ -

k, Coefficient of bacteria dying h™ -

k. Coefficient of endogeneous h -t
respiration

L Length m L

L Biofilm thickness m L

LDs, Mass of a compound per mass of mgkg™ -
living test organism, fatal to one-
half of population if delivered
rapidly

M Molmass g mol™ MN™

m Mass g M

N Amount of moles mol N

XIX
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List of Symbols and Abbreviations

Symbol Explanation Unit Basic unit
(example)

n Speed of a stirrer st T
n Number of droplets - -
ng Recycle ratio - -
ng Thickening degree - -
Npp Fraction of PHB inside of

bacteria
n Number of stages of a cascade - -
oC Specific oxygenation capacity mol L™" h™* NL?T™
OTR Oxygen transfer rate gO, L' h™ ML?T!
OTE Oxygen transfer efficiency - -
P Power demand kw ML*T™
P Pressure bar ML'T?
Q Flow rate m*h! LT
R Radius m L
R Gas constant [= 8.314 ] (mol K)™'] ] (mol K)™* ML*T?>N'0"
R Resistance m! Lt
R Retention coefficient %
R, True retention coeffcient %
r Reaction rate mg L' h™ ML?T!

NL?T!

r’ Respiration rate gLl'h ML?T!
Iy Growth rate of bacteria gL 'd'MLSS ML>T™
S Concentration of substrates mg L', mol L M L, NL*
SOTR Standardized oxygen transfer rate mg L™ h™' ML?T!
S* Dimensionless dissolved oxygen

concentration (= S’/K’) - -
S Selectivity - -
T Temperature K, °C 0
t Time h T
tr Mean retention time h T
tre Critical mean retention time h T
trx Mean retention time of bacteria ~ h T

(= sludge age)
trxc Critical sludge age h T
U Voltage Vv ML*TA™
A% Volume m’ L’
v Velocity ms™ LT
w Flow rate ms™ LT

D BODs, COD, DOC etc.



List of Symbols and Abbreviations

Symbol Explanation Unit Basic unit
(example)

w Gaging void velocity

w Mean velocity ms™ LT

X Concentration of bacteria g L™ MLSS ML

X* Dimensionless bacteria - -
concentration (= X/K')

X Local coordinate m L

X Mole fraction - -

y Mole fraction - -

Yxo/x.C Mole fraction oxygen/carbon in - -
bacteria

Y Yield coefficient - -

/s True yield coefficient growth of g MLSS (g COD)™*
bacteria/used substrate -
%c/sc True yield coefficient growth of g C (g DOC)™

bacteria carbon/used substrate

Yx/s Apparent yield coefficient growth g MLSS (g COD)™*
of bacteria/used substrate -

Z Dimensionless local coordinate - -

z Local coordinate m L

Bi Biot number (=wdD™)

Da Damkohler number (=TPmax tr)

Day Dambkohler number 11 (=Pmax R* D)

Fr Froude number (=n*dg™

Mo Monod number (=S, Ks™)

Mo’ Modified Monod number (=c k™

Ne Newton number (=Pd”n3g™)

Pe Peclet number (=wd D™

Pe’ Modified Peclet number (=wL DY)

Re Reynolds number (=wdv™

Sc Schmidt number (=vD™)

Sh Sherwood number (=k,d D™

Sm Semenov number (=keapma)

Y Oxygen transfer number (
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List of Symbols and Abbreviations

Symbol

Explanation

Greek Symbols

o
Oy

= e ™

Yw

D =

}'102

QﬁQQM'O?—l?—lJ‘n‘<

-+ Q

S

Conversion, removal ratio

Relation of specific mass transfer
coefficient wastewater/clean water
Separation coefficient of a settler

Osmotic coefficient

Relation dissolved oxygen con-
centration at 20°C wastewater/
clean water

Activity coefficient

0., B relation maximal oxygen
mass transfer rate at 20°C
wastewater/clean water
Boundary layer thickness
Porosity

Rate of hydrolosis by anoxic
bacteria related to rate of
hydrolosis by aerobic bacteria
Efficiency coefficient

Dynamic viscosity

Coefficient, describing an
influence of temperature
Specific growth rate
Tortousity

Velocity of diffusing oxygen
molecules

Kinematic viscosity

Resistance coefficient

Number in analysis of dimensions

Osmotic pressure

Density

Sum

Surface tension
Dimensionless variance
Dimensionless surface tension
Variance according time
Dimensionless time

Phase angle of electric current

-1 41

ML'T

LZ T—l

ML'T?
ML

MT?



List of Symbols and Abbreviations

Symbol Explanation

Indices

arith Arithmetic mean value

A Active autotrophs

A Air

Alk Alkaline

a Adsorption

a Behind reactor

a Air

ae Aerobic

an Anaerobic

ap Apparent

ax Anoxic

b Back

b Blower

C Cake

cat Catalyst

cf Cross flow

C Convective

CO,-0 CO,-oxygen

CO,-C CO,-carbon

CO,-C/S-C CO,-C/substrate-carbon

CO,-0/S-O  CO,-O/substrate-oxygen

CO,-N CO, needed for neutralisation of H* formed
by NH,-N oxidation

z Summary

d Daily

d Decay

d Diameter

d Dissolved

D Denitrifyers

D Diffusion

DO Dodecan

D+C Diffusion and convection

e Effluent

e Endogenous

eff Effective

ex Excess

E Enzyme

ES Enzyme—substrate complex

ET5 Emulgin ET5

XX
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Symbol Explanation

f Fouling

f Foreign

f Free of oxygen

g Gear

G Gas

G Generation

H Active heterotrophs

H Hydrolysis

i Impuls

i Inert

i Inhibitor

ij Component

L Liquid

max Maximal

m Membrane

m Motor

M After mixure

M Mixing point

ML Mixed liquid

MLSS Mixed liquid suspended solids
N Nitrogen

N secondary materials

NB Nitrobacter

ND dissolved organic nitrogen
NH Dissolved NH; and NH,
NH.,-0, Oxygen used for NH, oxydation
NH,-N Nitrogen in ammonia

NS Nitrosomonas

NO Nitrate and nitrite nitrogen
NO, Nitrite

NO; Nitrate

NS Nitrosomonas

o Influent Standardized to ¢’=0mg L™
org.P Dissolved organic phosphorous
oTS Organic dry matter

0, Oxygen

P Permeate

p Particulate product

po Pore

W Process water

P Phosphorus



List of Symbols and Abbreviations

Symbol Explanation

PM Primary materials

PO4 Orthophosphate

P-P Dissolved inorganic polyphosphate
Tt Rapid test

R Reactor

R Recycle

s Substrate

spec Specific

S Sewage

SC Substrate-carbon

SO Substrate-oxygen

SS Readily biodegradable substrate
St Standard test

t Total

th Theoretical

T Temperature

v Related to volume

vocC Volatile organic carbon

w Water

XA Biomass of autotrophs

XH Biomass of heterotrophs

X Local coordinate

XC Bacteria mass-carbon

X0 Bacteria mass-oxygen

XC/XO Carbon in bacteria mass/oxygen in bacteria mass
XC/sC Carbon in bacteria mass/carbon in substrate
X/0, Bacteria mass/oxygen

X/S Bacteria mass/substrate

z Local coordinate

0 Influent

Numbers as Indices

20

20
20,0

Temperature of 20°C

Saturation

Mean value

Applied to 20°C

Applied to 20°C and

¢’ =0mg O, L' dissolved oxygen

XXV
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List of Symbols and Abbreviations

Symbol Explanation

Abbreviations

AAO Anaerobic Anoxic Oxic

ADP Adenosin diphosphate

AO Anaerobic Oxic

ASM Activated sludge model

ASCE American Society of Civil Engineers

ATP Adenosine triphosphate

ATV Abwasser Technische Vereinigung

BOD Biological oxygen demand

BWB Berliner Wasserbetreiber

CA Cellulose acetate

CFD Computational fluid dynamics

COD Chemical oxygen demand

CSTR Completely stirred tank reactor

DNA Deoxyribonucleic acid

DMSO Dimethylsulfonoxide

DOC Dissolved organic carbon

DWA Deutsche Vereinigung fiir Wasserwirtschaft,
Abwasser und Abfall e.V.

DVWK Deutscher Verband fiir Wasserwirtschaft und Kulturbau e.V.

EDS Endocrine disrupting substances

EPA Environmental Protection Agency

EPS Extracellular polymer substances

FM Ratio of feed to biomass

LDS Lignin degradation system

MAP Magnesium ammonium phosphate

MBR Membrane bioreactor

MLSS Mixed liquor suspended solid

MLVSS Mixed liquor volatile suspended solid

NDSA Naphtalene disulfonic acid

NSA Naphtalene sulfonic acid

PA Polyamide

PAN Polyacrylnitrile acid

PAO Phosphate-accumulating organism

PES Polyethensulphone

PFU Plug-forming unit

PHB Polyhydroxybutyrate

PP Polypropylen

PSU Polysulphone

PUDF Polyvinylidenfluoride



List of Symbols and Abbreviations

Symbol Explanation

RB5 Reactive black 5

RDR Rotating disc reactor

RNA Ribonucleic acid

SCP Single-cell protein

SRB Sulfur-reducing bacteria

SS Suspended solid

UASB Upflow anaerobic sludge blanket
VFA Volatile fatty acid

VOC Volatile organic compound
WWTP Wastewater treatment plant

XXV






1
Historical Development of Wastewater Collection
and Treatment

1.1
Water Supply and Wastewater Management in Antiquity

One of the most ancient systems of wastewater management was constructed in
Mohenjo-Daro near the river Indus (Pakistan) at about 1500 BC. Some centuries
later, the river moved its course and obviously the town was given up and covered
by sand during the following decades. In the 1930s and 1940s, this early high civil-
ization was newly discovered. Private and public houses were equipped with toi-
lets. Water used for washing and bathing as well as rain water flowed through spe-
cial grooves into canals which were built with the necessary slope to transport the
water into the river Indus. These installations demonstrate a high hygienic stan-
dard of an early culture.

The main wastewater collector, the Cloaca Maxima, in Rome presumably follows
the course of an old ditch which was used at about 500 BC as a collector for waste-
water. But soon it was insufficient to handle the flow of wastewater. Therefore, it
was enlarged in the following centuries, extended and roofed over (Lamprecht
1988). Archaeological studies presented a nearly complete picture of its line start-
ing from near the Forum Augustum and flowing into the Tiber near the Ponto
Palatino. During the time of the emperors (31 BC to 193 AD), the canal could be
traveled by boat and could be entered via manholes. The canal has a breadth up to
3.2 m and a height of up to 4.2 m (Fig. 1.1).

In Hellenistic and Roman times, several water supply systems were constructed
for Pergamon castle, which is situated on a rock with an 800 m long plateau, at a
height of nearly 300 m over the town situated below it. We are here only interested
in one of these systems: the Madradag pipe 2 constructed during the rule of Eume-
nas II (197-159 BC; Garbrecht 1987). This pipe had a length of 42 km and started
in the Madradag mountains at a height of 1230 m, that is 900 m higher than the
rock of Pergamon. Three valleys had to be crossed and afterwards the Pergamon
rock had to be climbed. Therefore, the pipe had to be operated under pressure.
This was an extremely demanding requirement for the quality of pipe manufactur-
ing, laying and sealing. The difference in the height of 900 m (from source to
castle) corresponding to a pressure drop of 90 bar (9 MPa) alone for the nonflow-
ing water column. Therefore, very stringent requirements had to be met. The pipes

Fundamentals of Biological Wastewater Treatment. Udo Wiesmann, In Su Choi, Eva-Maria Dombrowski
Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Section near
Forum Augustum Section near
Via del Velabro

4.10 m
3.19m

e Fasmd

Section near

Via del Velabro .
Section near Section near

Forum Romanum

B e P Forum Romanum
1

6.30 m
4.20m

2.50 m

l 2.50m !

Fig. 1.1 Cloaca Maxima in Rome, sections of the wastewater collector (Lamprecht 1988).

Fig. 1.2 Main street with main wastewater
collector below the town at the top of the castle
of Pergamon (Garbrecht 1987).

were manufactured from fired clay and had a diameter of 16-19 cm. A mean flow
rate 15 L s™" can be assumed. Initially, only one pipe was needed, but later on, two
further pipes of nearly the same diameter were laid in parallel. This made possible
an increase in the flow rate to nearly 45 Ls™ or 162 m* h™".
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Fig. 1.3 Main wastewater
collector with pipes for

/ / / / f wastewater discharge at
the castle of Pergamon
/ [F (Garbrecht 1987).

A system for wastewater management was needed for such a high flow rate of
fresh water. The resulting wastewater was collected in carefully masoned collectors
laid below a main street covered by rectangular stone plates (Fig. 1.2).

The wastewater flowed from different palaces, temples, public buildings and pri-
vate houses through clay pipes or open ditches. As a result of the growing flow rate,
the cross-section had to be increased from 0.45-0.90 m?* to 1.05-1.70 m” in places
(Garbrecht 1987).

To keep the water from draining away at only one place at the end of the collec-
tor, discharge pipes took up the wastewater at various points and conducted it to
the edge of the rock. From these points it fell below (Fig. 1.3).
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1.2

Water Supply and Wastewater Management in the Medieval Age

Monasteries founded by Cistercians, Premonstratensians and Benedictines in Eu-
rope during the 12th and 13th centuries were exemplary business undertakings for
that time. Besides the monks and the abbot, numerous lay persons worked and
prayed there, all requiring a reliable source of water. Frequently, a monastery was
placed near a river and a ditch was dug, which was laid with a necessary gradient
through the area of the monastery. Figure 1.4 presents a system for water supply
and wastewater discharge as a fundamental concept (Bond 1991).

P sources

O
B
— tubes of lead

cisterns ®
aeration —

water channel ==
latrine

filter
stop cock
sufaced discharge

channel and installation
for cordoning

ditch around the monastery

well for the 3
community
of laymen

@]

i

o>

house with distribution

system

OCER RRRETRRRERRERTRERELEREDU LML SRIAT ARIARRE DO

S
main wastewater channel

o 3

™

B>

.
0 [%:]
52] i
o ||l S)C® =® > 3 .
g 8 ol e > - £ L ©
oiliciisal 12| I lC|li & o [2) =
2Hilsi s =|le [ =
51 2 o e < = [«%
$=4 =i lll v & =i = > = £ c &
o =HE = =] =] 1= € =9 o
aliigtflo o oS <
2l s
[=]
= e 4 "
SRR } ek
E_‘
— 4

T T

mill for corn
®

pond for fishes
mill for leather

®

water for gardens

|

pond for mills

T

Fig. 1.4 Fresh water supply and wastewater discharge in monasteries (Bond 1991).
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First, the water flowed slowly through two sedimentation basins to a distribution
house crossing the main ditch of the monastery. Pipes made either from tree
trunks, ceramic material or lead were used for this purpose. From the distribution
house, the water flowed to the different consumers, where it was polluted to differ-
ent degrees; and afterwards it flowed into a wastewater canal, which was divided at
two adjustable weirs into two different parts: the smaller one discharging into fish
ponds and the larger one flowing below the latrines near the dormitories and after-
wards into the river. The not very polluted main ditch was connected with ponds as
water reservoirs to drive different mills. For such a demanding water supply, dis-
tribution and wastewater discharge, the location of the monastery had to be select-
ed carefully and prepared at great expense.

Figure 1.5 shows an outline of the Cistercian monastery Arnsburg in the Wetter-
au region of Germany, established there in 1197. There are some differences to the

Fig. 1.5 Cistercian Abbey in Arnsburg (Germany), plan of a medieval system for water
use and wastewater discharge (Grewe, 1991). (a) Course of the river Wetter; (b) Branch
canal; (c) Courtyard of the cloister with well; (d) Dormitory for the monks; (e) Dormitory
for the lay brothers; (f) Rooms for the abbot; (g) Mill; (h) Brewery; (i) Fishpond. Broken
lines indicate underground medieval sewers: (A) From the latrine of the monks to the
sewer below the canal to the Wetter River; (B) From the lay brothers’ latrine to the sewer;
(C) From the abbot’s rooms to the branch canal downstream from the mill.
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fundamental pattern of water supply, but principally we can recognize several ele-
ments that correspond. The mill ditch branching off from the Wetter River first
went immediately past a building, presumable the kitchen, and then the water
drove a mill (g) and was obviously used for brewing beer (h). Starting from the dor-
mitories of the monks and from the wards, pipes crossed the ditch and flowed into
the Wetter River. The brewery was connected by a pipe with the rooms of the abbot
and we shall leave unanswered whether the pipe was used for the transport of beer
or wastewater. Large parts of the monastery are now completely destroyed, but the
location of the cloister, the enclosures and the house of the fountain could be re-
constructed after excavations. The mill ditch flowed higher than the Wetter River
and supplied the water to drive the mills.

The water supply and wastewater management in the castles of that time were
simpler, although in the courtyard a deep well was dug to reach the groundwater.
The latrines were constructed so that the waste could fall down upon the sloping
rock. For palaces, castles and upper chambers lying next to a river, the wastes could
be discharged using an underground canal or an open ditch. Figure 1.6 shows
such a canal belonging to a palace from the 12th century in Frankfurt near the river
Main, Germany (Grewe 1991).

However, inside the towns there was often no system for waste management up
to the middle of the 19th century. Frequently, refuse was discarded directly at the
streets and paths where swine and chickens then foraged for usable foods and in-
creased the wastes even further. Only after the installation of a water supply, the
use of water toilets and the construction of open (Fig. 1.7) and closed wastewater
ditches in the middle of the 19th century did the situation improve.

Fig. 1.6 Wastewater canal of a castle in Fig. 1.7 “Freiburger Bachle”, initially
Frankfurt from the 12th century, with direct operated as a wastewater channel, used
discharge into the river Main (Grewe 1991). since the 12th century (Grewe 1991).



1.3 First Studies in Microbiology |7

Fig. 1.8 Construction of main sewage collectors along the river Thames
in London (three at the northern and two at the southern bank) in
1865-1868 (Fohl and Hamm 1985).

However, during this period the number of inhabitants in the cities increased
considerably. This made it necessary to find a fundamental solution to the prob-
lems. In London, for example, they first looked for an interim solution. A large ca-
nal was constructed in 1865-1868 along the river Thames (Fig. 1.8), which received
most of the countless wastewater streams which were previously disposed directly
into the river.

East of London, all the wastes in the canal were again discharged into the
Thames. Because of the height difference needed to transport the water, wastewa-
ter pumping stations were built at Crossners and Abbey Mills. Fundamentally, this
was the same method used in Rome 2000 years earlier: collecting, diverting and
discharging.

1.3
First Studies in Microbiology

Antoni van Leeuwenhoek (1632-1723) was the first person able to grind simple
lenses and who built the first microscopes (Fig. 1.9). The biconvex lens (L) was fas-
tened between two thin metal plates and the object was mounted up on the pin at
(P), which was adjustable by moving two screws. He constructed many of these mi-
croscopes and all the necessary lenses he ground himself. The best of them mag-
nified about 200 times (Burdon and Williams 1969). With these instruments, he
patiently examined numerous natural objects.

Van Leeuwenhoek grew up in Delft, attended school in Leyden, learned the cloth
merchants’ trade in Amsterdam and subsequently settled in Delft as a cloth mer-
chant. At the age of 28 (1660), he learned to grind lenses and began to study differ-
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Fig. 1.9 Front and side views of one of van
Leeuwenhoek’s microscopes. A lens was
fastened between two thin plates at L, and
the object was fixed upon the adjustable pin
at P. The microscope must be held very close
to the eye (Burdon and Williams 1969).

ent small things he found in water droplets. Later on, he started to draw all the
things he observed. In 1673, he sent a first letter with some new drawings and de-
scriptions to the Royal Society of London. On 7 September 1674, he reported for
the first time about “small animals” (animalcules, protozoa) and small globules
(green algae). In his 18th letter, written 9 October 1676, we find the first observa-
tions of bacteria, “very small animals”, the young of the other animals, as van Leeu-
wenhoeck assumed (Mockmann and Kéhler 1996). In his 39th letter, from 17 Sep-
tember 1683, van Leeuwenhoek enclosed an engraved figure (Fig. 1.10) showing a
slide prepared from the film on his own teeth. We recognize cocci, rods and heli-
cal bacteria. The Royal Society accepted van Leeuwenhoek as a member in 1680.
When he died in 1723, nobody had learned his method for grinding lenses and in

de YA e e D

-

e e

bacteria in a letter of 1683 to the Royal

C/;J' ¥ —_——— Fig. 1.10 Van Leeuwenhoek’s drawing of
A Society of London (Mockmann and
Kshler 1996).
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the following decades only a few microscopes similar to that of Fig. 1.9 were avail-
able.

In 1720, an important book was published in London with the title “A new theo-
ry of consumption: more specifically on a Phthisis, or consumption of the lungs”,
written by Benjamin Marten. In contrast to numerous other hypotheses, the cause
of the consumption (tuberculosis) was attributed by Marten to small animalcules
(microorganisms), which may come in the lungs by the circulation of blood. They
may be contained in the air, can be breathed in and can grow in the blood and the
lungs.

However, the scholars of that time believed in a phenomenon which was called
abiogenesis. This theory of abiogenesis, or “generatio spontanea” (spontaneous
generation of living organisms), is an old hypothesis and was not limited to
animalcules. The famous alchemist Johann Babtist von Helmont (1577-1644)
thought that animals like the mouse, worms and insects could be created by abio-
genesis (Helmont 1652).

This period was concluded in part by experiments, carried out by Franceso Redi
(Redi 1667), who worked as a personal physician of Ferdinand II de Medici (the
grand duke of Toscana). He distributed a snake, some fish, eels and plates of veal
into four bottles and closed them with fine porous gauze. The same remains of
these animals were placed into open vessels, in which maggots were living after
short time, having developed from eggs which were deposited by flies. In the
covered bottles no maggots developed.

The abiogenesis of insects had already been refuted and scholars did not perpet-
uate this idea, but the discussion of abiogenesis started again in connection with
animalcules. In their opinion, they must have been produced by abiogenesis.

In 1711, Louse Joblot studied the development of animalcules in hay and water
suspensions (Joblot 1718). First, it was boiled for 15 min and distributed into two
vessels. One of them was left open and, after some days, many animalcules had
grown. The second vessel was closed with moist, oil-impregnated paper. No life
could be observed in this vessel. Only after opening the vessel and waiting for
some days did the same effect of growing life present itself, probably observed by
using van Leeuwenhoek’s microscope. But we can assume that he was not able to
observe bacteria.

After these experiments, Joblot was convinced that the observed animalcules
were descended from small animals living in the air.

The English priest Father John Turberville Needham (1713-1781) tried to refute
this opinion experimentally. He was a resolute advocate of abiogenesis. In order to
support this hypothesis, he boiled a suspension of mutton meat, bottled it and
sealed the flask from the air with a cork. After some days, the suspension was full
of living things. Needham and many other scientists were sure that the theory of
preformation was conclusively refuted (Needham 1749, 1750).

Charles Bonnet (1720-1793) was one of the first who questioned whether the
flasks were really impenetrable for small animal, or whether there were living crea-
tures or eggs which would be able to survive the heating (Bonnet 1762). The Italian
priest Abbate Lazzaro Spallanzani (1729-1799) filled different boiled infusions
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(1 h) into vessels, which were closed carefully afterwards (Spallanzani 1765). All
mixtures remained sterile.

Needham revised this theory: during a heating time of 1 h, a “vegetative power”
would be destroyed, which was now introduced into this discussion instead of a
biogenesis.

Spallanzani (1776) carried out further experiments in 1776 to test the existence
of a “vegetative power”. He boiled different infusions, filled them into vessels,
closed them and boiled them again for 0.5, 1.0, 1.5 and 2.0 h. Half of them were
opened, half of them remained closed. Only in the opened vessels were animal-
cules observed to be growing. Therefore, a “vegetative power” which could be de-
stroyed after boiling for 1 h could not exist.

Nevertheless, the idea of abiogenesis or generatio spontanea (heterogenesis) as
a model for the origin of life from nonliving organics remained a popular theory
until 1830. At this point in time, it was shaken more and more by further experi-
ments.

Franz Schulze filled water, meat and vegetables into a glass. At both ends of the
glass, vessels were attached which were filled with sulfuric acid (Schulze 1836).
From time to time, air was blown into the system (Fig. 1.11a), but all animalcules
were restrained and killed off by the strong acid. The organics remained un-
changed, no organism was alive. Only after the vessels filled with H,SO, were re-
moved did the animalcules penetrate from the air into the flask. Schulze proved
with this experiment that germs (molecules or particles) distributed in the air of
his breath were retained by washing in H,SO,, but that they started to digest the or-
ganics after entering the open glass.

One year later, Theodor Schwann (1837a) demonstrated that germs could be de-
stroyed by heat. The left bottle in Fig. 1.11b was filled with a heated infusion and
connected with a large spherical bottle and a helical tube. Both were heated and the
right tube was closed by melting. The organics remained sterile. Obviously, the
germs (molecules or particles) could be destroyed by higher temperature.

Schréder and von Dusch (1854) successfully used a layer of cotton as a filter for
sterilization (Fig. 1.11c). First, the organic substance in the middle glass was heat-
ed and after that a flow of air was adjusted by opening the tap and emptying the
left, large bottle slowly. Since then, layers of cotton have been used frequently to
sterilize air in microbiology and biotechnology.

Schwann had shown already in 1837 that yeasts are living organisms and that if
they grow in aqueous sugar solution and in the absence of oxygen, the sugar is con-
verted to ethanol (Schwann 1837b). This interpretation of fermentation was doubt-
ed by scientists over the next 20 years: the conversion of sugar into ethanol must be
a purely chemical process!

Nobody was able to describe these germs at this time, but it was known that they
grow, that they change organic material and that they multiply. Louis Pasteur
(1822-1895) was the first who understood that some germs need oxygen for grow-
ing, others do not. If they do not get oxygen, some of them are able to produce lac-
tic acid (Pasteur 1857), ethanol (Pasteur 1860), butyric acid (Pasteur 1861a) and
acetic acid (Pasteur 1861b). Pasteur created the foundation of modern biotechnolo-
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Fig. 1.11  Early experiments showing activities of microorganisms.
(a) Franz Schulze’s experiment with a heated suspension of meat
and vegetables in the bottle and H,SO, in both glasses (Schulze
1836). (b) Theodor Schwann'’s experiment with a heated glass spiral
(Schwann 1837a, b). (c) The Schréder and von Dusch experiment
with a glass tube filled with cotton (Schréder and von Dusch 1854).

gy, which gained considerably in importance during the following decades. In the
next years, Pasteur studied the causes of “wine and beer diseases” (Pasteur 1876)
as well as poultry pestilence (Pasteur 1880a), anthrax (Pasteur 1880 b) and rabies
(Pasteur 1885). All these works laid the foundation for medical bacteriology.

1.4
Wastewater Management by Direct Discharge into Soil and Bodies of Water —
The First Studies

In the middle of the 19th century, wastewater produced in the fast-growing indus-
trial regions and cities was discharged directly into rivers and canals, as well as into
the soil below the toilets at the courtyards of tenement blocks. Frequently, the
drinking water pump was located directly next to the toilets. Therefore, it was no
wonder that cholera illnesses often occurred, especially in large cities.

Drinking water drawn with these pumps occasionally smelled of H,S; and Ru-
dolf Virchow was the first who assumed that it must be a product of anaerobic re-
duction of CaSO, (gypsum) by “microscopic algae” (Virchow 1868).

The situation in English rivers and canals was characterized by Fig. 1.12, a draw-
ing in the satirical journal “Punch” from 1858 (Fohl and Hamm 1985).

1
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Fig. 112 Drawing from the satirical
journal Punch, demonstrating the
extremely polluted river Thames in
1858 with the title “The silent high-
way man” (Féhl and Hamm 1985).

The first step in solving the problem of river pollution was to describe it by tak-
ing samples and making measurements.

Frankland was instructed by the administration of London to present a monthly
report about the water supply. In 1868, on the occasion of a meeting of the Royal In-
stitution of Great Britain, he pointed out that the drinking water coming to London
from the Cader Idris and Plyalimmon mountains (northern Wales) was polluted by
“unhealthy germs” and chemicals (Frankland 1869a). In the same year, Frankland
proposed ten analyses of water to characterize the river water quality (Frankland
1869b), but it took a long time to establish regular sampling and measuring.

A similar report and a description of measuring methods and results were pub-
lished by Finkener and Zinreck, concerning the lakes and rivers in and around
Berlin (Finkener 1871; Zinreck 1871). The results cannot be compared with those
of today because of the different methods for sampling and measuring. Therefore,
we will not report them here.

In 1871, the results of the River Pollution Commission led by Frankland were
made available. Of special interest was the condition of the river Irwell and its trib-
utaries. Over a length of 56 km there were 285 factories discharging their effluents
into the small river, which was extremely polluted (Reich 1871).

At this time, it was discussed whether the concentration of pollutants could be
reduced by chemical oxidation during its transport in a river. Eduard Wiebe, for ex-
ample, was convinced that all the wastewater of Berlin discharged into the river
Spree between Charlottenburg and Spandau was cleaned by “self-purification”, a
natural chemical process which can be used beneficially (Wiebe 1873).

1.5
Mineralization of Organics in Rivers, Soils or by Experiment —
A Chemical or Biological Process?

The process of “self-purification” had to be studied experimentally. A commission
presumably led by Frankland obtained the order to investigate the problem. Waste-
water from the channel was mixed with river water and filled automatically from
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one vessel to another after short interruptions. In the course of this filling process,
oxygen must be transferred from air if it was necessary for the reaction. But the
concentration of the organics was not considerably reduced, even after several
weeks. Therefore, the “self-purification” observed was no simple chemical process.
Alexander Miiller was probably the first who suspected, in 1869, that the degrada-
tion of organics must be a microbiological process (Roechling 1899)."

An initial answer resulted from experiments by J. Konig. A wire mesh was
sprayed with wastewater for some weeks and it was observed that a biofilm had
formed and that dissolved organics had been removed (K6nig 1883). In this light,
the experiments of Wolfthiigel and Thiemann are also important, being the first to
study the growth of bacteria on culture medium after adding drinking and process
water. In these experiments, they were advised by Robert Koch (Wolffhiigel and
Thiemann 1883).

Between 1885 and 1890, several further studies were published proving that mi-
crobiological processes must be responsible for the production of H,CO; and
HNO; by the oxidation of organic compounds and NH," (Emich 1885; K6nig 1886;
Knauff 1887; Weigmann 1888; Winogradsky 1890).

Nevertheless, another group of chemists could not be convinced by the results of
these experiments. Dunbar, the famous director of the Staatliche Hygiene Institut
in Hamburg cited Travis in his paper in 1912 (Dunbar 1912), who strongly denied
the microbial degradation of organics. Travis presented experimental results on
the occasion of the seventh International Congress of Chemists in London in 1907,
which should have proved pure chemical oxidation instead of biodegradation by
microorganisms. However, Dunbar criticized Travis’s methods in his last paper
(Dunbar 1912), and obviously the idea of the pure chemical mechanisms was no
longer supported in scientific meetings and journals.

We should not conclude this brief description of the birth of environmental mi-
crobiology without emphasizing the work of Winogradsky (1890), who carried out
fundamental and most important studies on nitrification. In contrast to all the bac-
teria which use organic compounds as a source of energy and/or carbon, nitrifying
bacteria are chemolitho-autotrophs, obtaining energy by the oxidation of NH; and
NO; and obtaining carbon from the reduction of CO, (Chapter 10). He discovered
all these facts and much more about this kind of bacteria, catabolism and anabo-
lism during the years prior to 1890; and it is astonishing that the dispute about the
oxidation of organic and inorganic compounds as a result of chemical or biological
processes was not concluded for several further years.

In 1891, the first textbook on hygiene, “Grundriss der Hygiene” by C. Flugge,
was published in its second edition (Flugge 1891). Rightfully, the reader could
expect that the very important dictions of the past decade would have been men-
tioned. But the book, with its 560 pages, did not give any references to the topic.
Should we conclude that the papers published in the journal “Gesundheits-Inge-
nieur”, for example, were not noticed by doctors working in the field of hygiene?

D A. Miiller is mentioned in several other papers. But until now,
the original publication has not been found.

13
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1.6
Early Biological Wastewater Treatment Processes

The collection of wastewater in canal systems served a purpose, but its discharge
into rivers was no solution of the problem, if the amount of wastewater discharged
was too great in comparison with the river flow rate. In Berlin, Hobrecht proposed
and built a wastewater collecting system consisting of 12 radial arms — five to the
south and seven to the north of the river Spree. In each radial system, rainwater
and wastewater flowed to a central lowest point by gravity (and the system is still in
use today), from where it was pumped in pipes to an irrigation field outside the
city. In the middle of each irrigation field, the water exited through a standpipe and
gate valves through irrigation ditches in the irrigation fields. The water seeped
through the ground and was collected by porous ceramic pipes and flowed into
drainage channels and finally into canals or rivers (Hobrecht 1884). Similar irriga-
tion fields were built in the surroundings of several other cities. Data for concen-
trations measured in the influent and effluent are very rare. Table 1.1 shows some
data from 14 April 1891 for the irrigation field in Breslau (Uffelmann 1893). If
we compare the values for dissolved organics of 155.9 mg L™ (influent) and
53.2mg L' (effluent), we can conclude that about 66% was removed. Nitrification
was nearly complete (ammonia 105—7 mg L™).

The cleaning effect of irrigation fields had already been proven in the late 1870s,
but in the first decade of operation, the scientific basis for the reduction of organics,
which was being monitored by smell (often) and/or by taste (seldom), was largely
unclear. During the 1890s, it became more and more certain: it was not a chemical
but a biological process performed by aerobic and anaerobic bacteria. Nevertheless,
the dispute was not resolved until the beginning of the 20th century (Dunbar 1912).

Table 1.1 Concentration of samples from the influent and effluent of an
irrigation field in Breslau (14 April 1891; Uffelmann 1893, extract).

Substance Concentration (mg L")
Influent® Effluent®
Suspended material 295.2 54.0
Organics 246.0 -
Inorganics 49.2 -
Dissolved material 687.3 478.4
Organics 155.9 53.2
Inorganics 531.4 425.2
KMnO, consumption 118.1 9.7
Ammonia (NH; + NHX) 105.0 7.0
Nitric acid - 17.5
Phosphoric acid 22.4 -

3 Pump station. » Mean dewatering ditch.
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Experiments in ways to increase the specific wastewater load (in m? (ha day)™)
compared with that of irrigation fields resulted in the development of intermittent
soil filtration. The following operational conditions had to be met for the first sites:
(a) the groundwater level must be low enough, (b) the percolating water must be
collected in lateral ditches for recycling and (c) the application of wastewater must
be intermittent, so that water levels in the ground recede and allow the simultane-
ous flow of air downwards to provide oxygen for bacterial growth, respiration and
degradation of organics. Although this biological process was not completely
understood, it was tested with increasing success.

One of the first of this kind was operated successfully in Lawrence, Massachu-
setts, USA, in 1888. These first experiments were very successful, showing nearly
complete removal of organics and complete NH," oxidation (Dunbar 1899). In Lon-
don and its surroundings, similar experiments with intermittent soil filtration were
carried out by Dibdin in 1894-1896 (Roeckling 1899). In Barking Creek, London,
near the river Thames, an area of 4047 m? was built up with soil that had walls 1 m
high, supported by laid bricks. Several solid materials were tested as a contact bed.
This filter was periodically filled with wastewater over 2 h, stopped for 1 h and emp-
tied slowly over 5 h; and the cycle was repeated every 8 h. About 70-75% of the dis-
solved organics were removed. The plants in Sutton and Exeter were different from
that of Barking only in one point: the wastewater was biologically pretreated for 24 h
—in Sutton apparently aerobically in an open vessel and in Exeter anaerobically in a
closed vessel. In both plants, the results were somewhat better than in Barking
(Dibdin 1898). Similarly, very early pilot plants for the study of biodegradation went
into operation in 1897 in Hamburg (Eppendorfer hospital; Dunbar 1899), in GrofR-
lichterfelde near Berlin, in 1898/1899 (Schweder 1901) and in Tempelhof near Ber-
lin in 1900 (Thumm and Pritzkow 1902). After the foundation of the “Kénigliche
Priifanstalt fiir Wasserversorgung und Abwasserbeseitigung” in Betlin, pilot experi-
ments were carried out systematically to study intermittent soil filtration, in order to
find the best type of contact beds and to improve the process in Tempelhof (Thumm
and Pritzkow 1902; Zahn 1902). All these experiments and developments led finally
to the development of continuously operated trickling filters (Table 1.2). One of the
firstlarge-scale plants was built in the form of contact beds using large pieces of coke
and operated with intermittent filtration, in Stahnsdorf near Berlin (Miiller 1907).

Table 1.2 Development of irrigation fields and trickling filters — increase in specific load.

Year Process Specific load
[m’ (ha h)"]

1860 Irrigation fields prepared on suitable soil and level area 0.24-0.36

1878 Irrigation fields with drain trenches and soil fields 4-8

1884 Irrigation fields and preliminary sedimentation 8-10

1886-1900 Intermittant soil filtration 30-40

1890 Intermittant filtration with contact beds 120

1903 Trickling filter 500-2000

1960 High-load trickling filter 8000
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1.7
The Cholera Epidemics — Were They Caused by Bacteria Living in the Soil or Water?

In the rapidly growing European cities of the 19th century, cholera epidemics
claimed many thousands of lives. In the time before 1860, nobody had a realistic
idea about the cause of these epidemics. It was not until 1883, when Robert Koch
discovered the bacteria which caused the illness (Brown 1935) that physicians were
able to look for the natural reason of these bacteria. Two different hypotheses char-
acterized the dispute of the following 10 years. Max von Pettenkofer and his follow-
ers were convinced that the cholera bacteria lived and grew in the soil and that the
infections were caused by contact with soil and dust particles (von Pettenkofer
1882). Robert Koch and his followers supported the opinion that infection by chol-
era bacteria resulted from surface waters which were often used as sources of
drinking water without any processing (Brown 1935).

In 1892, cholera appeared in Hamburg. All the victims of this disease had been
supplied with drinking water which came directly from the river Elbe without sand
filtration. The central prison and the Attendorfer lunatic asylum with its own
groundwater supplies remained completely unaffected by cholera (Kluge and
Schramm 1986). In the neighboring town of Altona, the morbidity was significant-
ly lower, although water from the Elbe was used there as well. Was the rate of in-
fection so much lower because the water was sand-filtered in the Altona water-
works? After some months, the number of illnesses was about 18000 and the
number of deaths 7600. But up to this point, the cholera bacillus was only found in
the bodies and excrement of those taken ill. But just one year later, the cholera ba-
cillus was also detected in the water of the river Elbe and most notably also in the
pumps. After the source of the cholera infection had been identified, an effective
solution to the problem had been found: sand filtration in waterworks and waste-
water discharge into the river as before (Fliigge 1893) or groundwater withdrawal
as shore filtrate and wastewater treatment by irrigation fields (Virchow 1868;
Hobrecht 1884). Both methods were employed, the first in Hamburg, the second
in Berlin. The idea that a river can be loaded with untreated wastewater and then
be cleaned by “self-purification” was upheld for the next 80 years. Only in the 1960s
did we realize that wastewater must be treated in plants before being discharged
into surface waters!

1.8
Early Experiments with the Activated Sludge Process

Obviously, nobody before 1913 had the idea to increase the concentration of aero-
bic bacteria by sludge sedimentation after aerating the sewage in a bottle for sever-
al hours, to remove the solids-free water carefully and then add sewage again. The
first persons to observe an increase in sludge by repeating this process several
times were Edward Arden and William T. Lockett from the River Committee of the
Manchester Corporation in 1914. They presented their results on the occasion of a
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meeting at the Grand Hotel in Manchester on 3 April 1914 (Arden and Lockett
1914). It was of high importance that the glass bottles filled with 2.27 L of sewage
were protected from light for the first time, so that algae could not grow. They filled
their bottle with sewage from the Sewage Works at Davyhulme. If the sludge had a
volume of 25% after sedimentation, “carbonaceous fermentation” and nitrification
could be completed to a high degree within 24 h. It was very important that the
sludge was mixed with the sewage and that sufficient air was added. The pH must
be controlled by adding a small quantity of alkali. These published results are pre-
sented in Fig. 1.13.

In this figure, concentrations are given in “parts per million”, which means ap-
proximately 200/10° = 200 mg L™". The organics were measured as “Oxygen Abs.”.
The authors probably used KMnO, as an oxidizing agent. The nitrification rate was
slow compared to the removal rate for organics over the first 8 h. After this time,
the situation changed.

Over the following years, this batch process was converted to a continuous pro-
cess using an aeration tank, a sedimentation tank and sludge recycle system. After
several experiments were performed in the UK and in the USA using pilot plants
to study the process (Mohajeri 2002), the first technical-scale activated sludge plant
was constructed in Sheffield, UK, in 1920 (Haworth 1922). The water flowed in
open meandering channels and was aerated, moved and circulated by paddle stir-
rers. In Indianapolis, USA, compressed air flowed through perforated tubes ar-
ranged near the bottom at one side of a long channel, producing a spiral flow of air
bubbles (Hurd 1923). The first surface aerator with a vertical shaft was constructed
by Bolton. A conducting tube forced the two-phase flow near the bottom, resulting
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Fig. 1.13  First batch sewage aeration experiment with enriched activated
sludge (Arden and Lockett 1914).
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in sufficient oxygen transfer and mixing of the water and sludge (Bolton 1921;
Imhoft 1979). In Germany, the first large plants were built in Essen-Rellinghausen
in 1926 (Kuhn 1927) and in Stahnsdorf near Berlin in 1929-1931 (Langbein 1930),
the latter of which was designed and operated as an experimental plant for the
study of different sedimentation tank designs (Mohajeri 2002).

1.9
Taking Samples and Measuring Pollutants

There are some important questions which must be answered when studying wa-
ter technology and pollution control:

e How dirty is the wastewater with respect to specific compounds or total parame-
ters; and how can I measure these parameters or the concentration of these spe-
cific compounds?

e What is the best point to take a sample for analysis from a river or treatment
plant?

e What is the best method for taking samples (sampling by drawing within a short
time, sampling and mixing within a given time period of 1-2 h)?

e How frequently should samples be taken, once per hour, per day, per week or
per year?

One of the first methods developed was the measurement of potassium permanga-
nate (KMnO,) consumption for the oxidation of organic compounds dissolved in
water (Marqueritte 1846). It took 23 years until Frankland proposed to the Royal
Commission of England what else should be measured and how this can be done
(Frankland 1869b). Malz in 1999 divided the time which followed into three peri-
ods. During the first period (1870-1920), wastewater was mostly characterized by
colour and smell, although many methods were available for measuring different
compounds. The ability of the wastewater to digest and to form gases (CH,, CO,)
was of interest as well as the concentrations of potassium, magnesium and nitro-
gen to characterize the value for use as fertilizer (Mohajeri 2002). Not until the sec-
ond period (1920-1970) were some simple methods used for measuring specific
compounds (BODs, COD, dissolved oxygen, pH, conductivity, solid concentration,
etc.). The most important problem was that standard methods did not exist. Fre-
quently, one water sample investigated in two different laboratories gave two dif-
ferent results lying considerably beyond the range of confidence. The third period
since 1970 is the time of using more and more methods controlled by computers
with automatic sampling (COD, DOC, AOX) and the analysis of individual organ-
ic and inorganic compounds (different detectors after separation by GC, HPLC,
etc.; Malz 1998; Mohajeri 2002). It was very important to standardize the methods
of sample-taking, storage and measurement. Often, national standards were agreed
upon only after drawn-out discussions. As a result of the development of political
and economical confederations, further agreements on standards had to be devel-
oped (EU guidelines for prevention of water pollution; Poppinghaus et al. 1994).
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1.10
Early Regulations for the Control of Wastewater Discharge

Initially, solid and liquid wastes were disposed and poured out onto the streets and
in the courtyards of medieval towns and villages. The unpaved streets and paths
were filled with mud, particularly after a strong rainfall. Since domestic animals al-
so lived in these areas, the mud was mixed with solid and liquid faeces. This situa-
tion went unchanged until the first regulations were issued by local authorities
(Hosel 1990).

In the 16th and 17th centuries in Berlin, regulations by the Elector and the town
council were mostly limited to the sweeping of solid wastes and the formation of
heaps. In the 18th century, many tenants who had no toilets in the courtyards still
emptied their chamber pots onto the streets. The town council of Berlin forbade
this by levying a fine and defining a list of places on the river Spree where cham-
ber pots could be emptied at a certain time of day. After 1830, more and more
wastewater channels were constructed, some of them laid underground, some of
them as open channels directly near the sidewalks. These were frequently clogged
and wastewater could not flow, especially during and after rain or snowfall. In the
19th century, it was forbidden to empty chamber pots into the Spree. Obviously,
this law was difficult to enforce (Fig. 1.14; Hésel 1990).

Until the second half of the 19th century, it was common practice to discharge
wastewater into the rivers; and it was normal for the communities downstream to
have to put up with the polluted water (Driewer 1999). These problems increased
dramatically as industrial development took off in the fast-growing cities. In order
to avoid epidemics such as cholera and typhus, laws had to be issued for the treat-
ment and discharge of wastewater.

Until 1945 in Germany, water regulations were only issued by the states, some
of them even only in the last 32 years of the 19th century (e.g. Oldenburgische
Wasserordnung, 10 November 1868; Braunschweigisches Wassergesetz, 20 June
1878). In Prussia, the largest and most highly industrially developed region of Ger-
many, the regulation of water was first established in 1913 (Schlegelberger 1927,

Fig. 1.14 Berlin: secret emptying of
chamber pots into the river Spree.
The gases of anaerobic processes
(mainly CH,) were used to provide
light for the woman during her
nightly job. Caricature by Doebeck,
dated 1830 (Hosel 1990).
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1931), because about 80 single regulations had to be unified which were each valid
for only one of the 80 regions of Prussia. This fulminous work of about 1600 pag-
es addressed such problems as ownership rights to waterways and lakes, usufructs,
duties for the maintenance of the waterways and the banks as well as flood protec-
tion. Limits to volume or concentration of wastewater discharged into surface wa-
ters were not fixed. Similar laws were in effect in all German states and were not
fundamentally changed until 1945.

Four points were important for the new laws:

e They were passed separately under different conditions in the Federal Republic
of Germany (FRG) and in the German Democratic Republic (GDR).

e On 1 March 1960, the Water Resources Policy Act (WRPA) was issued in the
FRG; and on 7 April 1963, the Water Act (WA) was issued in the GDR.

e The WRPA was a legal framework in the FRG, supplemented by the legislation
of the individual states.

e The WA was a uniform regulation valid in all states.

An important development of the legislation of the FRG was the structure of the
“Law governing the payment of fees for disposing of wastewater in surface waters”
(“Gesetz tiber Abgaben fiir das Einleiten von Abwasser in Gewisser”, Abwasserab-
gabengesetz [AbwAG], from 13 September 1976), which took effect on 1 January
1978. The levying of fees began on 1 January 1981 and only covered the direct dis-
charge of wastewater into surface waters (Direkteinleiter). So-called load equiva-
lents (Schadeinheiten) are calculated according to the yearly disposal load of partic-
ular substances (Berendes and Winters 1981). One load equivalent (the untreated
domestic wastewater produced by one person in one year) was valued in 1986 at
DM 12 (=6 €) and in 1986 at DM 40. Further developments of the AbwAG are de-
scribed in the appropriate literature.
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2
Wastewater Characterization and Regulations

2.1
Volumetric Wastewater Production and Daily Changes

Wastewater is typically categorized into one of the following groups:

e Domestic wastewater (only produced in households).

e Municipal wastewater (domestic wastewater mixed with effluents from
commercial and industrial works, pre-treated or not pre-treated).

e Commercial and industrial wastewater (pre-treated or not pre-treated).

Table 2.1 presents some average data for the Federal Republic of Germany.
Municipal wastewater is composed of 50% domestic wastewater on average. In
some cities it may only amount to 25%, in other municipalities nearly 75%. This is
of major significance, concerning the additional substances from certain factories
which may be either non biodegradable or toxic. Commercial and industrial waste-
water are treated together with domestic wastewater and rainwater in communities
with a canal system (wastewater and rainwater). In particular, industrial plants
with high water consumption have to treat their effluents in their own treatment
plants. This is also required of many commercial and some agricultural works. In

Table 2.1 Total wastewater and municipal wastewater (Federal Republic
of Germany, 60 million inhabitants, 248 534 km? area; from Pépel 1997).

Total wastewater 100% 15.4-10° m* a™’ 694 L (inh. d)™
Municipal wastewater 32 5.0 230
Industrial wastewater 47 7.2 320
Agricultural wastewater 1 0.2 7
Rainwater drainage in canals 20 3.0 137
Total municipal wastewater 100% 5.0-10°m>d™’ 230 L (inh. d)™
Domestic wastewater 50 2.5 115
Rainwater 14 0.7 32
Commercial and industrial wastewater 36 1.8 83

Fundamentals of Biological Wastewater Treatment. Udo Wiesmann, In Su Choi, Eva-Maria Dombrowski
Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31219-1
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an increasing number of growing cities, domestic wastewater and rainwater are
collected separately. Although the rainwater is often highly polluted by several or-
ganic and inorganic substances (from car washing, car accidents, high tides, etc.),
it is mostly discharged untreated into rivers and canals.

Further information about the mean water consumption (= wastewater produc-
tion) per inhabitant and per day in different European and North American cities
is available (Chow et al. 1979; Poppinghaus et al. 1994; Pépel 1997). But we must
be very careful when comparing these data, because sometimes they are valid only
for one city and sometimes the data are valid only for domestic or for municipal
wastewater, with or without rainwater. Therefore, we will not discuss these data
here.

Within a 24-h period, the flow rate of domestic or municipal wastewater often
changes by a factor of 3-4, causing a corresponding change in the flow rate at the
treatment plants, because they most often have no storage tanks. Figure 2.1 shows
a typical plot of flow rate versus time for a period of 24 h (Schuchardt 2005).

The minimum value during the night and the maximum at midday and evening
are typical for many domestic and municipal treatment plants. In larger plants
such as Berlin-Waflmannsdorf (~160000 m* d™"), the profile of flow rate versus
time is influenced by the length of the canal system.

The daily and weekly changes in the flow rate are given in Fig. 2.2 (Schuchardt
2005).

Typically, commercial and industrial wastewater flow rates have been published
in relation to the mass of specific products (in m* d'; Péppinghaus et al. 1994;
Henze et al. 2002). We will not consider these data here; however, see Section 2.4
where relevant regulations are discussed.
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Fig. 2.1 Daily change in flow rate at the municipal WWTP Wafdmannsdorf,

near Berlin, BB 12 (basin 12), Q, from on-line measurements (Schuchardt
2005). Dry weather 6 September 2001; rainy weather 10 September 2001.
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Fig. 2.2 Daily and weekly change in flow rate at the municipal WWTP
WaRmannsdorf, near Berlin, BB 11 (basin 11), 17-24 September 2001,
Qo from on-line measurements.

2.2
Pollutants

2.2
Survey

All wastewater classes (domestic, municipal, commercial or industrial) contain the
following groups of pollutants:
1. Dissolved substances

a) Organic materials
— biodegradable substances
— non-biodegradable substances

b) Inorganic materials
— nutrients, used in part or totally by microorganisms
— metal and heavy metal ions, used often only in very small amounts by micro-
organisms as trace elements (often toxic in slightly higher concentrations)
2. Colloids

a) Non-settleable small drops of oil and grease

b) Organic and inorganic small solid particles
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3. Suspended solids

a) Organic particles
— microorganisms (bacteria, viruses, worm eggs, protozoa), mostly non-settle-
able
— other organic materials (residual particles from fruits, vegetables, meat, etc.),
mostly settleable

b) Inorganic particles
— sand, clay, minerals
— partly organic and partly inorganic particles

222
Dissolved Substances

2.2.2.1 Organic Substances
The sum of all the different dissolved organic molecules in domestic wastewater
can be approximately characterized by the average molecular composition
C1sH1900N (Popel 1997) with a mass of 393 g mol™.

The concentration can be measured by chemical oxidation using potassium
dichromate. For complete oxidation, the necessary oxygen and the carbon oxidized,
measured as CO,, can be calculated from:

CisH190oN +17.5 0, + H* - 18 CO, + 8 H,O + NHx (2.1)

For wastewater with 1 mol m~ C,gH,500N (or 393 gm™), 17.5-32=560 gm™> O,
is needed and 18 - 12 = 216 g m~* CO,-C is produced.

Therefore, the oxygen consumed and the CO,-C produced can be used as char-
acteristics of the concentration, resulting in:

St =560 g m— COD (chemical oxygen demand)
or

S =216 g m™* DOC (dissolved organic carbon)
for

Sim =393 g m~’ substrate
The theoretical value Sy, = 560 g m™> COD would only be measured for a total oxi-
dation according to Eq. (2.1). Usually, a part of the oxidized mean products cannot
be completely oxidized using the standard test. If a rapid test is used, the measured

COD is even lower than that of the standard test (Section 2.3.2). For the theoretical
value, the standard value would follow as:

Ss=0.83 - Sy, =465 gm™ COD
giving a rapid test value of only:

S, =0.70 - Sy = 392 g m~* COD (Ramalko 1983)
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The oxygen used for biological CO, and H,O formation as well as for bacterial
growth during a 5-day batch process (Henze et al. 2002; Table 2.1) for this theoret-
ical domestic wastewater is:

S =280 g m* BODs (biochemical oxygen demand over 5 days without nitrification).

The BOD; is always lower than the COD, although bacteria use oxygen not only for
CO, and H,0 production, but also for growth. We can attribute this to several reasons:

e Only a part of the organics in the wastewater can be used by the bacteria as a car-
bon and energy source.

e Some substances can only be partly used. Some products of metabolism are ex-
creted.

e Bacteria die and form lysis products, which can only be used in part by living
bacteria.

o After 5 days, some biodegradable substances are still left. Therefore, occasional-
ly BOD,, or BOD,, are used.

The COD and DOC of pure organic substances can be calculated in the same way
as shown above, giving the theoretical COD Sg,. Again, the measured values S, and
S, are lower for the reasons mentioned above. Some data have been published for
a number of chemicals often used in chemical industry (Busse 1975; Péppinghaus
et al. 1994).

Of more practical importance are the dissolved organics from the processing wa-
ter of specific products. Mostly, they consist of thousands of specific compounds,
as discussed above for domestic wastewater. Table 2.2 presents data on the sub-
strate concentration S measured as COD and BODs in processing water from the
food industry. Usually the standard method is used to measure COD.

In most cases, the concentrations of COD and BODs are considerably higher
than in domestic or municipal effluents. Therefore, anaerobic wastewater treat-
ment processes are often preferred. This is also true for effluents from the brewing

Table 2.2 Some typical concentrations of wastewater from the food
industry (Lehr- und Handbuch der Abwassertechnik 1985).

Product S (mg L' COD) S (mg L' BODx)
Sugar 7500 5000

Maize starch 17608 11543

Potato starch 7416 6333

Wheat starch 12344-18270
Rice starch 2192 1475

Margarine 1000-2000 500-1000
Vegetable refinement 5000-8 000
Fruit juice 300-800 25-1380
Slaughterhouse 2579-6650 1900

Fish processing 1530-2567
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Fig. 2.3 Daily change in flow rate and concentrations (e COD, m DOC,
A NH,N, A N,,,) at the municipal WWTP WaRmannsdorf, near Berlin,
BB 12 (basin 12), 14/15 November 2001, Q, from on-line measurements,
concentrations from 2 h mixed samples.

industry (Lehr- und Handbuch der Abwassertechnik 1985). Wastewater with high
loads of organics must be treated separately in other industries such as the chemi-
cal industry, oil refineries, paper and cellulose production and the pharmaceutical
industry (Lehr- und Handbuch der Abwassertechnik 1985).

In contrast to the flow rate, the concentrations of organics are nearly constant
over a 24-h period (Fig. 2.3).

Therefore, the changes in load at municipal treatment plants are defined approx-
imately by their change in flow rate. In contrast, the change in the loads from in-
dustries can differ remarkably from the changes in flow rate.

2.2.2.2 Inorganic Substances
The most important dissolved inorganic substances are nutrients, metals and
heavy metals.

Nutrients

Special attention is given to nitrogen and phosphorus compounds which cause the
growth of cyanobacteria and microalgae in lakes, rivers and the sea (eutrophica-
tion; see Chapter 10). The main dissolved components and their concentrations in
municipal wastewater are presented in Table 2.3.

DOC-, NH4-N-, Ny concentration S
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Table 2.3 Typical content of dissolved nitrogen and phosphorus compounds
in municipal wastewater (in mg L™'; Henze et al. 2002).

Nutrient Concentration Strong Medium Weak

Nitrogen Sni, NH; + NH, 50 25 12
S, organic N. 35 15 8

Phosphorus Spos, orthophosphate 8 4 2
Sorg.p, OTganic 5 3 1
Spp, inorganic 10 5 3

Dissolved NH;+NH, values for industry and agriculture are given in Table 2.4
(Dombrowski et al. 1989). These concentrations are considerably higher than those
for municipal wastewater, resulting in more difficult processing and higher costs.

Higher phosphorus concentrations are observed most frequently in effluents of
the fertilizer industry, with up to Spo, =50 mg L' P.

Table 2.4 Typical content of nitrogen (NH;-N + NH,4-N) in wastewater
from industry and agriculture (Dombrowski et al. 1989).

Industry Snn Agriculture Snu

(mg L) (mg L)
Coke ovens 800-1000 Slaughter houses 80
Coal gasification 5-1000 Intensive livestock farming
Oil refineries 23.8-752.0 Swine 2300
Fertilizer 200-940 Cattle 500-2300
Glass 196 Utilization of animal carcasses 807
Cellulose and paper 264
Heavy Metals

Some heavy metals are important trace elements and necessary for bacterial
growth because they are components of some enzymes and other proteins. How-
ever, municipal and industrial wastewater contain much higher concentrations.
Therefore, their concentrations must be limited by law, so that they are not en-
riched in the food chain of animals.

Concentrations vary greatly in both municipal and industrial effluents. There-
fore, it is senseless to publish areas of different values here. We will come back to
this point in Section 2.4.2.
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2.2.3
Colloids

A colloid is a suspension of small particles, mostly in water. These particles may be
small solids and small oil droplets or other liquids insoluble in water. In the latter
case, the colloid is called an emulsion. Water-in-oil (fat) emulsions (creams, butter,
etc.) are of great practical importance. We must often treat oil-in-water emulsions
or solid-in-water colloids (turbid water) as impurities in the environment. Both will
be described shortly in this section.

2.23.1 Oil-In-Water Emulsions

Part of the oil added to water is suspended as large droplets, which rise to the wa-
ter surface and form an oil film. Another part forms very small droplets as a result
of energy input, for example from a rotating stirrer, and is not able to rise to the
surface because of the equilibrium between very low buoyancy forces and down-
ward diffusion. They behave as large molecules and move very slowly. If they col-
lide with other small droplets, they coalesce; and then the diameter of the droplets
increases and the emulsion is destabilized.

A stabilized emulsion arises by adsorption of anions at the surface. These anions
may already be dissolved as SOZ~, HCO3, CI, etc., or they may be added as special
chemical compounds (emulsifiers). The following results are obtained by experi-
ments with dodecane (not soluble in water) and the emulsifier Eumulgin ET 5
(Henkel AG). In a rotor—stator mixer at a speed of 10000 min" and a stirring time
of 60 s, a stable emulsion was produced with the droplet size distribution present-
ed in Fig. 2.4.
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Fig. 2.4 Size distribution of dodecane droplets in an emulsion stabilized
by an emulsifier (Eumulgin ET 5), Spo = 750 mg L™, stirrer speed
n=10000 min~', cers = 150 mg L', mixing time = 60 s (Cuno 1996).
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The diameters of the droplets were measured and the droplets were counted us-
ing a microscope (Cuno 1996). In this emulsion, nearly all droplets had diameters
between 0.5 pm and 3.5 pm, with a maximum fraction of 25% at 1.5 pm. The frac-
tion describes the number of droplets of this size related to the total number.

Table 2.5 presents some industrial effluents with different oil concentrations.
Only a part of the oil concentrations mentioned is really emulsified, while a part is
suspended as larger droplets and yet another part may exist as an oil film at the
surface.

Table 2.5 Industrial oil/water suspensions and emulsions (Patterson 1985).

Wastewater production Oil concentration
(mg " cOD)

Steel rolling mill 7200

Aluminium rolling mill 5000-50 000

Ferrous casting 20-716

Food industry 3820

Fish processing 520-13 700

Production of vegetable oil 4000-6000

Washing water of airplanes 500-12000

Textile industry (cleaning of wool and threads) 1605-12260

It is difficult to measure the concentration of emulsified oil. After separation of
nearly all the suspended oil particles by sedimentation (ascending), the oil in the
stabilized emulsion can be oxidized and measured as total oxygen demand (TOD),
or COD for longer oxidation times. But if there are other dissolved organics, the
emulsion must be separated in advance using nano- or ultrafiltration membrane
or an extraction method (direct extraction with petrol ether; DIN 38409; Walter
1993).

2.2.3.2 Solid-In-Water Colloids
Small solid particles (minerals, silt, organics, microorganisms) form stabilized col-
loids after they have adsorbed anions. The light incident on a particle is not trans-
mitted, it is reflected. Depending on the concentration, the mean particle diameter,
and particle distribution, turbidity can be observed and measured by using one of
two methods: turbidimetry and nephelometry. The latter is widely used. A light
beam is directed into the water sample and the light is scattered by the particles
(Tyndall effect) and converted to a galvanometric reading. This is compared with a
standard such as a formazine polymer colloid (1.25 mg L™ hydrazine sulfate and
12.5 mg L™" hexamethylenetetramine) and set as 1 FTU (formazine turbidity unit).
The colloid standard is used because of its stability and reproducibility (Bratby
1980).

In addition to colloidal solid particles in water, the predominant group of solids
is mostly non-settleable. These can be removed by porous membrane filtration of
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the total solids (TS) sample (pore size: Denmark, 1.6 pm; Germany, 0.45 pm;
Henze et al. 2002). The TS are now separated into a more defined solid-in-water
colloid, often called “dissolved solids”, and a fraction of suspended solids.

2.2.4
Suspended Solids

Unfortunately, in most practical cases, colloids are not separated from suspended
solids. Using a graduated Imhoff cone, a sedimentation test yields two fractions:
(a) the settleable solids below and (b) the non-settleable solids above, the fraction
which now contains the colloid particles.

Mostly, only the settleable solids are measured as X (in mL L™) by reading the
scale on the lower part of the Imhoff funnel. More exact data are obtained after
separation of the two portions. The organic mass and inorganic mass are definable
after filtration, drying, weighing, incineration at 500°C and re-weighing the ash.
Table 2.6 presents some typical data for domestic wastewater.

Table 2.6 Suspended solids as organics and minerals (Pépel 1997),
Q=T115L (inh. d)™" (Table 2.1; selected and partly converted data).

Solids Unit Settleable solids Non-settleable solids Total
Organics g MLVSS d™ 40 20 60

g L MLVSS 0.350 0.175 0.525
Minerals gMLSS d™! 20 10 30

g L' MLSS 0.175 0.086 0.260

In municipal wastewater and especially in industrial effluent, the concentration
of suspended solids can vary considerably from the data in Table 2.6. For more spe-
cific information about different branches of industry, see Péppinghaus et al.
(1994).

23
Methods for Measuring Dissolved Organic Substances as Total Parameters

2.3.1
Biochemical Oxygen Demand

The biochemical oxygen demand (BOD,,) is the mass of oxygen which is needed by
microorganisms during a test in closed flasks over a period of 5 (BODs), 10
(BOD) or 20 days (BOD,,) at a temperature of 20 °C, pH 7-8 and after the addi-
tion of nutrients. Additional bacteria have to be injected into samples which con-
tain too few bacteria. In these cases, biologically treated wastewater or contaminat-
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ed surface water can be added to domestic wastewater after settling. The BODs of
these supplements must be taken into account (Fresenius et al. 1988).

Depending on the concentration of biodegradable substances, it may be neces-
sary to dilute with water containing various nutrients. Four different solutions with
special nutrients should be prepared, which can be used simultaneously as dilu-
tion water. This should be saturated with oxygen.

Predominately, two different methods are used to measure the amount of oxy-
gen needed. The quantity of dissolved oxygen consumed is determined by measur-
ing the difference of dissolved oxygen, either electrometrically using an electrode
or manometrically (Ramalko 1983; Fresenius et al. 1988).

In the first case, glass flasks of 110-130 ml or 250-300 ml (with stoppers) are
prescribed, which must be totally filled after they are diluted accordingly with
water.

In the second case, the sample is put into a vessel leaving a space for air, which
can be closed off from the atmosphere. The sample must be stirred or shaken dur-
ing the measurement in order to avoid any influence of mass transfer on the O,
consumption rate. The CO, produced, which is not dissolved or converted to
HCOgs, is adsorbed by potassium hydroxide. According to the volume of the air en-
closed in the bottle, a certain amount of oxygen is available, so that higher dilutions
are not necessary.

Usually, BOD measurements are made after removing the settleable solids from
the sample by sedimentation. Therefore, the measurement includes not only the
dissolved organics but also the organic colloids and the non-settleable solids,
which may partly be hydrolyzed and used by aerobic microorganisms. In addition,
bacteria use oxygen by endogenous respiration; and some of them die and thus
produce new substrate after cell lysis. The most important disadvantage of the
method, however, is its long measuring time. BODj is not suitable as a control pa-
rameter for treatment plants if rapid measurements are necessary.

Several rapid BOD measuring devices have been developed to improve response
time. The ZAW-LAB and ZAW-FIX (GIMAT) are semi-continuous analyzers for
the on-line determination of respirometry rates. A sample is saturated with oxygen
and mixed with an adapted culture. The oxygen consumption rate is determined
from the sinking dissolved oxygen concentration over time and is used for the cal-
culation of the BODs. The Bio Monitor from LAR (Laser and Analytical Research
GmbH) works continuously. Two small, four-step cascades are operated in par-
allel. One is supplied with air, activated sludge and sample, and another only with
air and activated sludge. After a retention time of only 1-4 h, the substrate is near-
ly completely consumed, resulting in a corresponding oxygen consumption, which
is calculated from the difference between the two cascades. The short measuring
time results from the elevated temperature of 30-35°C and the higher bacterial
concentration.
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232
Chemical Oxygen Demand

The chemical oxygen demand (COD) is defined as the mass of oxygen needed for
the complete oxidation of an organic compound present in water. For the oxidation
of glucose (CH,0),, a representative hydrocarbon, 1 mol O, mol™ C is needed ac-
cording to:

(COH,) + 6 0, — 6 CO, + 6 H,0 (2.2)

For the standard COD test, a measured sample with a known excess of potassium
dichromate (K,Cr,0,) is mixed after the addition of H,SO, and silver sulfate
(Ag,SO.). The organic matter is oxidized over a 2-h heating period. After this time,
the concentration of the remaining dichromate is measured by titration with fer-
roxine (Fe**) (Ramalko 1983; Fresenius et al. 1988):

Cr,07 +6e +14H"—>2Cr’* +7 H,0 (2.3)
Cr,0 +6Fe* + 14 H* = 2 Cr** + 6 Fe** + 7 H,O (2.4)

Equation (2.3) is a reduction reaction, because of the use of electrons. The com-
plete oxidation of glucose is expressed by:

(COH,) + 6 H,0 — 6 CO, + 24 H* + 24 & (2.5)
After combining (2.3) and (2.5) we obtain:
(COH,)s + 4 Cr,02 + 32 H" — 6 CO, + 8 Cr** + 22 H,0 (2.6)

Four moles of Cr,0%™ are needed for the oxidation of six C atoms.

In this special case, all of the carbon in the organic compound is assumed to be
oxidized and the COD can be called TOD (total oxygen demand). Usually, the sub-
strate is only partly oxidized by K,Cr,0, and some organic oxidized products re-
main. These values of the COD may vary between 70% and 95% of the TOD.

In order to reduce the 2 h needed for this measurement, several instruments
have been developed and automated. In the on-line continuous COD measure-
ment device made by the company Product Finder the standard method includes
mixing the heated sample with K,Cr,0, to drive a reduction of Cr(VI) to Cr(III).
The green coloration is measured colorimetrically and is proportional to the
amount of Cr(III) formed and the concentration of oxidized organic substance.

Other oxidants are used by other developers. LAR takes advantage of OH° radi-
cals which oxidize the organics at a high rate. These radicals are produced by an
electrode, with a rate proportional to the electrical current and therefore the rate of
oxidation. Other instruments use the fast oxidation of H,0,/UV with the measure-
ment of H,0, consumption (GIMAT), or O; consumption with the measure-
ment of O; in water (PHOENIX-1010 STIP; Isco Inc.) or in air (OXI-JET; UVT-
Ingenieurbiiro fiir Umwelt- und Verfahrenstechnik).
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Total and Dissolved Organic Carbon

Organic substances contained in water samples are oxidized either (a) by UV rays
(low-pressure UV lamp) in the water sample, (b) by wet chemical oxidizers in the
water sample, or (c) by oxidizing at high temperatures (~950°C) with or without
catalysts.

The amount of CO, can then be measured, either (a) by using a non-dispersive
CO, infrared analysis device, or (b) by using a flame ionization detector (FID) after
conversion of CO, into CH, by heterogeneous catalysis.

TOC (total organic carbon) measurement is usually performed on the sample
after sedimentation.

If the DOC (dissolved organic carbon) should be measured, the sample has to be
separated from suspended non-settleable particles and from some colloids, by
using a glass fiber filter or a centrifuge (Fresenius et al. 1988). Both filters and cen-
trifuge glasses must be cleaned carefully with distilled water in advance.

The TC (total carbon) is the sum of organic and inorganic carbon (CO,, HCOj3,
COj3 dissolved in water). Often both the organic and the inorganic carbon are
measured after heating the sample to 950°C (reaction tube 1, TC) and only the in-
organic carbon at 150°C (reaction tube 2, TC-TOC). The difference between TC
and inorganic carbon is the TOC, if the sample was not filtered, and is equal to the
DOC if the sample was filtered (Ramalko 1983).

The measurement of TOC/DOC has been automated since and the time for
analysis reduced remarkably. In the Shimadzu TOC-4110, the sample is oxidized
catalytically after heating and CO, is measured by low-pressure infrared analysis.

Table 2.7 Total concentration parameters for typical raw domestic wastewater
and after biological treatment with nitrification (Henze et al. 1995).

Parameter Unit Wastewater

Raw After treatment

Biochemical oxygen demand

o after 5 days mg L' BODs 280 25
o after 20 days (total) mg L™ BOD,, 400 35
Chemical oxygen demand mg L' COD

o casily biodegradable 60 5
o slowly biodegradable 200 10
o with KMnO,, 180 30
o with K,Cr,0, 600 100
o total (900°C, Pt catalyst) 800 230
Total organic carbon mg L' TOC

e at 800°C 200 35
Dissolved organic carbon mg L™ DOC 160% 159

A WWTP WaRRmannsdorf, near Berlin.
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The sample is diluted and prepared automatically, resulting in a low measuring
time of 3-5 min. In two other developments, the combustion temperature is in-
creased to 1150°C (TOC-/TC-Analyzer; GIMAT) or to more than 1200°C (Quick
TOC; LAR) without using a catalyst. In all cases, calibration is necessary. Frequent-
ly, potassiumhydrogenphthalate is recommended (Fresenius et al. 1988).

Table 2.7 presents some data for total concentration parameters in a typical do-
mestic wastewater.

Several points are worth highlighting:

e The BOD;s is lower than the BOD,, because of nitrification, which starts only af-
ter several days, and because of the removal of slowly biodegradable substances
(see Section 2.3.1).

e The COD depends strongly on the method used. A total oxidation and conver-
sion to CO,, H,0, NOj is only possible by combustion at 900°C and by using a
catalyst or at ~1200°C without any catalyst.

2.4
Legislation

2.4.1
Preface

German legislation concerning the discharge of wastewater into public sewers
(Ind. VO 1989: Indirekteinleiterverordnung; regulation of indirect introduction)
and into surface waters (Mindestanforderungen nach §7a, WHG (2002); minimum
requirement, §7a, water resource policy law) places a limit on emissions. This will
be presented shortly in the next section.

After that we will briefly discuss EU guidelines for pollution control of waters,
which limit immissions, that is, for discharges of treated wastewater into water,
not concerning fixed loads or concentrations, but loads which can still be tolerated
by the water.

2.4.2
German Legislation

2.42.1 Legislation Concerning Discharge into Public Sewers

The most important piece of legislation is the “Indirekteinleiterverordnungen der
Bundeslinder der Bundesrepublik Deutschland (Ind. VO 1989)”, regulation of in-
direct introduction by the states of the Federal Republic of Germany. All industries
with discharges of contaminants into public sewer systems which exceed a mini-
mum concentration or hourly load must report this to the local water authority.
Effluents with high concentrations and loads coming from specific origins must be
treated before being discharged into the public sewers. The Ind. VO of Baden
Wiirttemberg (regulation of indirect water disposal for Baden Wiirttemberg,
Germany) is presented as an example (Table 2.8).
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Table 2.8 Threshold values required for approval to discharge hazardous materials
into public sewer systems (Ind. VO Baden Wiirttemberg; WEKA 2005).

Material or group Method of analysis Thresholds
of materials

Concentration Load

(mg L) gh™)?
Cl total DIN 38 408-G 4-1/2, June 1984 0.2 4.0
Cyanide DIN 38 405-D 13-2, Feb. 1981 0.1 2.0
As DIN 38 405-D 18, Sept. 1985 0.05 1.0
Pb DIN 38 406-E 6, May 1981 0.2 8.0
Cd DIN 38 406-E 19, July 1980 0.02 0.4
Cr total DIN 38 406-E 22, March 1988 0.2 8.0
Cu DIN 38 406-E 22, March 1988 0.3 12.0
Ni DIN 38 406-E 22, March 1988 0.2 6.0
Hg DIN 38 406-E 12-3, July 1980 0.005 0.1
Ag DIN 38 406-E 22, March 1988 0.1 6.0
Zn DIN 38 408-E 22, March 1988 0.5 20.0
Halogenated DIN 38 409-H 18 0.5 10.0
hydrocarbon AOX
1,1,1-trichloroethane, Gas chromatography 0.1 2.0
trichloroethene, (Cited values are the sum of all
tetrachloroethene, mentioned compounds,
trichloroethane calculated as Cl)

@ Thresholds in g h™ must be taken from water volume within 1 h.

Several other problems may arise after a discharge of industrial effluents into the
public sewer system. Here, only a few are mentioned:

e The settling rate of some solid particles with low density is not sufficient.

e Toxic compounds may decrease the biological activity of bacteria.

e High water temperature may cause an increase of total water temperature to
>35°C and the metabolism of bacteria may be slowed or stopped.

e High, isolated loads of industrial discharges may cause too high a loading of the
municipal plant, resulting in non-conformance to the regulations.

In these cases, buffer tanks are often prescribed to protect the treatment processes
of the municipal plant. Guidelines are given with ATV-A 115.

2.4.2.2 Legislation Concerning Discharge into Waters

These limiting emission values are valid for effluents from wastewater treatment
plants and canals into bodies of water. Naturally, these canals collect treated waste-
water from municipalities and industries, but other sources of wastewater may be
additionally polluted by agriculture or small communities.
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Table 2.9 AbwV, Appendix 1: municipalities.

Minimum requirements Ss Ss SNH4N Snt Spt
after §7a, WHG (2002),  (mgL™' COD) (mgL™"'BODs) (mgL'N) (mgL'N) (mgL'P)
Appendix 1 (kg BOD; d™')

Class 1: <60 150 40 - - -
Class 2: 60-300 110 25 - - -
Class 3: 300-600 90 20 10 -

Class 4: 600-6000 90 20 10 18

Class 5: >6000 75 15 10 13 1

Table 2.10 AbwV, Appendix 47: washing water for fuel gas from power plants.

Minimum requirements Appendix 47: power plants
(after §7a, WHG 2002)

Specific concentration Coal Lignite coal Domestic refuse
(mgL™) (mg kg™ chloride; CI)  (mgkg™ CI- (mg t" waste)?
content at

<0.05 mass%)

COD 80 80
150> 150™

Filterable material 30.0 30.0

Pb 3.6 0.29 30
Ccd 1.8 0.1 15
Cr, total 1.8 1.0 150
Cu 18.0 1.0 150
Ni 18.0 1.0 150
Hg 18 0.1 15
Zn 36.0 2.0 300
F 30.0 30.0

* Using slaked lime.

b Using limestone.

9 Loads given in g h™" for 300 MW electric power.
9 Discharge of this wastewater is not allowed.

The legislation is called “Rahmen-Abwasser VwV" 1992 nach {7a WHG?
(2002)” (Framework Regulation for Sewage), which was amended by the AbwV?>
(2004). This regulation prohibits the mixing or dilution of wastewater in order to
meet the limiting values. In contrast to the Indirekteinleiterverordnung (Section
2.4.2.1), this regulation is valid for all states of the FRG. The rules which apply,

Y Verwaltungsvorschrift, regulation.
?) Wasserhaushaltsgesetz, water resource policy law.
> Abwasserverordnung, regulation for wastewater.
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however, depend on the size of the municipalities (Appendix 1) and cover 56 indus-
trial fields (Appendices 2-57). Here, we only want to present two examples: Appen-
dix 1 (municipalities; Table 2.9) and Appendix 47 (washing water containing fuel
gases from power plants; Table 2.10).

All the necessary details concerning the collecting of samples, their preparation
and analysis are given in AbwV.

In contrast to municipal wastewater (Table 2.9), the effluents of fuel gas washing
typically contain high concentrations of heavy metals. According to the regulation,
these must now be separated from the washing water. Nutrients such as nitrogen
and phosphorus as well as biodegradable substances (BODs) contained in munici-
pal wastewater are not considered as important pollutants here.

2.4.3
EU Guidelines

In these guidelines, the qualities of four different surface waters are described
according to their concentration, pH, temperature, color and 42 further parameters,
which must not be exceeded (AbwV.; Schulz and Becker 2004). The following
guidelines are valid for four different purposes:

e for surface water used for drinking water production,

e for surface water used for swimming and bathing (see Section 12.5),
o for fish farming,

o for mussel farming.

Two types of values are to be distinguished: (a) I-values (which are obligatory = im-
perative) and (b) G-values (which are guide values = guidelines).

Three types of surface water preparation must be distinguished for drinking wa-
ter production:

A 1, simple physical methods.
A 2, normal physical and chemical methods.
A 3, advanced physical and chemical methods.

These guidelines for the limitation of immissions are characterized by the following
advantages compared with such legislation, which is valid for the limitation of
emissions (Rahmen-Abwasser VwV 1992):

o A Detter economical efficiency for all WWTPs; the degree of wastewater treat-
ment is directly linked to the quality demands on the surface water generated,
and unnecessary expenditures can be avoided.

o The quality of the treated wastewater can be controlled in such a way to ensure
that the surface water can be used as planned.

e The total pollution of the surface water and its capacity of self-purification are
considered.

o Different qualities of treated water can be defined in order to stabilize the ecolog-
ical equilibrium.
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The following disadvantages should be considered:

¢ No experience has been gained with the sampling frequency and the allowed dif-
ferences of high-tide values from the guideline values.

e There may be problems if the discharged treated wastewater is to be controlled, be-
cause the receiving capacity depends greatly on the quality of the receiving water.
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3
Microbial Metabolism

3.1
Some Remarks on the Composition and Morphology of Bacteria (Eubacteria)

The elementary composition of bacteria does not vary considerably during their
life cycle and between different strains. Table 3.1 presents data for Escherichia coli
(E. coli), left side (Bailey and Ollis 1977) and as mean values for bacteria, right side
(Schlegel 1992). The various types of bacteria according to the eighth edition of
Bergey’s Manual of Determinative Bacteriology (1974) are categorized into 19
groups (Cano and Colomé 1986) or in 17 sections and seven groups (Volk and
Wheeler 1986). Detailed information about the most important microorganisms
was compiled by O’Leary (1989). The importance of microbial communities in en-
vironmental microbiology was the subject of the editors Insam and Rangger
(1997). Schon (1978a, b) published an introduction for students.

Table 3.1 Composition of bacteria (E. coli).

Element Mass % of  Substances Mass % of
dry matter dry matter
Carbon 50 Inorganics 6
Oxygen 20 Grease 10
Nitrogen 14
Hydrogen 8 Micromolecular organics (excluding grease) 7
Phosphorus 3
Potassium 1 Macromolecular organics (polymers)® 77
Sulfur 1
Sodium 1 Proteins 50
Calcium 0.5 Nucleic acids RNA 16-17
Magnesium 0.5 DNA 34
Chlorine 0.5 Lipids 10
Iron 0.2 Cell wall 20
Others 0.3

 Polymers recalculated to 100%.

Fundamentals of Biological Wastewater Treatment. Udo Wiesmann, In Su Choi, Eva-Maria Dombrowski
Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31219-1
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1. Cocci, sperical bacteria
Gram-positive:

e aerobic and/or
facultative anaerobic:

e anaerobic

Gram-negative:
e aerobic

e anaerobic

A) Non-spore forming rods
Gram-positive:

e aerobic and/or
facultative anaerobic:

e anaerobic:

Gram-negative:
e aerobic:

e facultative anaerobic:

e strictly anaerobic:

B) Spore forming rods (bacilli)

e aerobic:

e anaerobic:

3. Curved rods
e aerobic:

e anaerobic:

Lactobacillus

Streptococcus, Leuconostoc, Pediococcus
Micrococcus, Staphylococcus

Peptococcus, Peptostreptococcus, Ruminococcu
Sarcinas

Neisseria, Moraxella, Acinetobacter,
Paracoccus, Lampropedia, Methylococcus
Veillonella, Acidaminococcus, Megasphaera

2. Rod-shaped, stretched cylindrical bacteria

Coryneform bacteria
Corynebacterium, Arthrobacter, Brevibacterium,
Cellulomonas, Mycobacterium, Nocardia

Propionat bacteria
Lactobacilla
Lactobacillus, Bifidobacterium

Pseudomonads

Pseudomonas, Xanthomonas, Zoogloes
Acetobacter-Gruppe

Azotobacter-Gruppe

Azotobacter, Azomonas, Beijerinckia, Derxia
Entero bacteria

Escherichia, Salmonella

Shigella, Klebsiella, Serratia

Proteus, Erwinia, Enterobacter
Chromobacterium, Pasteurella

Bacteroides, Fusobacterium

Bacillus, Sporolactobacillus
Sporosarcina

Clostridium, Desulfotomaculum
Oscillospira

Spirillum, Vibrio, Bdellovibrio
Desulfovibrio
Succinovibrio, Butyrivibrio, Selenomonas

Fig. 3.1 Eubacteria (Schlegel 1992).




3.2 Proteins and Nucleic Acids

Normally, bacteria are divided into ten classes. The first class is that of the eubac-
teria, which is the most important in environmental microbiology (Schlegel 1992).
Therefore, only eubacteria are characterized here in a general manner by Fig. 3.1.

The size of bacteria in comparison to other particles is demonstrated by Fig. 3.2.
Because of their small diameter of only 10~ mm, bacteria have a large surface per
mass. Since the uptake of nutrients occurs via the outer surface, bacteria are char-
acterized by a high growth rate, resulting in a high substrate removal rate.

A

Electron microscopy

&
<

A4

Light microscopy

Atoms | Molecules | Marco- Viruses Bacteria | Blood |Protozoa
mole- corpus-
cules cle

108 107 10® 10° 104 103 102 10 1
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102 107 1 10 102 103 104 108 10¢ nm

Fig. 3.2 Mean diameters of particles.

3.2
Proteins and Nucleic Acids

3.2.1
Proteins

3.2.1.1  Amino Acids
As follows from Table 3.1, nearly 50% of bacterial cell mass is protein. Proteins are
macromolecules formed by a chain of amino acids. Twenty different amino acids
are used in nature for building proteins; and they are all characterized by the same
groups, called peptides (Fig. 3.3).

The simplest amino acid is formed with only a hydrogen atom located on a side-
chain. It is called glycine (Fig. 3.3a). There exist two isomeric types of glycine, an
L-type (Fig. 3.3b) which rotates polarized light to the left in aqueous solution and a

a) H b) NHz c) H
) 1 1
i i i
R——C—— COOH H —— C —— COOH H —— C —— COOH
P N L
: : :
NH, H NH,

Side chain  Peptide group L-type b-type
Fig. 3.3 Amino acids. (a) Structure of an amino acid. (b) L-type: isometric

type of the simplest amino acid glycine. (c) D-type: isometric type of the

simplest amino acid glycine.
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Table 3.2 Amino acids used for protein synthesis.

Amino acid Abbreviation Side-chain

Cysteine Cys Neutral polar (uncharged)
Tyrosine Tyr

Asparagine Asn

Glutamine Gln

Aspartic acid Asp Acidic (negatively charged)
Glutamic acid Glu

Glycine Gly Neutral polar (uncharged)
Serine Ser

Threonine Thr

Lysine Lys Basic (positively charged)
Arginine Arg

Histidin His

Alanine Ala Nonpolar (hydrophobic)
Valine Val

Leucine Leu

Isoleucine Ile

Proline Pro

Phenylalanine Phe

Tryptophane Trp

Methionine Mat

D-type, which rotates it to the right (Fig. 3.3c). Only the 1-type is used for protein
synthesis; the p-type is used for antibody synthesis. The other 19 amino acids have
asymmetric side-chains, each with a number of isomeric types. They are shown in
Table 3.2.

The chemical structures of all the 20 amino acids are published in several
textbooks of microbiology, for example Cano and Colomé (1986) and Gaudy and
Gaudy (1989).

3.2.1.2  Structure of Proteins
Amino acids polymerize by forming a polypeptide bond and releasing a water
molecule, thereby building a protein molecule (Fig. 3.4). The 20 amino acids can
be combined to many permutations in this way to form large protein molecules
with a molar mass up to 10° g mol " and an enormous number of different succes-
sions of amino acids. The four atoms of the peptide bond are oriented in one plane,
in contrast to all other atoms which lie in different planes.

The primary structure of the protein molecule results from a linear polymeriza-
tion. Ry, Ry, ... Ry are the different side-chains which are typical for one of the 20
different amino acids.
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Fig. 3.4 Formation of a peptide bond.

3.2.1.3  Proteins for Special Purposes

Because of the high number of possible structures and varying molar mass, pro-
teins are able to assume different functions. Some of these are described in
Table 3.3.

Enzymes are biocatalytic proteins. Nearly all reaction steps in living organisms
are catalyzed by enzymes. No organism would be able to live without the effect of
enzymes; and each reaction step must be catalyzed by a special enzyme. Therefore,
enzymes and their functions will be discussed briefly.

Table 3.3 Different groups of proteins and examples for special functions.

Group of proteins Example Purpose

Enzymes Cytochrome Transfer of electrons in respiration chain
Transport proteins ~ Haemoglobin Transport of oxygen in blood

Toxins Poison produced by yeasts ~ Repulsion of bacteria

Hormones Insulin Regulation of glucose degradation
Structural proteins  Glycoprotein Components of cell wall

3.2.1.4 Enzymes
The well known Arrhenius equation shows the dependence of the reaction rate on
temperature:

Ex
k=k, exp (— ﬁ) (3.1)

where k is the coefficient of reaction rate, k, is the theoretical maximal value for
T—e (°C), E, is the energy of activation (k] mol™), R is the general gas constant
(k] mol™ K™') and T is the temperature (K).

A reduction in e, leads to an increase in k. The significance of enzymes is their
ability to reduce e, considerably, which results in high reaction rates at moderate
temperatures (Fig. 3.5).

The free energy change of a reaction can be measured as the heat of reaction, re-
sulting in a transfer of energy to the surroundings.

The simplest reaction may be the isomerization of a substrate molecule. This
can be described in a very simple way by Fig. 3.6a (Scragg 1988).
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w Fig. 3.5 Reduction of energy

of activation by an enzyme
»  (catalyst).
+—— Progress in reaction
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Substrate S

Enzyme-substrate
a) complexes b)

Fig. 3.6 Models for a better understanding for the effects of enzymes.
(a) Model for a one enzyme—one substrate reaction without transfer of
atoms or molecules (isomerization). (b) Model for a one enzyme—two
substrate reaction with the help of a prosthetic group.

The kinetics of this reaction were modelled by Michaelis and Menten (1913), as-
suming an adsorption equilibrium for the substrate S at the active site of the en-
zyme (enzyme/substrate complex ES):

k, ks
S+E == ES——= E+P (3.2)
2

A first-order reaction rate is assumed for each step. Writing rs = k; Sgs and 1., =
k; Sgo, we obtain:

I _ Sks (3 3)

Ts max SEO

and

Sko=Sg + Sgs (3.4)
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After a non-stationary period of ES formation, the concentration Sgs does not
change with time. It is possible to write:
dt

=0=k;SpS—k,Sgs — ks Sps (3.5)

Considering Egs. (3.3) to (3.5), the Michaelis—Menten equation follows:

S
Is=Tsmax ;o (36)
K., +S
with
k, +1
K, = 2 (3.7)

k,

Eq. (3.6) can be transformed easily to linear equations, which are suitable for test-
ing experimental results and for determining r. ..., and K, (plots called Lineweav-
er-Burk, Langmuir and Eadie-Hofstee; see Scragg 1988).

A further large group of enzymes called oxidoreductases catalyzes oxidation and
reduction reactions (redox reactions) by the transfer of H* ions from one molecule
to another. Enzymes with a prosthetic group are able to take up two different sub-
strate molecules at two different active sites. The transfer of H* progresses via ad-
sorption at the prosthetic group, which does not leave the substrate (Fig. 3.6D).

A further system consists of a pair of two different enzymes, each of them for
one of two different substrates. Let us discuss this kind of biocatalysis again for the
case of a redox reaction. Now the H* ions must be transferred from one substrate
molecule to the other. For this purpose, a coenzyme is needed as a small part of the
substrate molecule which is able to oxidize substrate 1, to leave substrate 1 and to
carry the H" ions to substrate 2, where substrate 2 is then reduced (Fig. 3.7).

Reduced
coenzyme Substrate [l

=4

4
Enzyme!| A - %

Enzyme Il

<Y '\
i ' Substrate | Oxidized <ﬂm

~ coenzyme

Fig. 3.7 Model for a two enzyme—two substrate reaction with the
help of a coenzyme (e.g. redox reaction).
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The most important enzymes can be divided into six large groups, which are list-
ed in Table 3.4.

Although a very large amount of information can be stored and transferred by
proteins according to their primary structure, proteins exhibit further distinctions
forming secondary, tertiary and quaternary structures. Detailed information is giv-
en by Cano and Colomé (1986).

Table 3.4 Important groups of enzymes.

Group Catalyzes the following reaction

Isomerase Reversible conversion of isomeric compounds

Oxidoreductase ~ Oxidation and reduction by transfer of hydrogen ions or electrons
Transferase Transfer of defined groups from one molecule (donor) to another (acceptor)
Hydrolase Hydrolytic reactions

Lyase Separation of groups from molecules (without hydrolysis)

Ligase Combination of two molecules during the splitting of an energy-rich bond
3.22

Nucleic Acids

3.2.2.1 Desoxyribonucleic Acid

A nucleic acid is formed from a large number of nucleotides via polymerization.
Each nucleotide consists of a heterocyclic nitrogen base, a pentose sugar and a
phosphate group (Fig. 3.8a).

Besides adenine as the nitrogen base in Fig. 3.8a, three other bases can be con-
nected to carbon atom 1’ of the pentose molecule. Figure 3.8b shows the four ni-
trogen bases.

One nucleotide is connected with the next by coupling the marked OH bond (see
Fig. 3.9) with the OH bond 3’ on the pentose sugar and releasing H,O. Each cou-
pled nucleotide is characterized by one of the four heterocyclic nitrogen bases in
Fig. 3.8b. In this way, a polynucleotide is formed. Now, a second nucleotide is con-
structed parallel to the first in the same manner with the opposite base. Cytosine
forms a hydrogen bridge with the guanine on the other side and adenine forms the
same bond with thymine, its opposite. Both nucleotides spin around each other in
such a way that a helix is formed (Fig. 3.9). This helix is turned a second time
round the same axis, but with a longer period, forming a double helix (Watson and
Crick 1953; Sayre 1992; Wilson 1988).

Figure 3.10 shows the hydrogen bridge in more detail. Thymine and adenine are
coupled by two bonds and guanine and cytosine by three bonds, two between O~
and H* and one between N~ and H*.

Hydrogen bridges are relatively weak electrostatic bonds which can be opened
by special enzymes during transcription. Because of these hydrogen bridge bonds
of differing numbers, it is not possible to form other pairs of bases, especially
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Heterocyclic nitrogen base

1
Cx
//N\C/ >
HC_ II (I3|_|
Phosphate group N— \N/ s
(lDH
o= P—O— CH, ~O
|/ \
I ! o—o H
! CE
| 0] (6]
I H H
: Pentose sugar
a) Nucleotide
H
H
H\N/ o) l H
| ) H SN 30\) A
N\/\ N\l | )
< J /J\ _<NJ\N \N 0
)
b)  Adenine Guanine Cytosine Thymine

Fig. 3.8 (a) A nucleotide with adenine as one of four different
heterocyclic bases. (b) The four heterocyclic nitrogen bases for four
different nucleotides forming DNA.

adenine—guanine. Three bases lying side by side are called a triplet. One possible
triplet is:

Adenine
Thymine ATG
Guanine

The complementary triplet of the opposite side of the deoxyribonucleic acid (DNA)
can only be:

Thymine
Adenine TAC
Cytosine

Four bases are used for 64 combinations. All of these are used for the genetic code,
the building plan of special compounds. The most important compounds are pro-
teins, particularly enzymes. Only 20 amino acids must be produced (Table 3.2). Ac-
tually, only 20 triplets would be necessary. Nevertheless, every amino acid is coded
by two, three or four triplets. Some amino acids are coded by two different triplets,
e.g. phenylalanine by either TTC or TTT. One such set of triplets is called a codon
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Fig. 3.9 Two polynucleotides
coupled by hydrogen bridges
forming a DNA molecule in the
form of a double helix

(Cano and Colomé 1986).

and the opposite side of the DNA the anticodon. Several acids are coded by two dif-
ferent codes (Table 3.5).

Three different codes are used for the order “stop” or “termination site”. The
reading of the building plan for each protein starts and ends with this code.

A section of the DNA which codes the construction of one protein, consisting of
four amino acids, could be (see Table 3.5):

TGA TAT TAC AAA AAG AGA AGG ATG TGA

" 4 S i U AN
stop Tyr Lys Arg Met  stop
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Hydrogen bridge

Fig.3.10 Hydrogen bridges

\:N
Adenine
N
D
N\
\Sugar
between both base pairs of

Guanine DNA (Brown 1999).

Table 3.5 The genetic code of amino acids (Brown 1999), written for DNA (instead of RNA).

TTT TCT TAT TGT
Phe Tyr Cys
TTC TCC S TAC TGC
er
TTA L TCA TAA 'Ston’ TGA 'Stop'
TG, " Tea TaG[ P TGG Trp
CTT CCT CAT Hi CGT
is
CTC ccc CAC CGC
Leu Pro Arg
CTA CCA CGA
CTG CCG CAA Gin CGG
CAG
ATT ACT AAT AGT
Asn Ser
ATC (lle ACC Th AAC AGC
r
ACA
ATA AAA L AGA A
ATG Met ACG AaG[ " AGG|®
GTT GCT GAT A GGT
s
GTC GCC GAC P GGC
Val Ala Gly
GTA GCA GGA
GAA
GTG GCG Glu GGG
GAG
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3.2.2.2 Ribonucleic Acid

The structure of ribonucleic acid (RNA) is similar to that of DNA. It is also formed
by the polymerization of nucleotides. There are, however, three important differ-
ences:

e Uracil is used instead of the nitrogen base thymine (Fig. 3.11).
¢ An RNA molecule consists only of one molecule chain and not two as in DNA.
e RNA molecules are much shorter than DNA molecules.

Figure 3.11 shows the primary structure of an RNA molecule.
We distinguish between three different kinds of RNA:

e Messenger RNA (mRNA).
e Transfer RNA (tRNA).
e Ribosomal RNA (rRNA).

Adenine
O Ribose sugar

"0— P—OH
o
/
CH,

Guanine

"0~ P—OH o
6’0 He /l\ N/H
H
H

Uracil

Cytosine

3'end

Fig.3.11  Primary structure of RNA (Cano and Colomé 1986), showing
structure of uracil, a nitrogen base in RNA molecules.
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mRNA

mRNA arises during the reading of the building plan for a protein which is coded
on a section of the DNA, beginning at a triplet coding the promoter side (start) and
ending with the termination side (stop; Fig. 3.12a). An enzyme (RNA polymerase)
opens both parts of the DNA by cleaving the hydrogen bridges (Fig. 3.12b). Nucle-
otide molecules diffuse to the complementary nucleotides of the DNA and are cou-
pled together by hydrolysis and reactions at C atoms 3’ and 5’ of the pentose mole-
cule. The enzyme wanders along the gene, the hydrogen bridges are closed again
and the mRNA grows until the termination side is reached (Fig. 3.12c).

Promoter site Termination site

""{a"“"‘“"""“"“ CNONUNINNY, 1@'\0\'
L

s S ] DNA
One or more genes

a)

RNA polymerase l

DNA

b) mRNA

Sense strand (template)

Fig. 3.12 Transcription steps (a—c), forming an mRNA molecule (Cano and Colomé 1986).

tRNA

Compared with mRNAs, which are of different size depending on the size of the
coded protein, tRNAs are small polynucleotides and nearly all of the same size.
Figure 3.13a gives an impression of the molecule, which is projected in one level.
The broken lines show the hydrogen bridges. Figure 3.13b shows that, during
reading of the mRNA codon, an anticodon must first be formed which is typical for
one amino acid. Thereafter, a second tRNA is joined to the next codon directly left
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Anticodon

mRNA

3 AAAGUGAUCCCUUCGUACCCGG UUUGUAACCCCU 57

[l 7

Phe fMet
¥

Acceptor stem 3" AAAGUGAUCCCUUCGUACCCGG IAACCCCU 5

Phe
iMet

3" AAAGUGAUCCCUUCGUACCCG

UUUGUAACCCOU 5

| ﬁ
Lys Phe
Met

a)

A4
ooy
T

Amino acid

3’ AAAGUGAUCCCUUCGUACCCGGAAAUUUGUAACCCCU 5
Wi

e
* f’:‘ﬂ‘:t

3 AAAGUGAU UCGUACCCGGGAAAUUUGUAACCCCU 5
G

AG
’ ﬁ{ H
Pro
Pro Phe
Phe Met
Met A completed E\:D
Pro <+——— 9
Gy polypeptide  Lys
Lys Mt
Phe
b)  iMet

Fig. 3.13  (a) tRNA with anticodon and the typical end for coupling amino acids.
(b) Protein synthesis by reading of mRNA (Cano and Colomé 1985).
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to the first to obtain its amino acid. In this way, a protein molecule is made which
was coded at the section of the DNA being read. The mRNA is used repeatedly for
the production of the same protein every time, but after some time it degrades and
a new mRNA must be produced. In a similar way, the mRNA is decoded by the
rRNA and the according polypeptide grows inside the ribosomes. In ribosomes,
the proteins are manufactured. They exist in the cytoplasm. Ribosomal proteins
are assembled together with rRNA before being transported through the nuclear
membrane. rRNA makes up the vast majority of RNA found in a typical cell. The
reading of the mRNA and protein synthesis by tRNA and rRNA are called trans-
mission.

3.2.2.3 DNA Replication

During each cell division, a complete copy of the total DNA must be produced, so

that both daughter cells obtain the same genes as the mother cell. This process is

called DNA replication. Very high precision must be guaranteed. Even one mistake

in 10* nucleotides may cause changes with serious consequences (Brown 1999).
Here, only the fundamental process of DNA replication will be described short-

ly. In Fig. 3.14, the opening of the DNA molecule, catalyzed by a special enzyme

Fig.3.14 DNA replication after opening the
double helix (Brown 1999).
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(not shown), is the first step. After that, the nucleotides already synthesized inside
the cell are coupled by hydrogen bridges to the complementary base of the mother
DNA (thymine and adenine, guanine and cytosine). The last step is the coupling of
the two pentose groups (bond 3’ with 5’) via the phosphate group, thereby splitting
off one H,0 molecule (Fig. 3.14).

During the division of a bacterial cell, each of the two DNA molecules will be
housed in one of the new cells.

3.2.2.4 Mutations

Normally DNA replication occurs without any errors. But, considering the enor-
mous number of cells, e.g. such as bacteria, the short time between two consecu-
tive replications and the length of the DNA, with thousands of genes, errors do oc-
cur during replication. These are called mutations. A mutation is a change in the
nucleotide sequence of the DNA during the process of replication.

We distinguish several kinds of mutations:

e Transition
— Aisreplaced by G
— Tisreplaced by C

e Transversion
— Aischangedto T
— Tis changed to A

Addition
— Aisreplaced by A C
— Tisreplaced by T G

Deletion
— Ais deleted
— Tis deleted

e [nversion
— AAA CCCis inverted to GGG TTT
— TTT GGG is inverted to CCC AAA

In all these cases, one of the two daughter cells has DNA which is not the same as
the mother DNA and it may exhibit some new properties.

The rate of mutations can be influenced by chemical reactions between special
compounds and DNA. Further, the rate of these reactions is influenced by pH,
temperature, concentration and other physical parameters, such as the intensity of
UV radiation. These mutations make it possible for microorganisms to degrade
new organic substances produced synthetically in the chemical industry (chlorinat-
ed benzenes and phenols, dyes, etc.), which never occurred in nature before.
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3.3
ADP and ATP

All the processes of synthesis described above need energy, which is provided by
catabolic reactions. During these catabolic reactions, chemical energy is stored by
forming ATP from a compound with lower energy, ADP; and it is then used part-
ly as chemical energy and is partly converted into thermal energy, resulting in an
increase in temperature.

The structures of ADP and ATP are given in Fig. 3.15.

To store energy, a molecule of phosphoric acid (H;PO,) is coupled to ADP, form-
ing ATP with the help of enzyme A:

enzyme A

ADP + H;PO, +29.97 k] mol™! =———= ATP + H,0 (3.8)

enzyme B

According to that chemical balance, the same energy is available at a later time
when enzyme B is engaged.

There are three mechanisms for the coupling and decoupling of a phosphoric ac-
id group (phosphorylation). The most important for the catabolic pathways dis-
cussed later is called substrate-level phosphorylation.

NH,
L
3 phosphate groups HC//N\ﬁ/ \I\l
(6] 0 0
I I Il \N/C\ N¢CH
HO_T R I Adenine
OH OH OH
OH OH
Ribose
l‘ ADP ———

ATP —————

Fig.3.15 Adenosinediphosphate (ADP) and Adenosinetriphosphate (ATP).

33.2
Transport of Protons

The catalytic effect of enzymes is often combined with a transport of protons or H*
by a coenzyme. This was already explained in Section 3.2.1.4 (Fig. 3.6a, b). Two of
the most important coenzymes are nicotine amide adenine dinucleotide (NAD)
and flavin adenine dinucleotide (FAD). Figure 3.16a shows NAD in the oxidized

59
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NAD* NADH + H*
H H H

/ CONH, + 2H

[

CONH, + H*

Fig.3.16 (a) Equilibrium between NAD* and NADH +H*
(Cano and Colomé 1986, modified).

form NAD" and in the reduced form NADH + H* (NADH,); and Fig. 3.16b shows
the coenzyme FAD.

Positively charged NAD" loses its charge during reduction and is combined with
a proton (NADH + H*). This is only possible by reorientation of the double bonds
and reduction of the five-valent nitrogen atom of the nicotine amide group to a
three-valent one. The FAD molecule is constructed similarly (Fig. 3.16b). The
NADH, coenzyme diffuses to the same enzyme (see Fig. 3.6a) or to another en-
zyme (see Fig. 3.6b), where another substrate is to be reduced. The importance of
NAD and FAD will be discussed in the following catabolic degradation of glucose.

3.33
Catabolism of Using Glucose

3.3.3.1 Aerobic Conversion by Prokaryotic Cells

Most prokaryotic cells (bacteria) and all eukaryotic organisms obtain their energy
from chemoorgano heterotrophic metabolism. Part of this energy is stored in ATP
molecules and part of it is transformed into heat. The mechanism of ATP produc-
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0 ADP

HOCH Riboflavin

e
NN, G
0=C" "CT " SC—CHy
HN. Gy CrpzE—CHy
1
b) 0 !

Fig.3.16 (b) Structure of FAD (Scragg 1988).

tion is normally described using glucose as an example; and it is divided into three
stages:

e the glycolysis or Embden—Meyerhoff pathway,
e the citric acid cycle,
e the respiration chain.

During the first part of glycolysis (Fig. 3.17) two ATPs must be reduced to two
ADPs. From one glucose molecule (6 C), two molecules of glycerine aldehyde-3-
phosphate (3 C) are produced.

Therefore, the pathway to the end-product of glycolysis pyruvate must be trav-
elled two times, producing 2 NADH, and 2 ATP:

CsH1,04 + 2 H;PO, + 2 ADP + 2 NAD —

3.9
2 CH,COCOOH + 2 NADH,| + [2 ATP|+2 H,0 )
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CH,0OH
H O 0OH
OH H GIUCOS:TP
OH H
H OH

Glucose-6-phosphate

Fructose-6-phosphate
ATP

Fructose-1,6-diphosphate

Dihydroxyacetone » Glyceraldehyde-
phosphate @ <€——  3-phosphate

Al NAD*
P+ H*

1,3-Diphosphoglyceric acid
A~ ADP + P

3-Phosphoglycerate
A

2-Phosphoglycerate
A

H,0
Phosphoenolpyruvate
ADP + P,

0
2\CH;—C—CO5 2-Pyruvate

Fig. 3.17 Glycolysis (Cano and Colomé 1986).

Two pyruvates are now mineralized by the nine steps of the citric acid cycle, after
being oxidized by NAD and coupled to coenzyme acetyl CoA (Fig. 3.18):

2 CH;COCOOH + 2 NAD + 2 CoAH —

2 CH;CO-CoA + |2 NADH, |+ 2 CO,

Only with the help of this coenzyme is it possible for active acetic acid to enter the
citric acid cycle and react with oxaloacetic acid (4 C), producing citric acid (6 C).
Note that the cycle is passed through two times, producing 2 GTP, 6 NADH, and
2 FADH,, and that CoA is reduced to CoAH again. It is used repeatedly (see
Eq. 3.10) and produced during the two steps from o-ketoglutaric acid to succinic

(3.10)
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Citric acid (6C)
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Acetyl acid (6C) NADT
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+
P

Fig. 3.18 Citric acid cycle (Cano and Colomé 1986).

acid. GDP is constructed similarly to ATP; and thus we write ATP instead of GTP.
The balance for the complete citric acid cycle is:

2 CH,CO-CoA + 6 H,0 + 6 NAD + 2 FAD + 2 ADP + 2 H,PO, —
2 CoAH + |6 NADH,| + [2 FADH,|+ [2ATP |+ 2 H,0 +4CO,

(3.11)

Note that: 2 ADP + 2 H3;PO, <> 2 ATP + 2 H,0 and FAD" + 2H — FADH + H*
(FADH + H* = FADH,).

Altogether, 10 NADH, + 2 FADH, are now oxidized, passing now eight links of
the respiration chain or electron transport system. Figure 3.19 presents a qualita-
tive plot of the energy level versus the course of the reaction. If NADH, is oxidized,
the hydrogen atom is transported from the first link to the last and oxidized by O,
to H,0.

The chemical energy is used to convert 3 ADP to 3 ATP (second and fourth
links). The chemical energy of FADH, is lower by about one-third, resulting in on-
ly two ADPs after the uptake by coenzyme Q (third link). The balance of the elec-
tron transfer chain can be written as follows:

10 NADH, + 2 FADH, + 34 ADP +6 O, —

3.12
10 NAD + 2 FAD + 34 ATP + 46 H,O ( )
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Course of reaction

Fig. 3.19 Electron transport system of respiration chain (Cano and Colomé 1986).

Remember that: 34 ADP + 34 H,PO, <> 34 ATP + 34 H,O.

Alltogether, 2 ATP (Glycolysis) + 2 ATP (Citric acid cycle) + 34 ATP = 38 ATP are
produced.

If we summarize Egs. (3.9) to (3.12), we obtain the known balance for the aero-
bic catabolic degradation of glucose:

CeH1,06 + 6 O, — 6 CO, + 6 H,0 + 2826 k] mol™* (3.13)
In prokaryotic cells (bacteria), a part of this relatively high amount of energy is
stored as ATP, namely 29.97 k] mol ™" per ATP. Therefore, the efficiency of this en-

ergy storage is:

38-29.97

n= =0.403 or 40.3%
2826

The rest, or nearly 60%, is converted into thermal energy.
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3.3.3.2  Anaerobic Conversion by Prokaryotic Cells

If we simply replace oxygen with inorganic electron acceptors (NO3, NO3, SO;7) or
with hydrogen, catabolism is nearly the same as in the aerobic case, with the excep-
tion of the respiration chain. Therefore, a lower amount of ATP is produced. Envi-
ronmental scientists call this anoxic metabolism. We will come back to this topic,
when we discuss denitrification in Chapter 10.

Anaerobic metabolism (Zehnder 1988) is characterized by a transfer of electrons
or hydrogen to organic compounds, resulting in organic products which cannot be
used further by the same bacteria. This process, which is at the center of interest
for biotechnologists, is called fermentation. For this reason, bioreactors are called
fermenters. Unfortunately, biotechnologists and microbiologists use the term fer-
menter even if aerobic or anoxic reactions are taking place.

Here, two examples will be discussed briefly:

Production of Lactic Acid

Bacteria which produce lactic acid (e.g. Lactobacillus bulgaricus) are of great impor-
tance for the food industry. Because of their relative insensitivity with regard to low
pH, they are used for food sterilization (yoghurt, sauerkraut, pickling, etc.). As the
bacteria produce more and more lactic acid and the concentration rises, the pH
falls and increasing numbers of bacteria are killed off, until even the lactobacilli
themselves die. L. bulgaricus, for example, is used to produce buttermilk.

The first stage of catabolism is the glycolysis or Embden—Meyerhoff pathway
(Fig. 3.17) if glucose is used. The balance is given by Eq. (3.9). Pyruvate is not cou-
pled to coenzyme CoAH as shown by Eq. (3.10), rather it is reduced directly by
NADH, to lactic acid:

2 CH;COCOOH + 2 NADH —

2 CH;CHOHCOOH + 2 NAD G4
Summarizing Egs. (3.9) and (3.14), we obtain:

C¢H,,0, — 2 CH,CHOHCOOH + 2 H,0 (3.15)
and

2 H,PO, + 2 ADP — 2 ATP + 2 H,0 (3.16)

The greatest part of the chemical energy of 1 mol glucose remains in 2 mol lactic
acid, resulting in only 2 mol ATP and a small increase in biomass.

Production of Ethanol

Yeasts functioning as eukaryotic cells (e.g. Sacharomyces cerevisiae) and bacteria
(e.g. Zymomonas mobilis) produce ethanol as their end-product of catabolism. After
glycolysis, pyruvate is transformed into acetaldehyde and CO,:

CsH1,04 + 2 NAD — 2 CH;CHO + 2 CO, + 2 NADH, (3.17)
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Acetaldehyde is reduced by NADH, to ethanol in the final step:

2 CH;CHO + 2 NADH, — 2 CH;CH,0OH + 2 NAD (3.18)
Summarizing Egs. (3.17) and (3.18), we obtain:

C¢H;,0¢ — 2 CH,CH,OH + 2 CO, (3.19)
(Zehnder 1988) and:

AG® = 2449 k] mol ™!

Because fermentation to ethanol is inhibited by the end-product, only about
18vol% ethanol is attainable (wine, beer, etc.). For more highly concentrated alco-
holic drinks, water must be removed by distillation and condensation or by reverse
osmosis. Ethanol can also be produced from liquid wastes, which are predominate-
ly polluted with mono-, di- and polysaccharides, or renewable raw materials, and
then used as a fuel additive to gasoline.

In anaerobic wastewater treatment processes, acetic acid is produced by the fer-
mentation of higher fatty acids. This is discussed in more detail in Chapter 8.

334
Anabolism

Bacteria are characterized by a remarkable achievement during their growth.
E. coli, for example, synthesizes 1400 protein molecules in 1 s. With 300 peptide
bonds in each molecule, this makes 420000 bonds s™". To reach this rate of protein
synthesis, 88% of the energy stored in ATP is needed. Since 6 ATP are used for one
peptide bond, 2.5 - 10° ATP must be used every second! The energy stored in an
E. coli cell is sufficient for only 2 s, with its ATP content of 5.0 - 10° ATP.

Table 3.6 gives an impression of the work rate of E. coli biosynthesis per second.

This extremely high capacity can only be realized by very economical synthetic
reactions. Therefore, substrates which contain proteins are only hydrolyzed to ami-
no acids, which are then coupled together with new proteins. Only by these and
other optimizations are bacteria able to achieve extremely economical anabolism.

Table 3.6 Biosynthesis capacity of E. coli during a 20-min cell division (Lehninger 1965).

Chemical Dry Approximate Number of  Number of Number of Total biosynthetic
component weight molar mass  molecules  molecules molecules of energy required
(%) per cell synthesized ~ ATP synthesized (%)
per second per second
DNA 5 2 -10° 1 0.00083 60 -10° 2.5
RNA 10 1 -10° 15 -10° 12.5 75 -10° 3.1
Protein 70 60-10° 1.7-10° 1400 2.12-10° 88.0
Lipid 10 1 -10° 15 - 10° 12500 87.5-10° 3.7
Polysaccaride 5 2 -10° 39 -10° 32.5 65 -10° 2.7
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4
Determination of Stoichiometric Equations for Catabolism
and Anabolism

4.1
Introduction

Chemical reactions can be traced by measuring the concentrations of educts as
well as intermediate and final products by continuous or discontinuous measure-
ments after taking samples. One condition is of high importance and can be used
for checking the results: balances must be fulfilled for each element.

From a fundamental point of view, the same condition is valid for biological sys-
tems. Therefore, it is principally possible to study bioreactors using the same bal-
ances of elements. Two points must be considered which are typical for living sys-
tems. First, the mass of living organisms can increase by growing, it can decrease
by endogenous respiration and by dying and new substrates can be produced by
lysis as sources of carbon, hydrogen, nitrogen and phosphorous. The second point
is typical for environmental microbiology. In one bioreactor, the number of differ-
ent strains of bacteria is normally high and the composition may change during
the process. Besides that, protozoa and other eukaryotes may grow in the same sys-
tem as the bacteria and the bacteria are then eaten by protozoa.

Nevertheless, balances of total parameters such as COD, DOC and BODs, as well
as balances of the elements C, O, H, N and P can be very helpful in studying and
controlling environmental bioreactors.

First, we will start with simple balances, neglecting endogenous respiration, cell
death, lysis, etc.; and we will consider only aerobic chemoorganoheterotrophic bac-
teria. Later on, we will expand these systems.

Consider that the following balances are totally independent of the kinetics and
reaction engineering conditions. The question “How much mass is transferred in
what time?” is of great significance, but we will delve into that question later.

Fundamentals of Biological Wastewater Treatment. Udo Wiesmann, In Su Choi, Eva-Maria Dombrowski
Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31219-1
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4 Determination of Stoichiometric Equations for Catabolism and Anabolism

4.2
Aerobic Degradation of Organic Substances

4.2.1
Degradation of Hydrocarbons Without Bacterial Decay

Let us start with the aerobic degradation of glucose, studying the stoichiometry of
catabolism and anabolism:

CeH1206 + YRip,nysNHI +Y3,y,sOH™ + Y3, 50, —

(4.1)
Y3%/sCsH;O,N + Yéo, ¢,sCO, + Y,sH,O
and normalizing the glucose and the bacterial mass to one C atom:
CH,O + Yg/sc"NHi + Y81,5cOH™ + Y8,,5c0, — “2)

Y)%C/SCCHLALOOANO.Z + Ygo;/scl)coz +Yx,scH>0

Equation (4.2) is valid for substrates with the C-standardized composition CH,0O
(hydrocarbons) and for bacteria with a mean composition CH; 4O, 4No .

Six true yield coefficients Y° must be determined. Biomass decay by endogenous
respiration and bacterial death are not considered here. To fulfil the charge balance
as required, we obtain:

YI?I/SC = Yg)H/SC (4'3)

and, because of the following mass balances for four elements, we obtain all to-
gether five equations for the calculation of six yield coefficients:

Cbalance: 1=Y3c/sc+ Yo, sc (4.4)
H balance: 2+ 4 YR/sc + Yu;sc = 1.4 Y3c/sc + 2 Yo sc (4.5)
O balance: 1+ Y8ysc +2 Y3, sc = 0.4 Ygcsc + 2 Ye0,/5¢ + Y/sc (4.6)
N balance: YR,sc=0.2 Y3c/sc (4.7)

Five yield coefficients can be calculated using Egs. (4.3) to (4.7):

Yxcisc=3-4Y3,sc (4.8)
Yeo,/sc=4Y3ys5c — 2 4.9)
YRsc=0.6-08Y8,/sc (4.10)
Y3isc=0.6-0.8Y3,/s¢c (4.11)
Y¢sc=0.4+08Y3,sc (4.12)

Y Instead of Y80, c/sc we write Yo, sc and instead of Y, n we write Y3 sc.
2-C/' 2 % /



4.2 Aerobic Degradation of Organic Substances

At first, we conclude that one of the six yield coefficients must be unknown with-
out experiments. But after elimination of Y9, ,sc from Eq. (4.6):

Y3,/sc =0.2 Yicsc + Yo, sc + 0.5Y%,sc = 0.5 Y3r,sc — 0.5 (4.13)

and, combining Egs. (4.8), (4.9), (4.11) and (4.12) into Eq. (4.13), a further equation
for the calculation of Y, sc is available:

Y3, sc = Yo, sc + 0.2 Y3c/sc + 0.5 (YW sc — You,sc— 1) (4.14)

Now the system of the six equations (Eq. (4.3) to (4.7) and (4.14)) can be solved; and
we are able to predict all yield coefficients:

v 13 molC_ v 3 molC_ Yo 0.067 mol N
XC/sC — / mo]C ’ COz/SC — / mo]C ’ N/sCc — V- mo]C
mol OH~ mol H,O mol O,

Y& sc = 0.067 ; Y&sc =093 Y8, sc=2/3

molC mol mol C

For mol C we can write: mol DOC.

From a fundamental point of view, it should be possible to determine an un-
known oxygen and hydrogen content of a substrate CHgy;Oso, if two yield coeffi-
cients are measured, in this case Yg¢/sc and Y&o,,sc. Apart from the fact that the
CO, formed is only determined if the change in concentrations of dissolved CO,,
HCOj; and CO;3~ is known (see Section 4.3), it can be shown that only two equa-
tions are available to calculate SH as well as Yg,sc, which cannot be measured us-
ing aqueous substrate solutions.

Because of the constancy of the elementary composition of most wastewater mix-
tures, the calculation of SH, SO, SN and SP is mostly only of academic interest.

4.2.2
Mineralization of 2,4-Dinitrophenol

2,4-Dinitrophenol (2,4-DNP) is used together with other nitroaromatic compounds
for the production of dyes, explosives and photographic materials. It can be minera-
lized by some aerobic bacteria which need nitroaromatic compounds as a source of
not only carbon but also nitrogen. At high concentrations, it is very toxic and acts
as an insecticide and fungicide.

Here, only the stoichiometric equation of its aerobic mineralization should be
of interest. For this purpose, the catabolic and anabolic reactions are summarized,
as already shown for glucose in Section 4.2.1. Writing this equation not as
C¢H;OH(NO,), (2,4-DNP), but for the standardized molecule CHg ¢,N¢ 330053
(after dividing by the number of C atoms, see Eq. 4.2), the normalized stoichio-
metric equation is (Heinze 1997):

CHo.67No.3300.53 + Y3,/5c02 + Y&,scH20 —

(4.15)
Y)%C/SCCHLSOOO.SONOJ‘) + Y;\)Ioz/scHNoz + Ygoz/sccoz
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Comparing Eq. (4.15) with Eq. (4.2), three differences can be discovered:

e The consideration of the equilibria HNO, = H* + NO; and OH™ + H" = H,0
leads to a stoichiometry equation without ions.

¢ Nitrogen must not be added because of the high content in the substrate mole-
cule.

e The composition of the bacteria (Behrendt 1994) differs a little from that used in
Eq. (4.2).

The five true yield coefficients were calculated in the same way, as described by
Heinze (1997). First, four equations are obtained by element balances:

Cbalance: 1=Y3¢/sc+ Yo, sc (4.106)
H balance: 0.67 +2 Ygsc = 1.8 Yic/sc + YRo, sc (4.17)
O balance: 0.83 +2Y,/sc + Yaysc = 0.5 Yc/sc + 2 YRo, sc + 2 Yo, sc (4.18)
N balance: 0.33 =0.19 Ygc/sc + YRo,/sc (4.19)

An additional equation follows if Ygc sc is eliminated from Eq. (4.18) and (4.19).
Y3, sc =0.019-0.316 Yx;sc — 0.5 Y,sc + Yo,,sc (4.20)

This system of five equations with five unknown true yield coefficients can be
solved as already discussed in Section 4.2.1, resulting in:

mol C R mol C . mol N
. Yoo,sc=0.7 . Y8oysc =027

YXc/sc=0.3

molC’ molC’ mol C

molH,0 mol O,
———  Y3,5¢=0.60

Y$,sc = 0.07

mol C mol C

Although the substrate is of a completely different type, most of the yield coeffi-
cients do not differ remarkably from those of Section 4.2.1.

Heinze (1997) investigated the aerobic mineralization of 2,4-DNP in a bioreactor
filled with solid porous particles (polyurethane cubes with sides of 0.9 cm) operat-
ed with recycle flow. The particle-free overflow was aerated and dissolved oxygen
was measured before and after flowing through the fixed bed. By considering the
measured flow rate, the oxygen consumption rate ro, » could be predicted, which
changed with the flow rate and was plotted versus the 2,4-DNP removal rate rg
(Fig. 4.1). The observed straight line intersects the ordinate at a positive value,
giving the rate of endogenous respiration ro, ..



The straight line can be described by:
Yo,x=To, +T0,e = Yo, sc " I'sc
with:

Yo, T To,e
Yo,/sc =———
Isc

as the real yield coefficient. Considering:

pX
Tsc=55—
XC/SC
pX
To, =%
YXC/OZ
kX
Toje=—
e Y)%C/Oz

4.2 Aerobic Degradation of Organic Substances

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)

the following relation between real and true yield coefficient can be applied:

. ke
YOz/SC = YOz/SC 1+—
B

(4.26)

If bacteria grow at a high rate p, the coefficient k./p can be neglected. Otherwise,
a relatively large amount of the oxygen consumed is needed for endogenous respi-
ration. In our stochiometric consideration of Sections 4.2.1 and 4.2.2, it was

200

neglected.
150
mgL'h" 0,
o~
£ 100 -
)
8]
©
Eo
c
2
=
(=}
E 50
S
o
c
[=]
0
N
O
0 = T T T
0 50 100 150
2,4-DNP removal rate rg mg L"'h™" 2,4-DNP
Fig. 41 Biodegradation of 2,4-DNP in a fixed bed reactor: oxygen consumption

rate as a function of substrate removal rate (Heinze 1997).
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4.2.3
Degradation of Hydrocarbons with Bacterial Decay

To this point, endogenous respiration and the death of aerobic bacteria have been
neglected, although in Fig. 4.1 the influence of endogenous respiration on total
oxygen consumption could be detected. This may be allowed so long as the specific
growth rate p is large compared to the decay rate ky. Otherwise, we must write
(Herbert 1958):

Ixc — Ixca = PX — kgX = pX — (k. + ko) X (4.27)
pX + kX
Tco, + Tcoye = —g—— (4.28)
YXC/COZ
pX
. (4.29)
5 Y)O(C/SC

where p is the specific growth rate, k, is the coefficient of decay, k, is the coefficient
of death and k. is the coefficient of endogenous respiration.

These processes cannot be neglected if the growth rate is reduced as a result of
substrate limitation or inhibition. A part of the bacteria will be inactive and no
longer involved in substrate consumption and growth. They are dying at rate k.X.
Another part loses cell mass at the rate k.X and uses oxygen at the respiration rate
of k.X/Y%c/0, during the consumption of the cell mass (see Eqs. 4.27 and 4.28).

We will assume here that the dying cells do not release organics for the growth
of living cells, so that the stoichiometric Eq. (4.2) is not changed, with the exception
of the yield coefficients. Instead of the true yield coefficients Y°, now the real yield
coefficients Y must be considered, which differ the more greatly the less p is com-
pared to kg and k., respectively.

In the first step, the real yield coefficients are defined as:

I'xc —Ixcd

Yxc/sc = —— (4.30)
Tsc
T + T b
co, T Tcoge
Y = 4.31
COz/SC Tsc ( )
Yo, +To,e
Yo,/sc = % (4.32)
sc

which can be transformed with the help of Egs. (4.27) and (4.28) into:

ky
Yxc/sc=Yxcsc|1— E (4.33)

D We will write CO,—C = CO, only for reasons of simplicity.
All rates r and yield coefficients Y can be written using mol or g.



and:
o ke
YCOz/SC = YCOz/SC 1+—
B
Starting with Eq. (4.30):
I'sc —Ixca = Yxc/c - I'sc
and considering Eq. (4.32) we obtain:
o kd
I'xc —TIxca = YXC/SC 1-— |rsc
B
According to that:

€
Tco, + Ycose = You/sC <1 + ?) I'sc

4.2 Aerobic Degradation of Organic Substances

(4.34)

(4.35)

(4.36)

(4.37)

Equation (4.26) results. Equations (4.35) and (4.36) can be compared with the re-
sults of Section 4.2 (Egs. 4.18 and 4.19). The real growth rate and CO, production
rate differ by the relation of bacterial decay and endogenous respiration to specific

growth rate from the true rates.

Using the C balance:
I'sc =TIxc —Ixce + Tco, + Tcose
introducing Eq. (4.30):

I'sc =Tsc YXC/SC +Tco,x

r Tco,s
sc= —o——
1—Yxc/sc

and considering Eq. (4.33):

Tco,s

k.
1-Y3¢;sc (l - —d>
n

follows. According to this consideration:

I'sc=

To, s

kc
1-Yiesc (l + —)
n

I'sc=

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)

can be obtained from the O balance (C/O =1 for hydrocarbon molecules).
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From Egs. (4.41) and (4.42) ky/p and k./p can be easily eliminated after some

conversions:
Tco, s

Y)O<C/sc + =1
ky I'sc (4.43)
o Y;)(C/SC

To,x o

1-—= = Ysossc
ke B Tsc (4.44)
B Y§<O/sc

Note that only measurements of DOC for rsc and O, as well as CO, reaction rate
using gas analysis are needed. However, it is necessary to point out that the CO,
formed is in equilibrium with HCO3 and COj3", which is influenced by all other
ions. This will be discussed in the next chapter.

4.3
Measurement of O, Consumption Rate ro, > and CO, Production Rate rco, =

As explained in Section 4.2.3, 1o, 5 OF I'co, » are needed to measure the substrate re-
moval rate rgc and to calculate real yield coefficients, as well as k./p and ka/p.

The measurement of 1o,  is not complicated for closed aeration tanks, conduct-
ing a small bypass exhaust air flow through an O, gas analyzer, such as an ABB
Magnos 16. For steady-state conditions and a completely mixed tank, ro, s can be
calculated using:

Coy0—C
To,s = QG( 02,0 02) (445)
Vi
after measuring co, in the exhaust gas. The change in the dissolved oxygen concen-
tration is very low compared with the respiration rate because of the high Henry
coefficient H, which is defined by Henry’s law, see Eq. (5.6):
C02 w

T 5, (4.406)

where ¢ o is the O, concentration in the gas and ¢, is the O, concentration at the
border gas/liquid at equilibrium.

In comparison to ro, 5, I'co, s is more difficult to measure for two reasons:

o The solubility of CO, in water is much higher than that of O,.
e The soluted CO,, reacts rapidly with water, forming carbonic acid.

ky
CO,.+ H,0 k(——) H,CO; (4.47)

2



4.3 Measurement of O, Consumption Rate ro, s and CO, Production Rate reo, s

However, the equilibrium constant following from:

kySco,r * St = k2 St,cos (4.48)
K. = k_z =ﬂ (4.49)
kl SCOz,L : SHzO
, SH2C03 3
K. = S0 K. = ~1.58-10 (4.50)
CO2,L

is very low, showing that only ~0.16% of the soluted CO, is present in the form
H,CO;. Following the concept of Nazaroff and Alvarez-Cohen (2001), we summar-
ize CO,, and H,CO; by writing:

T',cosx = IconL + THycos (4.51)

or rather as “carbonic acid” concentration, considering Eq. (4.50):

St1,c055 = Scos + Styco; = Sco, (1+Ke) (4.52)
Depending on the pH, “carbonic acid” dissociation reactions display the following
equilibria:

H,CO,y @ H* + HCO; (4.53)

HCO; 2 H* + CO% (4.54)
which are strongly influenced by S+ or pH = —log Sy;+:

SH+ : SHCO;

Ky=—2 "M% _447.107 mol L™ (4.55)
SH2C03,Z
S+ - Scot
K=" _468-10"" mol L™ (4.56)
SHCO§

A fraction o; of each species Sy,co, s, Stico; and Sco?- related to the total concen-
tration:

Scs = St,coss + SHcog + Scoﬁ’ (4.57)

can be calculated using Egs. (4.55) and (4.56). (Note: Sii,cosx = Sco,):

SH2C03 = S}2-1+
. ) = _ 4.58
H2CO3,% Scs S£1++K1 K, +K; S+ ( )
Sy K; S+
Opcos = — = . -

Scy  SZe+ K K+ K, Sipe

Sco? K, K
teor =25 _ 1% (4.60)
Sex  Sh+K Ky+K; Sppe

77



78

Normalized concentration

4 Determination of Stoichiometric Equations for Catabolism and Anabolism

For Oup,coy s = Oco; = 0.5 and for 0yco; = Oco? = 0.5, the pH values are called pK,
and pK,, showing characteristic values (pK; = 6.33; pK, = 10.33).

Equations (4.58) to (4.60) are plotted in Fig. 4.2, presenting some important
results:

e At pH < 4.5, all dissolved carbon is in the form of H,CO; s = CO,.
e At4.3 <pH < 8.3, H,CO; 5 = CO, and HCO; dominates.

e At8.3 <pH < 12.3, HCO3 and CO3™ dominate.

e At pH > 12.3, all dissolved carbon is in the form of CO3".

This equilibrium can be influenced by temperature and the concentration of other
anions.

PK, pK;
LR R . /___
\“ /
0,8 N '/
\‘ /
0.6 1 "t H,CO, : J
— HCO; \
04 - —-- co” E -
\‘ '/
\‘ /
0,2 1 . /
a A /
0 . . . = . ;
0 2 4 6 8 10 12 14
pH

Fig. 42 Normalized concentrations o, of the dissociation products
of “carbonic acid” H,CO5 5y, HCO3 and CO3™ as a function of pH
(Nazaroff and Alvarez-Cohen 2001); T = 20°C.

PROBLEM 4.1

An industrial wastewater is polluted mostly by polysaccharides (C,H,,,0,, or
for n=1CH,0, respectively). The composition of the bacteria is given by
CsH,0,N. The flow rate is 10000 m? d™, the concentration of the influent is
So =2000 mg L DOC; and 90% removal should be achieved.

Calculate the amount of nitrogen which must be added.

How much sludge must be treated?

The specific growth rate p is large compared to the decay coefficient k.

In Section 4.2.1, Y,sc=0.067 mol N (mol DOC)™" and Yx¢/sc=1/3 mol C
(mol DOC)™" was calculated for aerobic degradation of hydrocarbons.



Problem

Solution

Vv mol N 14 gN
YR/sc= =0.067 ————=0.067 - — g N (g C)™" =0.078 =—
rscV mol DOC 12 gC

0.078 t N (t C)™
rscV = Qu (So—S) = 10* 1800 g d™' = 18 t d* DOC

WV =15cV - YR sc = 18- 0.078 = 1.4 t N d™" nitrogen must be added.

Yy =1/3 mol € =0.33 g C (g DOC)™*
xcssc =1/ molDOC gCl(g )
T
Y)%C/SC=£;
I'sc

Ixc =Tsc Yxessc; TxeV ="TscV Yxessc
IxcV="scVY2c/sc=18,0000.33 =5940kg Cd™

50% C per mass MLVSS

I'vivss V = 21xc V=12 t MLVSS d™" sludge must be treated.

PROBLEM 4.2

In a completely mixed (stirred) tank reactor (CSTR), a wastewater loaded with
organics and without inorganic carbon is treated aerobically. For this pro-
cess, carried out in a steady state, the following data are given:

Wastewater flow rate Q,, = 1000 m> d™"
Air flow rate Q, = 7500 m> d™*

Reactor volume V = 1000 m?, pH 8
Henry’s law is given by

p=H,c"

(Nazareft and Alvrez-Cohen 2001).

For CO, and 25°C H,, = 29 atm (mol/L)™" is given. In order to get Henry co-
efficiet H in its dimensionless form

p=RTc

must be introduced giving
c=—2 "= Hc
RT

With R =8.314 ] mol " K™ = 82.05 - 10°° m® atm (mol K)*
T=273+25=298 K
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29
H= = 1.19 follows.
82.05-107°-298

CO,/HCO3 equilibrium constant K; = 4.47 - 10~ mol L™!
CO, production rate rco, = 9000 g m= d !

Calculate the portion of carbon:

produced as CO, in the air leaving the reactor and

produced as CO,, HCOj3 and CO3™ in the water leaving the reactor.

Solution

C balance in water:

Qw Qa

0=-— T ( C02+ SHCO§+ SCO’;’) - 7 Cco, + Ico, (461)
\ > J N J N )
dissolved in the stripped out produced
effluent water with air

Scoz can be neglected (pH 8)

SHzCOz,Z SCOZ
Stico;=Ki—g— = K, (4.62)
3 SH+ SH+
c
Henry'slaw Sco,=c"= % (4.63)
From (4.61) we obtain with Eqgs. (4.62) and (4.63)
I
Sco, = < (4.64)
& 1+ & + &H
v 's.) v

K, =4.47 -107 mol L'", My;co; = 61 g mol™
K,=4.47-61-107=272.67-107 g Lt
Syr=10%mol L'=10"% g LY, H=1.19

_ 9000 _ 9000 _ 329 gm™

Seo 7 - -
’ 6710 2744,
(1RG5 000 TS

With Eq. (4.61) the different parts can be calculated

9000 gm~> h™ = 3.29 + 8970.8 + 2936

CO; produced CO; trans- HCO53 trans- CO3 stripped
ported with water ported with water with air
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In reality two further reactions are of importance, which reduce HCO3-
concentration:

HCO, == H"+CO}

Ca’** + CO}” &—= CaCO,
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5
Gas/Liquid Oxygen Transfer and Stripping

5.1
Transport by Diffusion

Oxygen is needed for all aerobic biological processes. Usually, it consumption rate
depends on oxygen mass transfer". If we wish to increase the rate of these process-
es, we must increase the gas/liquid interfacial area and the rate of the specific mass
transfer, which consists of diffusion and convection. The specific mass transport
rate of diffusion without convection is given by Fick’s law:

Jo=-D d_c molm2?h™ (5.1)
dx
D is the diffusion coefficient. If ¢ is the dissolved oxygen concentration in water,
then D = Do, 14,0 is the diffusion coefficient of oxygen in water. It can be calculat-
ed by using the Einstein equation (Daniels and Alberty 1955) or the Nernst-Ein-
stein equation (Bird et al. 1962)

Wo,

D=KT —2 m?h™" (5.2)

Oz
where K =1.380 107>* ] K" (Boltzmann'’s constant), T is the temperature (K), wo,
is the rate of diffusion of oxygen molecules (mol m h™") and Fo, is the power of re-
sistance of oxygen molecules (] mol m™).
Fo, is obtained from Stokes’ law for the motion influenced by high friction forc-
es (Re<1):

Fo,=6Ttnwo,Ro, ] mol m™ (5.3)
where 1) is the dynamic viscosity of water (g m™" h™") and Ry, is the molecular radi-

us of O, (m).
Introducing Eq. (5.3) in Eq. (5.2), this follows:

KT
D= ——m?*h™ (5.4)
6T R, M

D Only for very low reaction rates is it not dependent on oxygen mass transfer.

Fundamentals of Biological Wastewater Treatment. Udo Wiesmann, In Su Choi, Eva-Maria Dombrowski
Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31219-1
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Wilke and Chang (Reid et al. 1987) calculated for T = 20°C:
D,o=6.48 - 10° m2 h™

and recommended that the influence of temperature should be taken into account
using:

Dy =D, 672 (5.5)

with 6 = 1.029.

At the gas/liquid boundary, the specific transfer rate of oxygen in water calculat-
ed by using Eq. (5.1) is low if only diffusion is involved. This follows not only from
the low diffusion coefficient, but also from the low solubility of oxygen in water:

c=Hc (5.6)

Equation (5.6) is called the Henry absorption equilibrium (Henry’s law, see Eq.
4.46) and is valid up to oxygen pressures of nearly p = 10 bar (c = p/RT). H decreas-
es with increasing temperature and concentration of chlorides (Table 5.1).

For 20°C and deionized water H = 32.6 which means that, for an O, concentra-
tion in air of 298.7 mg L™, only 9.17 mg O, L™" are dissolved in water. Therefore,
oxygen transfer into water by diffusion is a slow process, due to the low diffusion
coefficient and the low solubility (Fig. 5.1).

If we want to use oxygen for a chemical or biological process in water, we must:
(a) use convection in addition to diffusion and (b) increase the gas/liquid interfa-
cial area.

Furthermore, it may be necessary to use pure oxygen instead of air in some cas-
es, resulting in a higher dissolved oxygen concentration at the boundary c¢* by a fac-
tor of 4.8. But in our further discussion we will only consider the use of air.

. Cc
air water

Co2

c*=cy b
Cl
de
dx I1x=0
x=0 X

Fig. 5.1 Transport of oxygen from air into water only by diffusion.
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Table 5.1 Dissolved oxygen concentration in water ¢ for different
temperatures and chloride concentrations; ¢ = 20.9% O, in air;
Pair = 760 bar (Chow et al. 1972).

Temperature Chloride concentration (mg L™)
Q)
0 5000 10000 15000 20000
0 14.62 13.79 12.97 12.14 11.32
1 14.23 13.41 12.61 11.82 11.03
2 13.84 13.05 12.28 11.52 10.76
3 13.48 12.72 11.98 11.24 10.50
4 13.13 12.41 11.69 10.97 10.25
5 12.80 12.09 11.39 10.70 10.01
6 12.48 11.79 11.12 10.45 9.78
7 12.17 11.51 10.85 10.21 9.57
8 11.87 11.24 10.61 9.98 9.36
9 11.59 10.97 10.36 9.76 9.17
10 11.33 10.73 10.13 9.55 8.98
11 11.08 10.49 9.92 9.35 8.80
12 10.83 10.28 9.72 9.17 8.62
13 10.60 10.05 9.52 8.98 8.46
14 10.37 9.85 9.32 8.80 8.30
15 10.15 9.65 9.14 8.63 8.14
16 9.95 9.46 8.96 8.47 7.99
17 9.74 9.26 8.78 8.30 7.84
18 9.54 9.07 8.62 8.15 7.70
19 9.35 8.89 8.45 8.00 7.56
20 9.17 8.73 8.30 7.86 7.42
21 8.99 8.57 8.14 7.71 7.28
22 8.83 8.42 7.99 7.57 7.14
23 8.68 8.27 7.85 7.43 7.00
24 8.53 8.12 7.71 7.30 6.87
25 8.38 7.96 7.56 7.15 6.74
26 8.22 7.81 7.42 7.02 6.61
27 8.07 7.67 7.28 6.88 6.49
28 7.92 7.53 7.14 6.75 6.37
29 7.77 7.39 7.00 6.62 6.25
30 7.63 7.25 6.86 6.49 6.13

There are two possibilities to realize the conditions (a) and (b):

e We can produce small air bubbles, which rise to the surface of the water, caus-
ing an oxygen transfer into the water and to the suspended microorganisms.

e We can produce trickling films, which flow downwards at the surface of solids
covered by biofilms.

In this chapter we will concentrate only on the transfer of oxygen from bubbles to
water by diffusion and convection.
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5.2
Mass Transfer Coefficients

5.2.1
Definition of Specific Mass Transfer Coefficients

In contrast to Fig. 5.1, where mass is only transferred by molecular motion (diffu-
sion), we now want to augment it with convective motion (Fig. 5.2).

As a result of the high diffusion coefficient of oxygen in air, the concentration of
oxygen in air remains locally constant as before. But in the water, the situation has
changed completely: in addition to the molecular motion, total liquid mass is now
moved by hydrodynamic forces, i.e. pressure, inertia and friction forces in the di-
rect vicinity of a rising air bubble. This convective transport increases the local
slope of the concentration at the boundary dc’/dx |, and the specific rate of mass
transfer:

Josc=-D mol (m* h)™ (5.7)

x=0

But the gradient is not measurable and can be calculated only for low liquid flow
rates. In contrast, the concentration difference c¢*-c’ can easily be measured
(Fig. 5.2):

Josc =k (¢ =) mol (m* h)™ (5.8)
D
where k; = 3 and & is the thickness of the boundary (see Fig. 5.3).

The proportionality factor k, in Eq. (5.8) depends on the diffusion coefficient D
as well as the bubble velocity w, the kinematic viscosity v and the surface tension o,

. C
air water

Co2

R ——
J D+C

C*=C0'
WL* WW*
CY
&
dx |x=0
x=0 X

Fig. 5.2 Transport of oxygen from air into water by diffusion and convection.
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for example. We cannot assume that we are able to measure the total boundary sur-
face area A gas/liquid of all the bubbles:

JoscA =k A(c*~c’) mol h™* (5.9)

Applying Eq. (5.9) to the volume of the system V, the specific oxygenation capacity
follows:

A
OC=]Jp.c V- kia (c*—c’) molm> h™* (5.10)

with k;a as the specific mass transfer coefficient.
k;a and ¢’ are dependent on the temperature. For a temperature of 20°C and
¢’ =0, we obtain the maximum specific standardized oxygenation capacity:

OCy = (kLa)ZO - Cho (5.11)

(kpa),0 and c*,, are dependent on the concentration of dissolved inorganic and or-
ganic substances. Applying the ratio of values effective for wastewater and clean
water, we write:

(kLa)zo,w
= — 5.12
e (kLa)ZO’O ( )
B, = 2o (5.13)
C20,0

(kLa) 20w C,zo,w

5.14
(kLa) 20,0 ° C’zo,o ( )

Yw =

reflecting the mass transfer coefficients for T = 20 °C gives:

(kpa)z0,w for wastewater
(kpa)z00 for clean water

and concentrations of dissolved oxygen at the interface:

Gow for wastewater
oo for clean water

Especially in industrial wastewater, different components may be dissolved which
may desorb during the absorption of oxygen. Because of their low Henry coeffi-
cient H, a transport resistance occurs in both phases, in water and air. This case
will be discussed in the next section.

5.2.2
Two Film Theory

Three models have been developed to improve the understanding of gas/liquid
mass transfer: the surface renewal model of Higbie (1935) and Danckwerts (1951,
1970); the ‘still surface’ model of King (1964) and the ‘two film’ model of Whitman
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A o

air water air
Coz

Co

c* A

Co'o

c Co
—»] 5Lt M —>|5@| <« M
a) x=0 b) x=0

Fig. 5.3 Absorption and desorption of compounds dissolved in
water with a low Henry coefficient, H = c¢/c* = co/c5; (a) absorption,
(b) desorption.

(1923). We will limit our discussion to the two film theory. A review of all theories
is given by Danckwerts (1970).

Let us look at the mass transfer at the boundary water/air for desorption process-
es and for the case that two films are formed. The desorption of oxygen into an oxy-
gen-free gas film, e.g. nitrogen, is a simple case which follows nearly directly from
Fig. 5.2. But such equilibria, which are characterized by a low Henry coefficient,
lead to concentration profiles in both water and air for absorption (Fig. 5.3a) and
desorption (Fig. 5.3b).

The rate of desorption must now be calculated using the two film theory.
Table 5.2 compiles some compounds with low H.

Note that in Fig. 5.3b the concentration c in the air bubble is much lower than c*,
the theoretical equilibrium concentration.

An overall mass transfer rate is given using K, a. If we define the specific overall
mass transfer coefficient K;a by writing:

Kia (¢’ - ¢

for the specific overall mass transfer rate, we can conclude that this rate is the same
as in the liquid film:

KLa(c’—c*) =k;a (c'—c(')) (5.15)

which also agrees with the rate in the gas film:

kpa(c’—cp) = kea(co—ce) (5.16)
with:
1
Co=—Co (5.17)

H
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Table 5.2 Solubility and Henry coefficient of different compounds
(Nyer 1992, supplemented), Henry’s law:

. c ~ Pc, Kp

¢“=— and ¢*=—; H=
H Kp RT ¢,
Compound Maximal solubility =~ Henry coefficient ~ Henry coefficient
(s MELY) (Ke, bar) (H,-)

1 Acetone 1-10° 0 0

2 Benzene 1.75-10° 230 0.1690

3 Bromodichloromethane 4.4-.10° 127 0.0934

4  Bromoform 3.01-10° 35 0.0257

5 Carbon tetrachloride 7.57 -10% 1282 0.943

6 Chlorobenzene 4.66 - 10” 145 0.107

7 Chloroform 8.2-10° 171 0.126

8 2-Chlorophenol 2.9-10* 0.93 0.684-107

9 p-Dichlorobenzene (1,4) 7.9-10' 104 0.0765

10 1,1-Dichloroethane 5.5.10° 240 0.176

11 1,2-Dichloroethane 8.52-10° 51 0.0375

12 1,1-Dichloroethylene 2.25-10° 1841 1.353

13 cis-1,2-Dichloroethylene 3.5.10° 160 0.117

14 trans-1,2-Dichloroethylene 6.3-10° 429 0.315

15 Ethylbenzene 1.52 - 107 359 0.264

16 Hexachlorobenzene 6-107 37.8 0.0278

17 Methylene chloride 2-10* 89 0.0654

18 Methylethylketone 2.68 - 10° 1.16 0.853-10°°
19 Methyl naphthalene 2.54-10" 3.2 0.235-107°
20 Methyl tert-butyl-ether 4.8 196 0.144
21 Naphthalene 3.2-10" 20 0.0147
22 Pentachlorophenol 1.4-10" 0.15 0.1100 - 107
23 Phenol 9.3.10* 0.017 0.0125-107*
24 Tetrachloroethylene 1.5-10% 1035 0.761
25 Toluene 5.35.10% 217 0.160
26 1,1,1-Trichloroethane 1.5.10° 390 0.287

27 1,1,2-Trichloroethane 4.5-.10° 41 0.030

28 Trichloroethylene 1.1-10° 544 0.400

29 Vinyl chloride 2.67-10° 355000 261.0

30 o-Xylene 1.75-10° 266 0.196

and:

5 1
= a Cc (5.18)

c, follows from Egs. (5.15) to (5.18). ¢ is the concentration of the desorbed com-
pound in the air and c¢* is its equilibrium value at the interface:
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kea

Hcr
a
= — (5.19)

keca
1+="H

ki a
After introducing Eq. (5.19) into Eq. (5.15), we obtain:

1 1 1

- + 5.20
K a kca H k.a ( )
overall resistance of resistance of
resistance the air film the water film
Note that:

o This simple equation is only applicable if we use ¢’ c* as the driving concentra-
tion difference to define the specific overall transfer coefficient K, a.

e The resistance of the air film increases with decreasing Henry coefficient H, i.e.
higher dissolution in water at lower concentration in air.

e The influence of H is increased at low kg a and high k; a.

Looking at Table 5.2 and assuming similar values for kca and k, a, mass transfer
resistance lies nearly completely on the air film side for compounds with low H
(2-chlorophenol, methyl ethyl ketone, phenol and others) and nearly completely on
the water film side for vinyl chloride with its very high H.

Although H = 32.6 (T = 20°C) for oxygen/water (clean water) is relatively high
(Section 5.1) and mass transfer is controlled for normal conditions by the resis-
tance of the water film, we want to use the specific overall mass transfer coefficient
K. a as well.

5.3
Measurement of Specific Overall Mass Transfer Coefficients K, a

5.3.1
Absorption of Oxygen During Aeration

5.3.1.1 Steady State Method
The absorption of oxygen will first be discussed for a completely stirred tank reac-
tor (CSTR) filled with clean water and equipped with a perforated annular tube be-
low the stirrer (Fig. 5.4).

Sodium sulfite, Na,SO;, is dissolved in the clean water together with a cobalt cat-
alyst. Sulfite ions oxidize immediately, consuming the dissolved oxygen:

catalyst

1
503 + 20, S0z (5.21)
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Q N drying and
"l CO; absorption
v 0, analysis
Fig. 5.4 Installation for
° ° measuring the mass transfer
- flow rate coefficient in clean water or
o 0] 0 measurement I wastewater without activated
¢ sludge.
S ¢
————

Tair

Therefore, ¢’ is zero until the dissolved SO3™ is totally oxidized to SO3™. If we want
to measure in nearly salt-free water after aeration, only a small amount of Na,SO5
should be added — just enough for a few experiments. The exhaust air with a low
O, concentration flows through absorption systems for drying and CO, removal
before entering on-line oxygen gas analyzers and flow rate measurement devices.

The steady state oxygen balance in the completely mixed gas is:
0= QG Cin — QG Cout — I<La Cj)ut \% (5.22)

COLI .
where V is the water volume, Qg is the gas flow rate and ¢, = Ft is the saturated
dissolved oxygen concentration.

Solving Eq. (5.22) for K,a gives:

Cin— Cou H
Ky c(Gn= Con) H (5.23)
VCOUt

In larger aerated reactors, the O, gas concentration is often not completely mixed
and better results can be obtained if an arithmetic mean value is used for:

—. Gt Cou

cr= (5.24)

2

This relatively small simplification is only allowed for small decreases in the per-
cent of oxygen volume inside the air bubbles, e.g. from 20.9 to 19.0%. For a great-
er decrease, a more complicated evaluation is necessary. Better results follow if a
logarithmic mean value is used.

5.3.1.2 Non-steady State Method

Only a low amount of Na,SO; is added to the water (clean water or wastewater free
of activated sludge) using the dissolved O, for oxidation. After the Na,SO; is com-
pletely oxidized, ¢’ increases. It is measured by one or several O, electrodes, which
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are combined with a computer for direct evaluation. For this purpose, the O, dis-
solved in the completely mixed water must be balanced:
¢ a0 (5.25)
—=K,a(c"-¢ .
"

Considering the initial condition:
t=0 =0

the solution of Eq. (5.25) gives:

’

—C —_Kat (5.26)
=

In

A plotofln (c*—c)/c* versus t must give a straight line, if the assumption of a com-
pletely mixed system is to be met. Frequently, a better linear plot is obtained using
an arithmetic mean value for ¢*. Equation (5.26) should go over atleast 1.5 decades

<
of (1 - —L) .
=

5.3.1.3 Dynamic Method in Wastewater Mixed with Activated Sludge

The specific overall mass transfer coefficients K;a can be influenced not only by
temperature and pressure (bubble diameter) but also by dissolved and suspended
matter, such as minerals and activated sludge (Egs. 5.12 to 5.14). Therefore, it is
necessary to measure (K a), ., in an activated sludge system which can be treated
as a CSTR in continuous flow or in batch operation. We will describe this method
for a batch system. After a period of continuous operation (Fig. 5.5, period I) and
after an input of a given bacteria mass, the flow of wastewater and air is stopped,
without reducing the stirrer speed to maintain the activated sludge in suspension.
During period II, the concentration of dissolved oxygen ¢ is decreased by respira-

bacteria input

A
continuous batch batch
I 4 I 1]

¢ /i
« o TO2
c*-¢c'=

c (KLa)w

¢'min
€—— At —P Time t
t=0

Fig. 5.5 Non-steady state method for measuring the mass transfer
coefficients in wastewater with activated sludge.
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tion. Period II is finished as soon as ¢, =2 mg L™ is reached. In the region of
lower ¢’ values, respiration rate may be limited by oxygen. Now aeration resumes
and ¢’ increases up to a constant value (period III).

The balance for dissolved oxygen in period II and the initial condition are:
dc
dt

at t=0 ’=c"

~To, (5.27)

The respiration rate follows as:

fo, = € = Conim (5.28)
At
The balance for period III and the initial condition are:
dc
= Tos + (Kua), (¢~ ¢) (5:29)

at t=0 " =Chin

Equation (5.29) can be solved by the separation of variables. After integration and
consideration of the initial condition:

N (Kpa)y ¢ — 1o, — (Kpa)y,
(KLa)w ¢ = 1o, — (KLa)y Crnin

} — (Kpa), t

can be written, and finally:

To,

(Kia)w

’ r'OZ

(5.30)

For higher values of time t:

, rOz
cC—-Cc=
(Kia)w

and (K, a),, can be calculated.

The experimental curve in period III is described in the best possible way obtain-
ing a more exact value for (K_a),. By comparing this value (K_a),, to K, a measured
in clean water, both at 20°C, o, can be determined (see Eq. 5.12).

5.3.2
Desorption of Volatile Components During Aeration

Dissolved volatile organic components (VOC) can be divided into two groups, ac-
cording to their Henry coefficient H (see Table 5.2).

For H>1 (e.g. oxygen/water), overall mass transfer resistance is given by liquid
mass transfer:
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1 1 1

+_
Kia KgaH ka

(5.20)

Kia=k.a
and usually the desorption capacity for T = 20°C follows from (see Fig. 5.3b):
(DC)yo=kpa(c’—cq) (5.31)

If the desorbing component has nearly the same diffusion coefficient as oxygen,
the same k;a can be used. For molar masses of individual VOCs different from
oxygen, it is most effective to use a corrected k; a:

(DC)0 =kia (DVOC) ('~ ch) (5.32)
Do,
Dyoc can be measured or calculated using Eq. (5.4). The exponent n is not easily
obtainable and depends on the mixing equipment.

For H<10, the overall mass transfer resistance is normally given by liquid and
gas mass transfer rates using the film model (Fig. 5.3 where H <1). In this case, the

desorption capacity at T = 20°C is:

(DC)z0 =Kpa(c'= ) (5.33)
with:
Ao kcaH - kia _ kia (5.34)
kcaH+ka kia
1+
kcaH

if the diffusion coefficient of the desorbing component is nearly the same as that
of oxygen. Otherwise, Egs. (5.33) and (5.34) must be corrected in a similar way to
Eq. (5.32):

D " D "
kLa vVOC . kGa vVOC H
DOz DOz
Kpa= (5.35)

D m D "
kea voc H+ka voc
Do, Do,

From Eq. (5.20), follows:

H L (5.36)

1
K.a - kca kpa

For at least three different components with different Henry coefficients, H/K; a
can be measured in the same mixing system at exactly the same conditions (stirrer
speed, flow rate). A straight line must go through the date plotted as H/K, a versus
H. The resulting value of k,a follows from the slope and kca from the ordinate
intercept.

Only the results of a few studies are available (Libra 1993) to date.
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5.4
Oxygen Transfer Rate, Energy Consumption and Efficiency in Large-scale Plants

5.4.1
Surface Aeration

5.4.1.1 Oxygen Transfer Rate

Principally, the same methods are used for measuring overall specific mass trans-
fer coefficients K;a as described before in Section 5.3, but often the following
terms are used:

e OTR oxygenation transfer rate (ASCE 1997: Standard guidelines for in-process
oxygen transfer testing).

e OC oxygenation capacity (ATV 1997: Guidelines according to ATV Arbeitsblatt
M 209).

We select OTR, which is related to reactor volume V and is calculated from (see
Fig. 5.3a):

OTR _ QG (Cin_ cout)

=Kpa(c*-c)? (5.37)
However, the air flow rate Qc as well as the oxygen concentration of the escaping
air is normally not measurable. Therefore, the only way to measure K, a is by using
data obtained from absorption measurements and the balances for oxygen ab-
sorption described in Section 5.3.1.2 (see Eq. (5.27) for period II and Eq. (5.29) for
period III).

One problem must be noted: in Section 5.3 the reactors used for laboratory or pi-
lot experiments have a small volume of several liters to 1-2 m?; and, regardless of
the aeration method (volume or surface aeration), a nearly completely mixed gas
and liquid phase cannot be guaranteed. Large-scale basins of several hundreds to
several thousands of cubic meters cannot be completely mixed by surface aerators,
such as centrifugal aerators. Therefore K, a as well as ¢’ are different at several
points of a “mixed” tank with one or more aerators.

Nevertheless, the only way to obtain information about OTR in large-scale basins
is to evaluate the measurements with Eq. (5.25) for clean water without sludge or
Egs. (5.27) and (5.29) for wastewater with sludge.

Three measures are necessary to standardize OTR:

e Use a fixed temperature (in Europe T = 20 °C).

e Limit the maximum value for the difference of concentration.
e Use clean water (index 0).

For the standardized oxygen transfer rate we write:

SOTR = (K.a)20,0 Co.o (5.38)

1 Remember: Only for this definition of K, a, it is not influenced by concentration;
see Eq. (5.20).
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For a measurement in wastewater with or without sludge, we obtain:

OTR;0.w = (Kra)20 C30 (5.39)
_ (Kra)zo (5.40)
(Kia)z0,0

Figure 5.6 shows a Simplex aerator. Different values of K, a can be selected via the
rotation speed and depth of submersion. Frequently, a transmission makes three
speeds possible.

For a Simplex aerator with the dimensions presented in Fig. 5.6, the standard-
ized oxygen transfer rate (SOTR) is plotted versus power consumption P/V (see
Fig. 5.7, in the next section).

We will now consider a surface aerator and the power required to achieve a de-
sired oxygen transfer rate.

20 [«

<48 —>

| le—d’' = 114 mm
<€— d =206 mm

Fig. 5.6 Simplex aerator, number of
blades = 24 (Zlokarnik 1979).

5.4.1.2 Power Consumption and Efficiency
The power consumption of a rotating turbine powered by an electric motor is usu-
ally given as the total power consumption Py:

P
Nm " Mg

P, (5.41)

where n,, is the efficiency of the electric motor and n, is the efficiency of the trans-
mission.
If we compare different kinds of aerators, we must use the effective power:

P =P nmn, (5.42)
considering the measurable Py

P,=}3U 105/ (n.1,) (5.43)

and the values for e.g. n,,, = 0.93 and n, = 0.93, or those obtained from the manu-
facturer (Zlokarnik 1979).
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The efficiency of the aerator follows as:

OTR
E=—r (5.44)
P/V

The total efficiency, which cannot be used in comparisons because of different n,,

and n,, is (see Eq. 5.37):

_OTR  Kja(c~c)
P,V P,/V

. (5.45)
E, provides information about the total energy needed for the aeration of real
wastewater with a given system at the effective conditions.

If we wish to compare this system with others with different temperatures and
kinds of wastewater, we must use the standardized oxygen transfer rate OTR,, =
SOTR (see Eq. 5.38) and the power P without considering the energy loss from the
motor and the transmission:

OTR,,, SOTR

E, == (5.46)
P/V P/V

and we have to measure in clean water.

Some results for OTR, P/V and E are presented in Fig. 5.7 (Zlokarnik 1979).

In spite of the scattering of the measured data, it can be concluded from Fig. 5.7
that for specific powers P/V =15 kW m™ and a SOTR = 45 kg O, (m*h)™" an effi-
ciency of E=3 kg O, (kWh)™" may be attained. However, the total electrical power

100

g 0z (m*h)”! S

SOTR

E 1710 100
PV Wm3
kg O, (kWh)™
0.5

Fig. 5.7 Standardized oxygen transfer rate, power consumption and
efficiency of a Simplex aerator (Schuchardt 2005, data from Zlokarnic 1979).
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P, which must be supplied is higher by the factor 1/n,, n, = 1.16, resulting in a
lower efficiency of at most:

E,=2.6kg O, (kWh)™

In reality ¢ =1-4 mg L™" and E, is 10 to 40% lower for e.g. 15 °C water temperature
(Eq. 5.45 and Table 5.1). We must not forget that these measurements were carried
out in a very small test unit of only 100 L. It is not permissible to transfer these re-
sults to a larger tank with a larger aerator without further intermediate studies.
The question should be: can we use these results for a large-scale plant with the
same type of aerator if we take the theory of similarity into account?
We will return to this question in Section 5.5.

5.4.2
Deep Tank Aeration

5.4.2.1 Preliminary Remarks

The aerators mostly used in deep tanks are tubes or plates made of porous ceram-
ics or synthetic materials. We refer to these reactors as deep tanks if the water
depth is greater than H = 6 m. Existing tanks frequently have a depth of 4-6 m, but
already 6 years ago activated sludge reactors with H = 8-12 m were planned, con-
structed and commissioned (Popel et al. 1998). Reactors with L = 15-25 m have
been built for the treatment of industrial effluents (Turmbiologie, Bio-Hochreak-
tor, deep-shaft reactor). Although most reactors are dug into the ground, some
have been built above ground; we speak of “deep tanks” in both cases and use L to
indicate the water depth (Turmbiologie, Bayer 1991; Bio-Hochreaktor, Leistner et
al. 1979; deep-shaft reactor, Lock 1982).

Let us study mass transfer in deep tanks only in such systems which are approx-
imately characterized by completely mixed water and completely unmixed oxygen in
the rising air bubbles (plug flow). Reactors with L>12 m may be excluded, because
nearly complete mixing of the water is not to be expected.

Mass transfer in bubble columns is a complicated process:

1. Oxygen concentration inside the rising bubbles decreases, resulting in a high
Ac’ at the beginning and a lower Ac” at the end before the bubbles reach the wa-
ter surface.

2. The pressure caused by the water column decreases with decreasing depth,
which has an effect on both:
(a) the gas concentration of oxygen and inert components inside the bubble and
(b) the bubble diameter as well as the velocity of the rising bubble, consequent-
ly the specific overall mass transfer coefficient K;a.
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3. As the result of the mass transfer of oxygen into the water and the mass trans-
fer of CO, into the bubbles, the molar fraction of O, changes in a complicated
way and the concentration difference between dissolved and gaseous O, is influ-
enced.

Let us discuss these influences on mass transfer separately.

5.4.2.2 The Simple Plug Flow Model
The situation is described in Fig. 5.8: all bubbles rise with the same velocity w,
which is not easy to measure. Therefore, the average void velocity is used:

w=— (5.47)

with Ag as the cross-sectional area of the reactor (bubble column). We can balance
the gaseous oxygen in the total volume of the bubble column; and it is not neces-
sary to determine the total gas volume, which would be nearly impossible in large
open tanks.

out

n

Fig. 5.8 Upward plug flow of water and flowing bubbles with corresponding diameters.

This steady-state experiment can be carried out:

e with clean water and Na,SO;, resulting in an oxygen-free liquid system,
o with real wastewater with or without activated sludge.

Let us discuss the first case. For the steady-state oxygen gas balance, we write:

072 gac 5.48
——W&— rac ( )

and considering Henry’s law:
c=Hc (5.6)
as well as the boundary condition:

x=0 Cc=¢p
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the result for the concentration profile is:

C K;a
In—=-——-x (5.49)
Cin Hw

Frequently, a mean O, concentration of the bubbles ¢ is calculated using:

Cout

C Cin—Cou
c= s In— de=— % (5.50)
CGn  Cin Cin
In
Cout

which is introduced into the integral balance:

C
Qc (Cin—Cour) =Krac" V= KLaﬁ \'% (5.51)

Instead of Eq. (5.50), we need to write for the case of a finite dissolved oxygen con-
centration (¢ #0):

c
QG (Cin_ Cout) = KLa : (ﬁ - C’) v (552)
with €= —n_Cout (5.53)
Cin—C
In
cout —C

Equations (5.51) and (5.52) are approximations for two reasons:

e A totally mixed liquid system cannot be passed through by gas bubbles flowing
with the same velocity and exhibit a detectable decrease in the oxygen concentra-
tion.

o A plug-style flow of bubbles cannot be realized precisely when using a swarm of
bubbles.

In wastewater technology, this plug flow model is used only seldom. Instead of an
exponential decrease in oxygen concentration inside the bubbles, a linear decrease
is considered with an arithmetic mean value:

Cin t Cout
Carith = —(——

2

which is a very rough approximation for larger, actual differences (Ci,— Cour)/Cin
(Zlokarnik 1979). Now, the oxygen transfer rate (OTR) can be calculated by using
either:

OTR =K,ac/H (5.54a)
or:

OTE =K, a Cin/H (5.54b)
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A value of further interest is the oxygen transfer efficiency (OTE):

Cin—Cout

OTE =

(5.55)
Cin

Using Eq. (5.55), OTE can be obtained simply. We will now describe the mass

transfer in more detail.

5.4.2.3 Proposed Model of the American Society of Civil Engineers

In this advanced kind of evaluation we should consider that the molar fraction of
oxygen and the air flow rate Q. will change as a result of both the consumption of
O, and the uptake of CO, as well as the change of inert gases. The OTE can be writ-
ten, while introducing the air flow rate Q¢ into Eq. (5.55):

QG,in Cin — QG,out Cout

OTE = (5.56)
QG.in Cin
with:
Cin = COz,in = YOz,in * Po, (5.57)
and
Cout = COZ,out = yoz,out Po, (5.58)

the O, concentration in the air flowing in and out of the reactor, Eq. (5.56) gives:

OTE _ 1 _ QG,out pOz yoz,out (5.59)

QG,in p02 YOZ,in

with the molar fraction:
N in
Yosin= = (5.60)

n
No,in + Ncosin + X Ninertin
in1

where N, is the number of moles of O,, N¢o, is the number of moles of CO, and
Ninert is the number of moles of inert components i.
A first approximation is obtained for neglecting the change in the flow rate

Qc (Qc.in = Qg our) TESpPECtively:

yOz,in - yOz,out

OTE (5.61)

Youin
If we want to achieve greater precision, we must consider that the air flow rate Q¢
changes during the rise of the bubbles. This change is caused by:

o the decrease in oxygen,
o the increase in carbon dioxide,
o the increase in water vapor and all other inert components inside the air bubble.
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In the following model, we assume that the water vapor and the concentration of
all other inert components do not change. But there is a further problem: it is sel-
dom possible to measure the flow rate of the influent air. Therefore, the air flow
rate is replaced by the nitrogen mass flow rate Quz i Pn2, Which must be corrected
with Eq. (5.62) (Redmon et al. 1983):

Mo, No,

QG,in Po, You,in = QNZ'in P MNz NNz

(5.62)

Mo,

where Qu,.in Pn, i the mass flow rate of influent nitrogen (g N, h™), is the

N2

. . .. .80, mol N, No,
ratio of the molar masses oxygen/nitrogen in influent air (=———————) and —
gN, mol O, Ny,

mol O
is the ratio of the moles oxygen/nitrogen in the influent air ( 2

mol N,

Introducing Eq. (5.62), reflecting whether “in” or “out” into Eq. (5.59) gives:

Mo, (No,
QNz,out PNZ—O< O)

MN2 NNZ out
OTE=1- (5.63)
Mo, (N()z)
Qrizsin PN, M_Nz N_Nz .
or with Qu,.out = Qu,.in gives:
No,
NN2 out
OTE=1- —ur— (5.64)
<N02>
NN2 in
with:
No,\ _ (No,/(No, + Ny, + Neoy))in _ Youin (5.65)
Nn,/in (Nno/(No, + Ny, + Neoy))in - Ynain '
& _ (No,/(No, + Ny, + Nco,))out _ Yo,,out (5 66)
NNZ out (NNZ/(NOZ + NNz + NCOz))OUt YNz,out

as well as:

Yo, + YN, + Yco, =1
or:

Ynoin =1 = Youin = Ycosin
and:

YNsout = 1- Yos,0ut — Yco,,0ut
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Equation (5.64) can be transformed into:

Yozout (1=Y0,in=Yco,.in)

OTE=1- (5.67)

yoz,in (]- _YOZ,out_YCOz,out)

If CO, is removed before the O, concentration is measured (e.g. in NaOH), from
Eq. (5.67) we obtain:

ou’ 1_ 2,in,
OTE = 1 - Yozom (1 7Youm) (5.68)

Yos.in (1 _yOz,out)
Finally, the oxygen transfer rate can be calculated based on Eq. (5.37) by consider-
ing the changing gas flow rate and by using:

MOZ I\Io2 MOz NOz
QNZ’]—“ P M_Nz (NNz)in QNZ’Out P MNz NNZ’OUt out

OTR = (5.69)
\

and with Egs. (5.65) and (5.66):

in 2 M 2 M 2 2,in 2,0U
OTR = o P MMy, | Youin _ Youous (5.70)
Vv YNy, in YNzout
i M M in 2,0U
OTR = QNZ’IH P, Oz/ N2 Yo.. _ Yos.out (571)
v 1 —Yo,in—Yco,,in 1 —Yos0ut—Yco,,in
If CO, is removed, we obtain:
in 2 M 2 M 2 2,in 1 - »,0out) = 2,0 1 - 2,in.
OTR = Qnuin Px; Mo, /My, | Yosin (1=Yos.0u) =Yosout (1 =Yosin) (5.72)
v (1 _YOz,in) (1 _YOz,out)

With Eq. (5.54a) or Eq. (5.54D), the overall mass transfer coefficient K, a can be cal-
culated from OTR.

5.4.2.4 Further Models

Zlokarnik (1980) discussed how the increase in the hydrostatic pressure raises the
oxygen concentration inside the air bubbles and the equilibrium concentration at
the air/water interface, as well as the effects of temperature, which may change in
tall bubble columns.

An estimate of the influences of pressure on OTE and OTR as well as the change
in bubble surface, mass transfer coefficient and saturation concentration was pre-
sented by Popel et al. (1998). These considerations were complemented by meas-
urements in a pilot plant with a water depth of up to 12.5 m.

5.4.2.5 Oxygen Transfer Rate
Until now, all systems discussed here have been either completely mixed (Sections
5.3.1.1 to 5.3.1.3, 5.3.2 and 5.4.2.3) or plug flow systems (Section 5.3.1.4). There-
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fore, models could be used and k;a or K a could be applied. However, in large-
scale tanks, the description of oxygen transfer using the concept of Eq. (5.8) is fre-
quently not allowed because of the different locally structured air/water flows. This
is demonstrated by Fig. 5.9 (Mueller et al. 2002).

Porous ceramic tubes are installed in such a way as to promote a secondary wa-
ter circulation which sucks down a portion of the bubbles rising in the vicinity. But
even for a system with a locally constant configuration of diffusers (Fig. 5.10), the
oxygen transfer rate may change considerably over time because of the change in
load over the course of 24 h and also with location, especially in longitudinal tanks
(Schuchardt et al. 2002). We will come back to this point in Section 5.4.2.7.

K, a can be calculated from Eq. (5.54b):
Cin *+ Cout

OTR=K,a ——— 5.73
1 o ( )

and, after introducing ¢ = Hc*, we obtain:

OTR =K, a % (5.74)

OTE was developed in Section 5.4.2.3, resulting in Eq. (5.68); and OTR can be ob-
tained by using Eq. (5.72).

. fixed header
/\“\% - tubular diffuser
- o~

i fixed header
/@‘ul\ar diffuser

Fig. 5.9 Configuration of deep tank aeration system (Mueller et al. 2002).
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Fig. 5.10 Porous ceramic tubes in deep
tank aeration, second zone of a longitudi-
nal tank at WWTP Wafdmannsdorf, near
Berlin (Schuchardt et al. 2002).

Considering the influence of temperature on c* at point x by introducing:
= Cgoyxe(zoq) (5.75)

with 6 = 1.024 (Stenstrom and Gilbert 1981) and the influence of the hydrostatic
pressure on c* at point x = h (h = height of the water column):

. . 1 x
Coox=Coopr=|1+ 3 1032 (5.76)

we write the standardized oxygen transfer rate for deep tanks:”

CKuach., 8000 (14 1 X
SOTR =K, a 50,1 0 (1 *3 o2 ) (5.77)
With Eq. (5.77), the influence of aeration, height of the water column and temper-
ature can be considered.

This SOTR value is valid for measurements in clean water. In wastewater, espe-
cially with activated sludge, a lower SOTR value is to be expected, resulting in
(Stenstrom and Redman 1996):

SOTR,,

0. (SOTR) = SOTR

<1 (5.78)

%) 10.32 m is the height of a water column causing a pressure of 1 bar.
C5ox = p/Hp means that ¢, increases linearly with x.
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o-Values are dependent upon diffuser configuration, air flow rate, wastewater
composition, local position x and temperature T.

We must keep the following simplifications in mind:

e Instead of using the logarithmic concentration difference (5.54a), which fol-
lowed from the plug flow model, the approximation Ac’ = ¢ —¢” was applied.

e K;a was assumed to be constant, however there are several influences on both a
and K, (lower pressure, diffusing CO, into the bubble, coalescence of bubbles
and increasing velocity).

5.4.2.6 Power Consumption and Efficiency
We have to distinguish two levels of power consumption:

e The power consumption of the blower P producing compressed air.

e The total power demand P = P/(0,, - N - Ng), With 1, = 0.8 for the blower (newer
equipment), 1, = 0.95 for the motor and n, = 0.95 for the transmission (Mueller
et al. 2002).

The power demanded for compression is:
RT in \K
p- P [(p—> - 1} Jht (5.79)
k Pout

where k = 0.2857 for dry air, p, is the pressure before compression, p,.. is the pres-
sure after compression, T is the temperature (K), R = 8.314 ] (mol K)™" is the gas
constant and Qcp is the mass flow rate of air (kg h™).

Considering:

1 1 10°
I ] w-10

= =— kW =0.278 - 10 kW
h 3600s s 3600 3.6

we obtain:
RT in k
p-0278. 10 2PRT [( P ) - 1} kW (5.80)
k pout
Now we calculate the efficiencies using Egs. (5.77) and (5.80):
SOTR
E=———kgO, (kWh)™ 5.81
oy k8Os (kwh) 5:81)
and for the total efficiency:
SOTR - m
o= Pl 0 o) ewhy (5.82)
P/V

5.4.2.7 Monitoring of Deep Tanks
If we want to measure OTE, SOTR and E for a deep tank in operation, we must use
the off-gas analysis method (Fig. 5.11).
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Fig. 5.11 Instrument for off-gas analysis, apparatus for manual operation
(Schuchardt et al. 2002).

An off-gas apparatus consists of an off-gas hood with instruments for the meas-
urement of flow rates and oxygen concentration. The floating hood may have a
cross-sectional area of 2—4 m? (Schuchardt 2005). Air is drawn off by a fan passing
first through a rotameter for flow rate measurement of the off-gas. A side-stream
is passed through H,0 and CO, adsorbers and is then analyzed to measure O, con-
sumption.

The results were obtained from measurements at the aerobic activated sludge
basin of the WWTP Waflmannsdorf, near Berlin, equipped with ceramic tubes
(see Fig. 5.12). For low and high flow rates of compressed air and specific power
demands (P/V), the efficiency E decreases only slightly. Maximum efficiencies
(E = 2.5-2.7 kg O, (kWh)™") are obtained only in a narrow band of 11 < P/V < 20
(W m™) with values of 31 < SOTR < 52 (g O, (m?> h)™) (Schuchardt et al. 2002;
Schuchardt 2005). For lower and higher values of P/V, the efficiency decreases
slightly, down to E = 2.1-2.2 kg O, (kWh)™". With optimized aeration equipment
and optimized automatic process control, great amounts of energy can be saved.

If we compare these results with those presented in Fig. 5.7 for a small Simcar
aerator (d = 40 cm) we establish a quite good correspondence. We should not mis-
interpret these relative small derivatives: We need more studies for the optimiza-
tion of aeration systems of large WWTP’s in a time of arrising costs for energy!
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100
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Fig. 5.12 Standardized oxygen transfer rate, power consumption, and
efficiency of a deep tank aeration system equiped with porous aeration
tubes of WWTP WafRmannsdorf (see Fig. 5.10) (Schuchardt 2005).

5.5
Dimensional Analysis and Transfer of Models

5.5.1
Introduction

There are some important questions to answer if we want to study an aeration pro-
cess in a laboratory-scale or pilot-scale plant and apply the results to large-scale aer-
ation and activated sludge systems. Let us discuss this problem for the example of
a surface aerator constructed and processed as a turbine with a vertical shaft. We
assume that it is possible to measure the oxygen transfer rate and the power con-
sumption for clean water or wastewater with activated sludge. The volume, the type
of tank and the mean residence time (aeration time) are given. Some important
questions are:

e The diameter of the aerator in the laboratory-scale plant was 0.25 m, for example.
What may be the best diameter for the large-scale plant?

o The range of speeds in the laboratory-scale experiments was 10-100 min~". What
may be the suitable range of speeds for the large-scale aerator?

e In the laboratory-scale experiments, an efficiency of nearly E = 3 kg O, (kWh)™
was obtained. Under what conditions can we expect a relatively high efficiency;
and is it possible to find operating conditions yielding E = 3 kg O, (kWh)™"?
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e [s it more economical to install two or four aerators instead of one? What is the
optimal diameter, speed and depth of submersion?

These questions are not easy to answer. We need two methods, the method of di-
mensional analysis and the method to transfer models. Both will be explained for
a simple case: the stirred non-aerated tank and the stirred aerated tank without sus-
pended solids.

5.5.2
Power Consumption of a Stirred, Non-aerated Tank — A Simple Example

The first step is to find all parameters which are relevant to the question (Fig. 5.13).
Will this parameter influence the power consumption in the stirred tank if changed?

Looking at Fig. 5.13, we will first mention all the geometric parameters:

D = diameter of the tank

d = diameter of the stirrer

H = height of the water

h = distance of the stirrer from the bottom

The stirrer may be equipped with three plates with a given width and distance from
the wall. Usually, the stirrer diameter d is selected as the reference and we can de-
fine three dimensionless geometric numbers:

D H h

d’dd
Tanks of different sizes are considered to be geometrically similar if these values
are constant for all tanks.

Furthermore, we will consider a group of tanks with different stirrers of diame-
ter d. Let us now follow the method of Zlokarnik (1999).

>

D

Fig. 5.13  Cylindrical tank with Simplex rotor, Type A, showing main dimensions.
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The next step is to look for parameters which will influence the power input P.
These parameters can be divided into:

e Geometric parameters: diameter of the stirrer d.
e Material parameters of the water: density p, kinematic viscosity v.
e Process parameters: stirrer speed n.

Therefore, the list of relevant variables is: {P; d; p; v; n}.

The next step is to formulate the dimensional matrix. Before doing this, we have
to decide which parameters should occur only in one dimensionless characteristic
number. It is most effective to select P and v. After making this decision, the dimen-
sional matrix can be formed (Table 5.3), with each number in the matrix represent-
ing the power of the unit dimension (length, time, mass) occurring in the variable.

This matrix must be transformed to obtain a unit matrix in the first 3x3 matrix,
that is, with a diagonal of ones. To obtain a 0 instead of -3 in the first column (p)
and a 1 instead of -1 in the third column (n), the Gaussian method is applied by
performing linear combinations of the rows. In this manner -3 times the elements
of the first row are added to the second row. The exponents listed in the last row
need only be multiplied by —1 to obtain a 1 in the proper location (Table 5.4).

The numbers in the remaining matrix to the right of the unit matrix below P and
v give us the exponents of the first three variables which yield dimensionless num-

Table 5.3 Dimensional analysis of a stirrer, matrix of unit dimensions for
relevant parameters with respect to selected P and v (Zlokarnik 1999).

p d n PV v

Mass M 1 0 0 1 0
Length L -3 1 0 2 2
Time T 0 0 -1 -3 -1
Core matrix Rest matrix

Kl

A
" Note: P= — = —; K[MLT?]; P [ML*T?]
t t

A = work, K = force.

Table 5.4 Transformation of the core matrix into a unit matrix, to obtain
two dimensionless numbers with respect to selected P and v (Zlokarnik 1999).

p d n P" v
M 1 0 0 1 0
3M+L 0 1 0 5
-T 0 0 1 3 1

Unit matrix Rest matrix
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bers. The first dimensionless number &, formed with P is known as the Newton
number. The second, formed with v, is the Reynold’s number:

= % = Ne (Newton number) (5.83)
and:
T, = ﬁ - % = Re™" (Reynolds number) (5.84)

There must be a function of the five parameters for which:
f (Ne, Re) = 0 (5.85)
Another way to find Eq. (5.85) starting from the list of the five variables
f(P,p,n,d,v)=0

is described below.

Looking for a function, with a reduced number of dimensionless parameter, we
have at first to write:

7; (P%, pP, nY, d°, v9)
and working in the MLT-system (mass, length, time) for the needed dimensions,
we introduce P [ML*> T, p[M L], n [T, d[L], v[L> T

(M2 T7)* (ML7)® (T7)Y (L)° (L2 T)7)

As can be demonstrated now, this problem can be described by using only two
dimensionless numbers resulting from the fact, that we use five parameter with
dimensions and three units (5-3=2). If we want to obtein two dimensionless
numbers each with P and v, the exponents of p, n and d have to be replaced by the
exponents of P and v. Writing

o (ML? T (ML) (T)Y (1) (L2 T))
we obtain three equations:

M: oa+p=0
L: 200-3Pp+8+2e=0
T: 3o0—-y—-e=0

and the solutions

B=-0
y=—-30-¢
6=-5a-2¢

which have to be introduced into w; (P*, p?, nY, d®, v*).

m; is only dimensionless, if

P o v €
<—3d5> =const and (?> = const
pn n

giving the numbers Ne and Re (see Egs. 5.83 and 5.84).
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5.5.3
Description of Oxygen Transfer, Power Consumption and Efficiency
by Surface Aerators Using Dimensionless Numbers

With the results from above, we return to the experimental results during surface
aeration with an aeration turbine (see Fig. 5.6). Oxygen transfer rate OTR, power
consumption P/V and efficiency E were measured in clean water and plotted in
Fig. 5.7. Now we will describe these results for a series of aerators (Simplex, Type
A), which are characterized by geometric similarity.

However, the problems to solve are more difficult than those in Section 5.5.2:

e The stirred tank is aerated and buoyancy forces must be considered. Dimension-
al analysis now yields a set of three dimensionless numbers:

f(Ne, Re, Fr) =0 (5.86)
with Froude number:
n*d
Fr= (5.87)
g

o A further number must be developed which gives information about the rate of
oxygen transfer. The relevance list is:

K,aV=f(d, p,v,0D,n,g) (5.88)

Using the method described above, we obtain:

f(Y, Fr, Re, Sc, 0") = 0 (5.89)
with:
K,aV 1/3

I;; (é) =Y (oxygen transfer number) (5.90)
v
D= Sc (Schmidt number) (5.91)
W = o" (dimensionless surface tension) (5.92)

Let us look at the system air/water and we can conclude that all material coeffi-
cients are constant, resulting in:

Sc = const
0* = const

Therefore, the set of dimensionless numbers for air/water is:
f(Y, Fr,Re)=0 (5.93)

If we do not consider aerators with small diameter d and low rotation speed n,
Re>10"is valid (turbulent region of the flow) and Re does not influence Ne and Y
remarkably. We can conclude that it must be possible to describe the results using
(Zlokarnik 1979, 1980):
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Ne = f (Fr) (5.94)
and:
Y = f (Fr) (5.95)

Both results obtained by experiments can be represented as straight lines if we use
double-logarithmic plots (Figs. 5.14 and 5.15). But the author chose to use a larger
region in Fr numbers (0.02 < Fr < 0.8) for power measurement (Fig. 5.13) com-
pared with oxygen transfer measurements (0.08 < Fr < 0.35; Fig. 5.14).

The straight lines in both figures are given by:

Ne = 0.28 Fr7# (5.96)
and:
Y =1.25-107 Fro® (5.97)
From these equations a dimensionless efficiency can be defined as:
Y
E=— (5.98)
Ne
and with Egs. (5.96) and (5.97):
E“=4.46- 107 Fr'¢’ (5.99)

can be used together with Eq. (5.96) and Eq. (5.97) for scale-up calculations, if the
dimensionless geometric numbers are (nearly) constant.

5.5.4
Application of Dimensionless Numbers for Surface Aeration

From a fundamental point of view, it is not permissible to exceed the range of ex-

perimentally changed parameters considerably, if the results are to be reliable. If

we wish to extract information about K a from Fig. 5.14 for Simplex aerators

(Fig. 5.6) of another size, all dimensionless geometric numbers must be constant

and we must remain within a range of Fr numbers between 0.08 < Fr < 0.35.
Using Fry,., = 0.35 and assuming n = 1 s7*, we can calculate:

>d
Frmax=n
g
Fro..g 0.35-9.81
d=—5 e ———— -343m

Although only a small range of Fr numbers was investigated, a relative high range
of diameters d is included. However, is it possible to realize the required K, a? We
will return to this question in Problem 5.

For practical applications, it is necessary to change geometric numbers and to
study their influences. Frequently, the influence of relative small variations (e.g.
d/D =4.0 > d/D = 3.5) is low and the freedom to move is given.
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Fig. 5.14 Power correlation Ne = f (Fr) for surface aerator Symplex
Type A, Pushing, H/d = 1.0, D/d = 4.37 (Zlokarnik 1975).
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Fig. 5.15 Sorption correlation Y = f (Fr) for surface Aerator Simplex,
Type A, Pushing, H/d = 1.0, D/d = 4.37 (Zlokarnik 1979).

It is very important to prove these methods experimentally with two or three aer-
ators of the same type but different diameters, which differ by a factor of two or
three. The same water should be used and all geometric numbers must be the
same in all these experiments if the influence of relative small changes has not
been studied before. Unfortunately, the expenditure for such experiments is high
and such studies are very seldom.



PROBLEM

Problem [115

The oxygen transfer rate OTR and power demand P/V of a Simplex aerator (-
Type A) with a diameter of d = 0.206 m (Fig. 5.6) was measured for different
speeds. The efficiency E was calculated and the results plotted in Fig. 5.7. Fol-
lowing this, the dimensionless numbers Ne, Fr and Y were calculated using
Egs. (5.83), (5.87) and (5.90). First, Ne was plotted versus Fr in Fig. 5.14. In
addition, Fig. 5.15 shows the plot of Y as a function of Fr.

A large aerobic tank with a volume of V = 250 m* and with only one Simplex
aerator is to be constructed with an oxygen transfer rate of OTR = 100 g O,
(m? h)™". An aerator with a diameter of 2.0 m is available (Zlokarnik 1979).

1. What is the speed n needed for the demanded oxygen supply?
2. What is the efficiency E of the aeration system?

Constant parameters:

v=10°m’s", g=981ms", ¢*=8mgL", ’=1mgL"

Solution

1. Calculation of the required speed n:

(@) Kia="?

OTR =K,a (c*-¢’) from Eq. (5.37):
OTR 100 gO,m’

Kia= ——=—
(c*=C) 7 m*hgO,

(b) Y=2 Fr=>

KiaV [ v\
Y= e E from Eq. (5.90)

m? m2/3 g*/3

2/3

& 98177

g L [397-10725010°"
N m?ss'’m

022 107

d=20m; Y= = 0.0275-107

From Eq. (5.97) it follows that:

1

Y 089
Fr=|— =0.0137
1.25-107°

=143h"=3.97-10"s™"

1
Y=?-O.22~103
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(c) The speed n follows from:
dn?
g

Frg\'2  (0.0137-9.81\1/2( m \~2
n=(—2| = =0.260 s
d 2.0 s’m

2. Calculation of the efficiency E:

Fr=

(a) P/V=>
Fr=0.0139 gives Ne =8
p
From Ne = m (583)

we obtain the specific power consumption:

P Nepd®n’

VoV

P -1 -2°.0.26° k > I W
_=8 000 0.26 8m _ g kg T
\ 250 m’>m?® s’ ms? m’

(b) With the given OTR, = 100 g (m® h)™ O, the efficiency follows:

;_OTR 100 gO,m’ kg O,

P/V. 18 hWm®  kWh

The experimental results in Figs. 5.13 and 5.14 are valid for:
H/d=1and D/d =4.37

For d =2 m, we obtain H =2 m and D = 8.74 m for a cylindrical tank with:

nD?

V= -H=120m?

In a tank with V = 250 m?, H and/or D must differ from those values.
For D =12 m, H follows:
H=4V/aD*=221m
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6
Aerobic Wastewater Treatment in Activated Sludge Systems

6.1
Introduction

Since the first experiments performed by Arden and Locket (1914; see Section 1.8),
many questions have arisen concerning the activated sludge process:

e What is the best type of reactor?

e Which aeration system is most effective?

e What are the real microbial processes which occur during the decrease in organ-
ics and the growth of bacteria?

e What parameters influence the rate of these processes?

e How can we determine the right volumes for reactor and settler to reduce the
concentration of organics for a given flow rate?

e How can we feasibly optimize the process?

e [s it possible to treat industrial wastewater containing specific synthetic com-
pounds?

In the first 50 years following Arden’s and Locket’s invention, the technical realiza-
tion, and particularly research into the fundamentals, were supported only in a few
industrialized countries and to a relatively low extent. Only in the past 40 years has
biological wastewater treatment been realized to a greater extent. One of the first
textbooks having presented fundamentals of the aerobic activated sludge process
was written by Metcalf and Eddy 1972. The pollution of our rivers and lakes caused
by society’s industrialization endangered nature and reduced the quality of drink-
ing water. Only then were the fundamentals of the activated sludge process studied
in more detail. The most important aspects are presented in the next sections.

6.2
Kinetic and Reaction Engineering Models With and Without Oxygen Limitation

6.2.1
Batch Reactors

6.2.1.1 With High Initial Concentration of Bacteria
Monod published the first kinetic studies on the limitation of bacterial growth by
substrate concentration. For these experiments he used an aerobic batch reactor,

Fundamentals of Biological Wastewater Treatment. Udo Wiesmann, In Su Choi, Eva-Maria Dombrowski
Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31219-1
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glucose as substrate, and a culture of Escherichia coli (Monod 1942, 1950). His
inspiration came from Michaelis—Menten kinetics (see Section 3.2.1.4), which are
only valid for a system consisting of one substrate and one enzyme. Although the
biodegradation of one substrate by a pure culture of bacteria and, of course, by a
mixed culture is a more complicated process, the standard form of the growth
kinetics of bacteria shows the same mathematical structure if the growth is not
limited by the concentration of dissolved oxygen:

S
y —— 6.1
B=Hma 0 7S ©1
and:
I, =pX (6.2)

where p is the specific growth rate (d™"), fmay is the maximal specific growth rate
(d), S is the substrate concentration (g L™), Ks is the saturation coefficient
(g L™, 1, is the growth rate (g L™ d”' MLSS) and X is the concentration of bacte-
ria (g L' MLSS).

Monod’s first experiments were carried out in batch reactors. He described his
measurements of S and X with respect to time by using the bacterial balance:

dx S

g — 6.3

dt s Ks+S (63)
and the substrate balance:

ds max S

R X (6.4)

dt Yy Ks+S
where the substrate consumption rate is:

rX
o = 6.5)

%/s
and Yg/s is the true yield coefficient.
The initial conditions of Egs. (6.3) and (6.4) are:
t=0,X=X, and t=0,S=S,

The simplest solution can be obtained for a relatively high X, and a relatively low
So, resulting in a nearly constant X =X,. Only Eq. (6.4) must be solved, which is
performed by the separation of variables:

I< max
fds ==+ 1)=- By fatsc (6.6)
S X/s
So
KsIn =2+ (S0 ) = Tt (6.7)
with:
rS,max = @ XO (6.8)

o
X/S
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The results of an experiment can be tested as a function of S = f(t) and the coeffi-

cients Kg and rg ., can be determined by transformation of Eq. (6.7) into:
InSo/S  Tomax 1
So-S  Ks So-S K

(6.9)

In order to confirm that the results of the batch experiment correspond with the
model used to develop Eq. (6.4), we should plot, e.g.:
In So/S t

versus
So—S So—S

and the points should form a straight line with a positive slope rg ;../Ks and a neg-
ative ordinate intercept —1/Ks.

For substrate and oxygen limitation, Eq. (6.1) must be expanded:

S c

L (6.10)
Ks+S K+

H = Pmax
The region where oxygen limitation is significant can be estimated using
K'=02mgL" O, at T =20 °C (Putnaerglis 1987). For S» Kj the point of limita-
tion may be given as pt = 0.9 L. (90% of maximal growth rate):

B <

=09 = ——
HPimax K +c

(6.11)

¢=9.02=18mgL'0,

For ¢’=1.8 mg L™" we do not expect O, limitation (T = 20°C, domestic sewage,
no influences of mass transfer at the surface or inside of flocs formed by bacteria).
With Kg =50-120=85 mg L' BODs at T = 20°C (Sundstrom and Klei 1979), the
region of substrate limitation can be estimated roughly to be:
S
L

pmax o KS + S
S=9-85=765mgL" BOD;

(6.12)

If both concentrations S and ¢’ decrease to low values during a batch process, the
kinetic evaluation is complicated. Therefore, kinetics should be studied consider-
ing only under substrate limitation or oxygen limitation. But if we want to study
oxygen limitation during a batch process without aeration, the substrate concen-
tration (BODs, COD, DOC) decreases only about a few milligrams per liter if ¢’
decreases from 8 mg L™" to 0 mg L™". This kind of batch experiment can be carried
out even for low S values.

If we avoid substrate limitation

’

c
B = HPmax * 75—
K'+c (6.13)

can be tested.
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For X = const, the oxygen balance is:

’

dc Pmax €
dt Yy K+

(6.14)

and a corresponding solution to Eq. (6.9) is obtained which can be linearized as
shown before.

6.2.1.2 With Low Initial Concentration of Bacteria
It can be advantageous to start an experiment with a low bacterial concentration.
In this case, we must consider the change in X by bacterial growth.

So—S X-X

Introducing rs = and rx = ° into Eq. (6.5):

X =X+ Yis (So—5) (6.15)

is obtained which can be used to eliminate X in the substrate balance (Eq. 6.4):

ﬁ __ pmax S (XO + Yg(/s (SO_S)) (6 16)
dt Yys Ks + S ’

By integrating Eq. (6.16) with t =0, S = S, and by separating the variables X and t,
and by using:

a=Xo+ Y%s So (6.17)

we obtain the solution (Winkler 1981):

K S K -S)Y%
Sy arhs In <1+M> = Pmax t (6.18a)
a S a o
After transforming Eq. (6.18a) into:
S -S)YS max t K
In|—+1+ B0=5) Yiys) _ Hmar - : (6.18b)
So X, (a+Kyg) In So a+Kg
S
\ J - -
y = m X + b

we obtain the coefficients p,,,, and Kg which are determined from the slope and
ordinate intercept if a straight line with a positive slope m and a negative ordinate
intercept b follows.

6.2.2
Chemostat

The simple continuous process takes place in a CSTR (completely stirred tank reac-
tor) as a steady state process with a bacteria-free influent and with no recycling of
settled sludge. This reactor is called a chemostat. The growth of bacteria was
initiated by inoculation. After a non-steady period, a constant concentration of bac-
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teria and substrate are achieved for mean retention times which are long enough
to sustain bacterial growth. Different steady states can be obtained by changing the
flow rate, substrate influent concentration or dissolved oxygen concentration at
different aeration rates. A very simple solution of the problem follows from a bac-
terial balance:

0=-Q,X + pXV (6.19)
" "
flow rate out growth rate

of the reactor

v
With Eq. (6.1) and the mean retention time: tg = 6 (6.20)
o

or the dilution rate:

1
p-_1 (6.21)
V
we obtain from Eq. (6.19):
K
S S (6.22)
pmax tR_ ]-
or:
DK
S——= (6.23)
]-lmax_ D
With Eq. (6.15), the corresponding equation for X is:
Ks
X=Y%s[So- ———— (6.24)
pmax tRC_]-

with the mean retention time tz used as a parameter (Fig. 6.1).

It is typical for all bioreactors with suspended microorganisms in continuous
operation that the organisms can be washed out at a critical mean retention time
(trc) Which follows from Eq. (6.24) for X = 0 as:

Ks+ S,

toe = 6.25

e pmax SO ( )
and for So>Kg as:

1
tre = (6.26)
pmax

Using Eq. (6.21), a well known solution is obtained:

De = Hunax (6.27)

All suspended organisms are washed out if the dilution rate is increased beyond a
critical value, which corresponds to the maximum specific growth rate, p,.x. From
a theoretical point of view, a suspended culture of two organisms (1 and 2) with
different p,,., can be separated by increasing D up to a value greater than D, and
less than Dg,.
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Fig. 6.1 Effluent COD S and bacterial concentration X of a chemostat

versus mean retention time tg. tgc = critical mean retention time,

calculated with pr., =7.2d™", Ks=100 mg L' COD.

The growth rate follows directly from Egs. (6.2) and (6.24):

r,=pX (6.28)

it increases with increasing tg > trc, get a maximal value 1, ..., Which can be obtai-
ned from: dr,/dt, = 0 and decreases.

Because the chemostat maintains only a low concentration of microorganisms,
it has no practical significance, and as a consequence, it exhibits only a low sub-
strate consumption rate. But experiments can be used to study the reaction kinet-
ics and to determine the coefficients. It can be used to determine S for different t;
values while Eq. (6.22) is linearized as follows:
1 Pmax 1

. R

S K © Ks

(6.29)

A plot of 1/S versus tg must give a straight line with a negative ordinate intercept
K™

As discussed in Section 6.2.1.1, oxygen limitation must be avoided during these
experiments and the dissolved oxygen concentration must be ¢’>=1.8 mg L™
(T = 20°C, municipal wastewater). The region of oxygen limitation can be studied
if an oxygen balance is used:

’

PmaxX €

’ ’
%0, K'+c

0=Qq(Co,0—Cose) = (6.30)

and if S is high enough, whereby S/(Ks+S) =1 during aeration.
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With:
Y Qc (Coz,0 = Coze)

7 (6.31)

it follows that:

’ ’

pmax C
X Yo, K+

T

(6.32)

Equation (6.32) can be linearized using the Langmuir plot:

X Y%/0, K’ Y%/0, ,
= C (6.33)
pmax pmax

T

Figure 6.2 presents results from measurements at high bacterial concentration X,
and high substrate concentration S, for 17°C and 24°C. X, was added to the influ-
ent wastewater (not chemostat operation).

A good linearization was obtained with K" =0.19 mg L™* (17°C) and K’ = 0.06 mg
L' (24°C; Putnaerglis 1987).

15
mgh L' MLSS
9 Tp=24°C A
10 n’—x — ke
D,/ L7
. , .
X e
r ‘ -
7 Te=17°C
s 7
U/ _," A
,
g .-
o aa”
A.A
0 ‘ ‘ . .
0 0.5 1 ] 1.5 2 g0, 25
C

Fig. 6.2 Plot of Eq. (6.33) in order to test this equation and to determine
K" and pma/Y%/0, (Putnaerglis 1987).

6.2.3
Completely Mixed Activated Sludge Reactor

6.2.3.1 Preliminary Remarks
In the late 1960s and early 1970s, the first models for the activated sludge process
were published, which were based on the balances of bacteria and substrate.

125



126

6 Aerobic Wastewater Treatment in Activated Sludge Systems

Initially, a first-order reaction with regard to substrate concentration S was used
(Eckenfelder 1967). Later on, Monod kinetics were considered in most models
(Reynolds and Yang 1966; Benedek and Horvath 1967; Lawrence and McCarty
1970; Peil and Gaudy 1971; Chow et al. 1979; Grady et al. 1999).

In some papers, other kinetics were suitable to describe experimental results,
for example Contois kinetics (Chen and Hashimoto 1980):

S
P = Pmax ——— (6.34)

KX+S
However, we will restrict ourselves to Monod kinetics. In most papers, sludge age
(mean retention time of bacteria tgx) is the key process parameter, but we want to
show that the model first contains three other process parameter (mean retention
time of wastewater tg, recycle ratio ng and thickening ratio ng), which can be
replaced by tgx.

6.2.3.2 Mean Retention Time, Recycle Ratio and Thickening Ratio as Process
Parameters
Figure 6.3 presents the flow sheet of an activated sludge plant.

The balance of bacteria X for the CSTR in steady state is:
0=Qu (Xu—X) + (p—ky) XV (6.35)
Corresponding to Eq. (6.35), the balance of substrate S is:

B

o
X/S

0=Qu(Su-S) - XV (6.36)
with: kg = k, + k. as the decay coefficient.

mixing point M

Qo QM Qm Qe
X > . <
Xo, S0 T Xm, Sm reactor X, 8 settler | Xe se
QR, XR, Se Qex, XR _
A
So - -«
R
S I
X Sm X
I Xw |
Xo | S

Fig. 6.3 Flow sheet for a completely mixed (stirred) activated sludge plant (CSTR).
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kg, includes both the specific rate of death k, and that of mass decrease by endo-
genous respiration k.. The decay coefficient was first proposed by Herbert
(1958). kq and k. were already introduced in Chapter 4.23 (see Eq. 4.27). Dividing
Eq. (6.36) by Eq. (6.35), we obtain:

kd
X=Xy + (Su—S) Yo [1- =2 (6.37)
n

For p>ky, Eq. (6.15) follows from Eq. (6.37), which can be interpreted as a rela-
tionship between the substrate used and the bacterial mass formed. After intro-
ducing Eq. (6.37) and Monod kinetics (Eq. 6.1) in Eq. 6.36, S can be calculated.

Furthermore, a bacterial balance at the mixing point M is necessary (Fig. 6.3).
Neglecting QoX,, we obtain:

QMXM = QRXR (6.38)
With the recycle ratio:
ng = R (6.39)
Qo
and the thickening ratio:
X
ng = YR (6.40)

then we can calculate:

ngn
Xy= —— X (6.41)
1+ng

After introducing Egs. (6.1), (6.20), (6.37) and (6.41) into Eq. (6.36), we obtain:

Ks (1+ng— kqt
S s(I+ng—ngng +Kytg) (6.42)
tr (Mmax—Ka) = (1 + g —NgNg)

It is interesting that S is not influenced directly by S,.
For ky=0, it follows that:
Ks (1+ng—ngpng)

tR Bmax— (1 + Nr—NgNg)

(6.43)
If we are interested in the bacterial concentration X, we must introduce Egs. (6.1)
and (6.43) into Eq. (6.37).
For S = S,, Eq. (6.43) yields:

Ks+5S,

tre =

(I+ng —ngng) (6.44)
Himax So

trc is the critical mean retention time which was already introduced in Section 6.2.2

for the discussion on the chemostat (see Eq. 6.25). For ng = 0, Eq. (6.44) can be

transformed into Eq. (6.25). The higher ng is, the lower tgc is for ng>1. This model

was published by Mehring (1979) and by Sundstrom and Klei (1979) among others.
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6.2.3.3 Sludge Age as Parameter

In activated sludge plants the mean retention time of bacteria (sludge age) trx is
decoupled from that of the water retention time. The sludge age is defined by
Eq. (6.45):

trx = _ VX (6.45)
QrXr+QexXr
Because of Qg Xg> Q. X, it is often allowed to write:
b= (6.46)
QrXr

This is the mass of solids inside the aeration tank applied to the production rate of
excess solids. The steady-state balance of solids around the settler gives (see
Fig. 6.3):

(Qo+Qr) X=QrXr + QexXr + Qc X (6.47)

Neglecting Q.X., transforming Eq. (6.47) and considering Egs. (6.39), (6.40),
(6.46) and (6.20), it follows that:
tr
l+ng—ngng= — (6.48)
RX
If we introduce this result into the solutions with bacterial decay [Eq. (6.42)] and
without bacterial decay (Eq. 6.43) we obtain:

Ks(1+kqt
S = _Kslrkated (6.49)
tRX (pmax_ kd) -1
and for ky=0:
K
S=— = (6.50)
tRX pmax -1

Substrate removal is only influenced by sludge age trx, which replaces the three
parameters tg, ng and ng. We see here the importance of the parameter “sludge
age”, which will be used more and more not only in theoretical considerations but
also in the practice of activated sludge system control.

The critical sludge age trxc is the mean retention time of bacteria which must
be exceeded in the activated sludge process. Otherwise, the bacteria (the sludge)
will be washed out. tgxc follows from Egs. (6.49) and (6.50) for S = S:

. Ks+So 651
S (Mamax—ka) — Ks ka '
and for ky = 0:
Ks+S
trxe = ——— (6.52)

max S0
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Fig. 6.4 Effluent COD concentration of a CSTR versus sludge age trx; with
bacterial decay (ks =0.24 d™') and without bacterial decay (ky=0d™) for a
one-stage CSTR; Pmax=7.2d™", Ks =100 mg L' COD; S, =500 mg L' COD.

If we introduce Eq. (6.52) into Eq. (6.44), then:

tre
l+ng—nghg =

(6.53)
tRXC

follows, the same relationship as calculated for tg trx. After this model with tgx was
presented as the only process parameter in the early 1970s, it was published, dis-
cussed and applied very frequently (Sunstrom and Klei 1979; Benefield and
Randall 1980; Winkler 1981; Nasaroff and Alvarez-Cohen 2001). Figure 6.4 presents
some theoretical results which were calculated for p,.,=7.2d™", Kg=100 mg L™
COD, k4=0.24 d"" and S,=500 mg L* COD.

For these conditions nearly 90%, that is So—S = 500—50 = 450 mg L™ COD are
removed, if a sludge age of about tgx = 0.5 d = 12 h is selected. The real sludge pro-
duction is obtained from:

kq
Yxs=Y%s |1-— (4.27)
n
for tgx = 0.5 d, Y%,s = 0.43 g MLSS (g COD)™" and pay = 7.2 d™"
with
S 50
= Mimax =72 =244d"
p=p Ks+S 100+50

it follow a real yield:

0.24 g MLSS
Yys=043(1-——|=0392——
24 g COD
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If we want to consider oxygen limitation, Eq. (6.10) must be introduced into
Egs. (6.41) and (6.42) and we have to add an oxygen balance:

Penax S I k. XV
0 =Qc(Coz0—Coze) — on X Ke+S . Kac V- g{/oz (6.54)
. J . J N J
O, uptake by 0, needed for 0, needed for
exhaust air growth endogeneous
measurements respiration

The difference of dissolved O, in the influent and effluent water is neglected.
We want to continue the calculation of activated sludge plants in Chapter 11.

6.2.4
Plug Flow Reactor

The main characteristic of a plug flow reactor (PFR) is that no mixing occurs in the
direction of flow; however, complete mixing is assumed within a cross-sectional
area of the reactor. Water and all suspended flocs of bacteria move with the same
velocity along the tube reactor. In contrast to the CSTR, the PFR exhibits a contin-
uous decrease in substrate concentration and an increase in bacterial concentra-
tion in the direction of flow (Fig. 6.5).

Because of the continuous change of concentrations, the balances for bacteria
and substrate must be written as differential balances. They can be obtained by
writing first an integral balance for the volume element AXA in a steady state:

0= Qu (S1-S,) — 15 AxA (6.55)

with A as cross-sectional area, which is not correct, because of the change of S
within Ax; but it can be corrected, by forming the differential:

lim 51752 fim 31782 __ pim AS __dS (6.56)
Ax—0 X, —X, Ax — 0 X, —X, Ax—0 Ax dx
mixing point M
| AX [
Qm N Qe
reactor X, Se Sett]er Xe, Se
> X X1 X
QR, XR, Se Qex, XR »~
it~
_
X
Se

Fig. 6.5 Flow sheet for a plug flow activated sludge plant (PFR).
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with:
T = D (1 4ng) (6.57)
A
and Eq. (6.56), then Eq. (6.55) yields:
_ ds
0=-w(l+ng) I + Is (6.58)
or for the bacterial balance, it yields:

dX
0=-—w(1+ng) I + Ix (6.59)

Assuming Monod kinetics for bacterial growth, then:

dS  PmeX S
0=-w(l+ng) — - (6.60)
Y%s Ks+S
and:
0 1 X > (6.61)
=— +0R) — + Pmax X —— .
wi x) dx s Ks+S

result with the conditions x =0, S = Syy and x = 0, X = Xy.

If we move along the tube reactor with the flow rate w(1+ng) and measure S and
X at time t, the process could be described with Egs. (6.3) and (6.4). Therefore, by
using:

w (1 ax 6.62

W (1eng) = - (6.62)
Equations (6.60) and (6.61) can be transformed into Egs. (6.3) and (6.4). With the
appropriate initial conditions, the solution in Eq. (6.18) is achieved. Batch reactor
and plug flow reactor can be described by the same balances if we use the trans-
formation in Eq. (6.62). After consideration of Eq. (6.15) and integration:

K S K Sm—9S) Y% max b
B 2 208 (14 By Ys ) Rowle (6.63)
a S a Xum 1+ng
with:
X
te= — (6.64)
w
Nk Se
Sy = R (6.65)
1+ng
and:
Xe
Xy = BRI (6.66)
1+ng

With Eq. (6.58) the critical sludge age trxc can be calculated. The critical mean
retention time tgrx follows from Eq. (6.67):
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Fig. 6.6 Comparison of a CSTR with a PFR; effluent concentrations S and
treatment efficiency o versus sludge age try; Pmax=16.7d™", Ks=0.1 g L™
BODs, Y3s = 0.6 g MLSS (g BODs)™", kg =0.05 d™', S, = 400 mg L~ BOD;
(Benefield and Randall 1980; after Lawrence and McCarty 1970).
1+Kg/S l1+n
tre = (1+1ng) /% In = (6.67)
pmax NgnNg

Equation (6.67) was published by Fan et al. (1970), as the mathematical limit of a
model of CSTRs in series for n— e, with n as the total number of reactors in the
system. This must correspond with the plug flow model. It follows from Eq. (6.67)
that tgc and tgx increase with decreasing ng; for ng=0 (no recycle) tgc is infinite-
ly large. This result is to be expected because there is neither recycle of bacteria
into the inlet feed nor mixing of fluid.

Figure 6.6 compares the results of PFR substrate removal and efficiency with
those of a CSTR (Sy=400 mg L' BODs, pmu=16.7 d”', Ks=100 mg L' BOD;,
kg=0.05 d™', Y°x,;s=0.6 g MLSS (g BODs)™"). These results were published by
Benefield and Randall (1980). Equation (6.49) was used for the CSTR and
Eq. (6.63) for the PFR. The advantages of a PFR are clear: at tgx = 0.4 d, the efflu-
ent of the PFR S, is already very low. By comparison, the CSTR shows an effluent
concentration of S = 70 mg L™ BODs. Only at tgx = 1.6 d does the CSTR shows an
S as low as nearly 10 mg L' BODs.

In Fig. 6.6 tgxc for CSTR and PFR are nearly the same, because of the relative
high sludge recycle ng. For lower ng, tgc and tgxc increase in PFR systems.

6.2.5
Completely Mixed Tank Cascades With Sludge Recycle

CSTRs and PFRs are reactors idealized as either completely mixed or not mixed at
all. In a technical scale, all reactors in continuous operation differ from these
extreme cases. In a longitudinal open basin, dispersion effects dominate which
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can be reflected, for example, by a dispersion model or by a model of n complete-
ly stirred tank reactors coupled in series, which is called a reactor cascade.
Frequently, a reactor with longitudinal dispersion can be described as a cascade
with a specific number of completely mixed tanks (see Section 6.2.8). In the fol-
lowing, this model will be discussed shortly.

The model consists of n balances each for substrate and bacteria. It is sufficient
to write only the balances for stage number n, which shows the structure of all the
other balances for stages < n. We write according to Egs. (6.35) and (6.36) for stage
number n and steady-state conditions:

0= Qum(Su1-Sa) - }i” XaV, (6.68)
X/S
0 = QM (Xn—l_Xn) + annVn - kanVn (669)

X, in Eq. (6.68) can be replaced by:

kq
Xp=Xo1 + (Sn1—Sa) Y5 [ 1 (6.37)
pn
With:
Sn 6.70
pn = pmax m ( . )
\Y%
tg = — (6.71)
Qo
Qm = Qo+ Qr (6.72)

as well as Egs. (6.38) to (6.41). S,, and X,, can be calculated by coupling the n sub-
strate balances.

The most important property of such a system is the step by step decrease in
substrate concentration and increase in bacterial concentration it exibits. For cer-
tain conditions of influent substrate concentration and kinetic coefficients, the n-
stage cascade is characterized by a higher total reaction rate, compared to a CSTR.

Let us discuss the behavior of a cascade with two stages, without presenting a
special figure, but looking at Fig. 6.6 showing a somewhat higher difference
because of its plug flow characteristic (infinite number of stages). If S is relative
high, e.g. for low mean retention times tg, substrate concentrations S are equiv-
alent in both systems showing nearly the same low removal efficiency because of
the zero-order region of Monod kinetics. But for low S values and/or higher tgy, the
two-stage cascade shows remarkably lower S as a result of the first-order region.
In other words: a substrate removal from 5000 mg L™ COD down to 500 mg L™
COD is performed as a reaction with nearly zero order (for Ks = 100 mg L' COD);
and a two-stage cascade is not advantageous. A substrate removal from 100 mg L™
COD to 10 mg L™ COD, however, takes place in the region of the first-order reac-
tion with a remarkably higher reaction rate in a cascade of two or more stages! The
influent substrate concentration is 500 mg L™" COD. Here, the region of Monod
kinetics is effective, starting from nearly zero order down to a first-order reaction.

133



134 | 6 Aerobic Wastewater Treatment in Activated Sludge Systems

For S, = S,, the bacteria will be washed out and a critical sludge age tgxc or a
critical mean retention time tgc follows from the model for a cascade of n stages:

K ngng |'/°
n<1+—5>[1— - R} (1+1g)
So 1+ng
the = (6,73)

1 Kq
max S
].l Ka | +

With Eq. (6.48), the critical sludge age results:

tl’l
thxe = ———— (6.74)
l+ng—ngng
For n— oo, Eq. (6.73) transforms to Eq. (6.67) and the critical mean retention time
of the PFR with bacterial recycle is:

1+ So—K 1+
tre = ( nR)( o S) In g (675)
pmax SO nR nE

For ng = 0 (no bacterial recycle), tgc is infinitely large: for all mean retention times
tg bacteria are washed out (Fan et al. 1970; Sundstrom and Klei 1979). This prop-
erty differentiates the cascade with recycle from a chemostat or a cascade system
without sludge recycle. In both systems (one stage = chemostat; and n stages = cas-
cade) washing-out situations can occur. With increasing number of stages tgc
increases starting from the lowest value for n = 1 (chemostat) to the highest value
for n = o (plug flow reactor).

6.2.6
Flow Reactor With Axial Dispersion

In addition to the transport of substrate S and bacteria X by the flow of the water
(see Egs. 6.60 and 6.61), a transport by dispersion will be considered:

dZ S HPmax X S

0=-w(l+ng) — + D, —
(1) 5 X Yons Kg+S

(6.76)

2
0=-w(l+ng) — + D,

6.77
= e (6.77)

+ Pmax X

Ks+S

The decay rate is neglected here. Two boundary conditions are needed for each bal-
ance. Normally, the following conditions are used for a “closed tube”
(Danckwerths 1953). They will be written here only for Eq. (6.76) (see Fig. 6.7):

ds
x=0: V_v(1+nR)SM=v_v(1+nR)S—DXd— (6.78)
X

x=L —=0 (6.79)
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mixing point M
Qo Qm Qm Qe
: _’
Xo, So 4 Xm, Sm reactor X8 settler Xe, Se
G > X
QR, XR, Se Qex, XR -
A g
S e el
X I
X SMm - -
T XM S
Xo | Se
~ ds ds
QMSM = (QMS - DXW)'X:O —_ =0

dX

Fig. 6.7 Flow sheet for a real flow tube reactor (closed tube model).

The same conditions for X can be used to solve Eq. (6.77). As Fig. 6.7 shows at
x = 0, a discontinuity occurs in S. For very low D, values, this discontinuity disap-
pears (—PFR), while for high D, values, it reaches a maximum (— CSTR).
Dispersion in the tube for x < 0 is neglected in this model. Under real conditions,
a dS/dx < 0 would be correct at x = L. But for this “boundary condition” Eq. (6.76)
cannot be solved. Danckwerths (1953) introduced Eq. (6.79) and expected a very
small error at this point.

Equations (6.76) and (6.77) can be rewritten with dimensionless Peclet or
Bodenstein numbers:

w(l L
pe=w (6.80)
Dx
* 1 2Q* L . * *
oo 48 1 &8  PmaX” S (6.81)
dx/L) Pe d(x/L)> w(l+ng) Y% 1+S*
£ 1 PAVSS L ) *
=—di+ — ' + = Pmax X S (6.82)
d(x/L) Pe d(x/L)> Ww(l+ng) 1+8”

For Pe>1 (high w(1 + ng), high L, low D,), Eq. (6.81) and Eq. (6.82) come close to
the balances for a PFR (Egs. 6.60 and 6.61), for Pe<1 (low w(1 + ng), low L, high
D,) the ideal CSTR system is nearly reached.

For S <K, the equations can be solved analytically (Lin 1979). For Monod kinet-
ics, a numerical solution is needed (Fan 1970; Vasilin and Vasilyev 1978) even for
the case of constant biomass concentration X.
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6.2.7
Stoichiometric and Kinetic Coefficients

Since Monod’s first experiments and kinetic studies in 1942 and 1950 and those
by Herbert (1958), a large number of papers concerning the kinetics of bacterial
growth and carbon removal have been published. The yield and kinetic coeffi-
cients are again typically defined by Egs. (6.83) to (6.85):

S I
Ix = Pmax == —— X—(ke+ke) X 6.83
x = Pmax g8 o ( ) (6.83)
max S C,
Is = z - ¥ (6.84)
Y%s Ks+S K'+c¢
pmax S C, ke
To, = —— X+ (6.85)
Y%0, Ks+S K'+c Y%/0,
with:
kg =k, + ke (6.86)
and:
Y%/0,=Yxs - Y5,0, (6.87)

In contrast to Herbert, Pirt (1965) introduced a kinetic expression considering the
endogeneous mass consumption into the balance for substrates. Here, we follow
the concept of Herbert, which is usually used in kinetic descriptions of biological
wastewater treatment.

Some measurements led to results which are listed in Table 6.1.

Although different substrates and mixed cultures were used, the p,,..x values do
not differ considerably. However, Kg and K’ scatter remarkably. Because of the low
values of K’, an exact measurement of low dissolved oxygen concentration is nec-
essary. In last time, O, electrodes with higher precision have become available, so
that more exact measurements are possible. We do not want to present here all
these results.

Nearly all yield coefficients are influenced by bacterial decay (see Eq. 4.27) or
endogenous respiration. More exact studies are needed for us to be able to distin-
guish the true yield coefficient Y° from the real yield coefficient Y.

Some published ranges of data from several textbooks are compiled in Table 6.2.
On the basis of these values, new mean data will be recommended.



6.2 Kinetic and Reaction Engineering Models With and Without Oxygen Limitation 137

Table 6.1 Published coefficients and recommended ranges of values
from some papers for laboratory-scale CSTR measurements.

Reference Basis T Hmax K K™® Yys  Yous kq k.
Q) () (™) (h™)

Reynolds and COD? 20 0.80 345 - 0.39 - 0.0071 -

Yang (1966)

Benedek and coD? 18 0.16 22 - 0.67 - 0.0029 -

Horvath (1967)

Peil and CcoD? 23 0.45 55 - - - - -

Gaudy (1971)

Strnivasaraghanan COD® 25 0.49 115 - 059 - 0.0058 -

and Gaudy (1974)"

Button and =H 35 0.506 - 0.45 - 1.2-1.8 - -

Gurver (1960)

Sinclair and -H 35 0.54 4.6 0.084 0.55 1.41 - 0.01

Ryder (1972)

Putnaerglis (1987) DOC® 17 0.32 - 0.22 - - - 0.03

¥ Batch, ® Values given in mg L-1, @ Synthetic, ¥ Municipal, © Synthetic,
9 Glycerine, ® Filtrate of excess sludge after thermal conditioning.

Table 6.2 Ranges of measured kinetic and stoichiometric coefficients for aerobic
degradation of organic compounds in municipal and domestic wastewater.

Reference Basis T HPmax Ks Yys kg K’

€Q @) (mgL?) (d) (mg L' 0,)
Sundstrom and Klei
(1979) BODs — 9.6-13.2 50-120 0.5-0.67% 0.048-0.072 -
Henze et al. (2002) COD 20 4.0-8.0 3-30 0.5-0.7 0.1-0.2 0.5-1.0
Chow et al. (1979) BODs - 0.8-8.0 25-100 0.4-0.89 0.025-0.075 -

? Value given in g MLSS (gBODs)™"
") Value given in g COD (gCOD)™
9 Value given in g MLVSS (gBODs)™*

6.2.8
Comparison of Reactors

Batch reactors are used on a technical scale for carbon removal as sequencing
batch reactors (SBRs) with periods of filling, aerating, settling, part-emptying, fill-
ing and so on. We will come back to this system when we discuss the extended
process with nitrogen and phosphorus removal (see Chapter 10).

For a completely mixed tank, substrate and bacterial concentrations at the efflu-
ent are nearly the same as inside the reactor. The mixed culture of bacteria always
comes in contact with a low substrate concentration. The removal rate is relative-
ly low and we do not need to consider large influences of transport processes into
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flocs and oxygen limitation. However, in reality, large tanks are frequently not
completely mixed. The rotation speed of surface aerators is often adjusted to a
needed concentration of dissolved oxygen and not to a certain degree of mixing.
Nevertheless, models can help to understand the process and the behavior of the
reactor much better.

In PFRs, tube reactors with axial dispersion or cascades, the bacteria returned
by the recycled sludge come into contact with substrate of a higher concentration,
which decreases during the transport through the tank. Therefore, in the first part,
the rate of oxygen consumption is relatively high, resulting in oxygen limitation,
particularly inside the flocs. These effects were not described by the relative sim-
ple models discussed in Sections 6.2.2 to 6.2.6.

A CSTR is generally more stable to toxic substances as shock loads than all reac-
tors with reduced backmixing, because the toxic material is dispersed rapidly
throughout the reactor and the concentration is reduced. In general, a CSTR gives
a more uniform effluent for varying loads, but the reactor volume must be larger,
because of the lower substrate concentration and the lower carbon removal rate
throughout. In axial flow reactors, aeration of the water increases the axial mixing.
For a locally constant distribution of aerators (porous ceramic or membrane
tubes), the dispersion model may be used successfully. However, to save energy
the distribution of aerators should depend on the task: with higher density in the
first part at the higher substrate concentration which goes down to a lower density
at the end where the concentration and oxygen uptake rate are lower. The model
for tanks in series can be here used with more success because of the possibility
to change the size of the stages and aeration rates.

6.3
Retention Time Distribution in Activated Sludge Reactors

6.3.1
Retention Time Distribution

To understand and mathematically describe the activated sludge process in contin-
uous operation, information is needed regarding the degree of mixing inside the
reactor. Is the reactor completely mixed? Are there short-circuit flows or regions of
eddy currents? What is the dispersion coefficient in a selected type of reactor?
Such questions can be answered by measurement and mathematical analysis of
retention time distributions (Pippel 1978).

Measurement of the distribution is realized by adding tracers at the influent of
the investigated system. In principle, any substance can be used as a tracer, as long
as it dissolves completely, does not react with other components and does not
change state by desorption, adsorption, precipitation or crystallization. In reality,
only a few substances are applicable which are cheap enough, can be measured
continuously and are not toxic. Frequently, salts, dyes and other substances not
found in wastewater are used which can be measured at very low concentra-
tions.
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step input
Co

response

|
t —Pp ttR_>

iy

4
t —p t R—}
Fig. 6.8 Explanation for measurement of retention time distribution.
(a) Step input and distribution of retention times F(t) as response.

(b) Impulse input and density distribution of retention time
E(t) = dF/dt as response.

response

The tracer is added at point 1 (Fig. 6.8) as a step signal or as an impulse signal.
At point 2, the signal is deformed in a characteristic way. This response to a step
signal is called distribution of retention time and is defined as:

Fo0_cp (6.88)
Co
with
t
r-s (6.89)

The response to an impulse signal ¢ (1) is called density distribution of retention
time and is defined as:

g4 (6.90)

Co is here a theoretical concentration, which follows from the mass of the tracer
and the volume of the apparatus.
But there is a simple relationship between F and E:
dF (T
E (1) = (1)
dt

The density distribution results from measurements (Fig. 6.8b) and from the dis-
tribution by differentiating the dimensionless time.

(6.91)

In the next section we will model some idealized systems and calculate F (t).
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6.3.2
Completely Mixed Tank

The tank is free of tracer at t = 0 and the transport of the tracer concentration starts
at t = 0. The tracer balance for the completely mixed tank is:

\% % = Qo(co—0) (6.92)

After separating the variables and considering t = 0, ¢ = 0, the solution is:

F(T) =Ci = 1-exp(-1) (6.93)
or:
E(1) = dl;f) — exp (1) (6.94)

Figure 6.9 presents an example of a completely and an incompletely mixed tank
reactor with a short circuit flow.

In the incompletely mixed tank, the tracer was measured after only relatively
short times at high concentrations in the effluent, as could be expected from a tank
(with a short circuit flow) and at a lower concentration after longer times because
of the slow transport into eddy flow regions.

1
T =2

1 short circuiting flow | =" — ]

. / | death water region
F O L=
© 0.2 -
: /
0
completely mixed 0 2

1

T—>

Fig. 6.9 Retention time distribution F(t) for a CSTR compared with one
from a reactor with a short circuiting flow and eddy water regions.

6.3.3
Completely Mixed Tank Cascade

This type of reactor is only rarely utilized in biological wastewater treatment. But
we can compare the responses shown in retention time distribution measure-
ments of a tube reactor with axial dispersion with those for a tank cascade. This
enables us to calculate the theoretical number of stages which a real tube reactor
has (see Section 6.3.5).
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The model for n CSTR tanks consists of n tracer balances:

v dc, B
1 E =Qo (Co—C1)
dc
Vv, th = Qo(c1-C2) (6.95)
v dc, B
n E = QO (Cn—l Cn)
with the solution for the probability distribution of residence times:
2 n—-1
F(t)=1-exp(-nt) |1+nT+ (o) + ot (o) (6.96)
2! (n—1)!

Some results are given in Fig. 6.10.

With increasing n, the probability distribution approaches that of a plug flow
reactor, which is the same as a cascade of n=eo stages (Hill 1977; Chow et al. 1979).
By differentiation of Eq. (6.96), the probability density follows:

dF n-1
E(r)= © =n exp[-nt] (1)

drt (n-1)!
(Froment and Bischoff 1979; Chow et al. 1979). With increasing n, the peak
becomes more narrow and higher.

(6.97)

]

F(t) 0.5

Fig. 6.10 Retention time distri-
"4 bution F(t) for a CSTR (n = 1)
] 101~ compared with one from a tank
cascade system (n =2 ... =)
0 (Wen and Fan 1975).
0 1 T 2 3
6.3.4

Tube Flow Reactor With Axial Dispersion

The model for the tank cascade starts with one CSTR coupled with a second stage
and so on. Alternatively, we shall begin with a PFR model which is extended by a
dispersion term:

dc dc d*c

— =W —+D, —— 6.98
dt v dx " dx? ( )
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By using the Peclet number:

wL
Pe = = (6:99)
the tracer balance can be written in dimensionless form:
1 d*C
€ dc¢ 1 _dc (6.100)
dr d(x/L) Pe’ d(x/L)?
For a flow reactor with sludge recycle:
w (1 L
Pe - w (6.80)

must be introduced instead of Eq. (6.99). One initial and two boundary conditions
are needed.

Several different types of boundary conditions exist (Wen and Fan 1975). We
want to limit the discussion only to the type of boundary condition “closed,
closed”. Closed boundary means, that in both tubes at the left and right side of the
reactor (see Fig. 6.7) are no concentration gradient because of the low section area
compared with that inside the reactor.

These boundary conditions are:

t=0, x20, c=0 (6.101
£50, x-0, weo—we-D, 3 (6.102)
X
>0, x=1, % _g (6.103)
dx

The first analytical solution of Eq. (6.98) respectively Eq. (6.100) was published by
Danckwerts 1955. We only want to present this solution in graphical form (Wen
and Fan 1975):

wL

Pe’ = =0
D,

characterizes the limit for D, > wL, which agrees with the signal of a CSTR, In con-
trast to that, Pe’= oo shows the signal of a ideal plug flow reactor without an axial
mixture.

6.3.5
Comparison Between Tank Cascades and Tube Flow Reactors

How we can compare a tube flow reactor with axial dispersion with a series of
tanks in cascade? How many stages of a cascade correspond to the same degree of
backmixing of a system with a known Peclet number?

Figure 6.12 presents the response to an impulse-formed input. This response is
given by Eq. (6.90). t = tg follows from the correspondence of A, = A,.
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///"T

Fig. 6.11 Retention time distri-
bution F(t) for a CSTR (Pe” = 0)
compared with one of real tube
flow reactors (Pe” =2 ... «)
(Wen and Fan 1975).

The variance according to the property t being investigated is (Froment and
Bischoff 1979):

o7 = TE (t) (t-tg)* dt (6.104)

2 2 2(l-exp(-Pe
0=S:=_7__L_J%__ﬂ (6.105)
t4 Pe Pe

is obtained for a “closed, closed” vessel (Wen and Fan 1975; Levenspiel 1979).

At high Pe’ numbers low dispersion results:

2
0’=— (6.100)
Pe

If we consider a tank cascade, Eq. (6.97) must be introduced into Eq. (6.104). A
simplified result can be estimated:
21
o0 1 (6.107)
tg n

A=Az

E(t)
A Az

Fig. 6.12 Retention time
density distribution E(t) for a
tube flow reactor (qualitative
drawing).

tr
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Combining Eq. (6.105) and (6.107), we obtain

’2
n= Pe (6.108)
2(Pe’~1+exp (-Pe’))

For Pe’>1, then

Pe’
n=— (6.109)
2
results. This is an approximation and results f.e. in n = 50 for Pe’ = 100. The exact

solution from Eq. (6.108) is n = 50.55.

6.4
Technical Scale Activated Sludge Systems for Carbon Removal

Based on hydrodynamic properties and the special models needed for the descrip-
tion of bacterial growth, carbon removal and oxygen consumption, activated
sludge reactors can be divided into three groups: (a) nearly completely mixed tank
reactors (Fig. 6.13a), (b) nearly completely mixed tank reactor cascades (Fig. 6.13b)
and (c) tube flow reactors with axial dispersion (Fig. 6.13c).

A large number of reactor types belong to group (a). Figure 6.13a presents a
selection of three systems. However, measurements of residence time distribu-

Fig. 6.13 Standard activated sludge
systems. (a) Completely mixed tank
reactors. (b) Closed tanks in series,
frequently used for pure oxygen.

(c) Flow tube reactor with diminishing
aeration intensity.

b)
| ::1(—:r|::1tionI |
Tﬂ 4

c)
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tions are typically not performed. As a result, considerable deviations from the
CSTR occasionally exist. In Fig. 6.14, two special types of these reactors are shown:
a Bio-Hochreaktor for the treatment of industrial effluents with a height of
20-24 m (Fig. 6.14a) and a Putox-Belebungsanlage for the treatment of municipal
wastewater from small housing areas, which is built into the ground (Fig. 6.14D).

Tank reactors connected in series have frequently been used for “pure oxygen
WWTPs”. The greatest interest was often not the reduction of the degree of mix-
ing, but the more efficient utilization of oxygen. Therefore, the waste gas of the
first stage (O,, N,, CO,) is dispersed again to take advantage of the relatively high
residual oxygen concentration. Normally, cascades with three or four stages are
operated; and both the wastewater and the gas flow in the same direction, result-
ing in a high removal rate in the first stage and a low removal rate in the last stage,
where only a small decrease in BODs occurs (see Fig. 6.13D).

Fig. 6.14 Special types of completely mixed tank reactors in technical
scale. (a) Bio-Hochreaktor for the treatment of high-load effluents
(Hoechst AG; Leistner et al. 1979). (b) Putox-Belebungsanlage for
domestic effluents (5-1500 inhabitants) (Purator, Vienna).
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Tube flow reactors, in contrast, are open systems (Fig. 6.13c). They typically have
a length of up to 300 m and are constructed in a meandering form to make better
use of the available area and to reduce pipe lengths for sludge return lines. A pres-
surized aeration system is often used (porous ceramics or membranes) and the
number of the aerators per basin area is changed from higher values near the
wastewater influent to lower values near the effluent.

PROBLEM 6.1

A municipal wastewater (Q, = 10*m’ d™', S, =500 mg L' COD, X.=0mg L™)
is to be treated by an activated sludge process. The aerobic reactor is com-
pletely mixed. For a bacterial concentration of X =2 g L™ MLSS, an effluent
COD concentration of S = 25 mg L™ COD of dissolved biodegradable sub-
stances should be reached.

Coefficients:

Y%,s = 0.43 g MLSS/g COD

Pmax=7.2d7"
Ks =100mgL™" COD
kqg =024d7"

1. Calculate the sludge age tgx and the critical sludge age trxc.

2. Calculate the reactor volume V.

3. What is the mass flow rate of the surplus sludge which must be removed
daily?

4. What is the critical mass flow rate?

5. Calculate the mass of bacteria which will be reduced by bacterial decay
daily.

Solution

(1) First we have to calculate the sludge age tgx needed, using:

Ks (1+kqt
g Ks(+katex) (6.49)
tRX (pmax_ kd) -1

and eliminating:
Ks+S

tgx=—"—-—=0.833d=20h
o S (pmax_kd)_KS kd

The critical sludge age is:

Ks+S,
trxc = =0.173d=4.16h
S0 (pmax_kd) - I<S kd




Problem

(2) The reactor volume V follows from the substrate balance:

Qu(So-5) = Hmex x5
TN s T KetS
v o Q(So=8) Vs (Ks+S) o0,

pmax XS

(3) The concentration of excess sludge (without considering sludge thicke-
ning by sedimentation) follows from balances for S

pXv

Y&s

0=Qo(So—s) -

and for X
0=-QuX +puXV -kyXV

After elimination of p:

Qo(So—5)

X =Y
. X kg

10* 475
1+0.24

=0.43 mg MLSS - L™

=1647 kg d MLSS

(4) For ky=0 and X.=0 (no bacteria in the overflow of the settler) the mass
flow rate for the surplus sludge follows

QoX = 2042 kg m~ MLSS

During biodegradation of Q, (So—S) = 4750 kg h™" MLSS a mass of
2042-1647 = 395 kg d™' MLSS was removed by bacteria decay

(5) Using
VX
trxc = ch,cX

the critical removal rate of the excess sludge follows:

VX 7092

Qex,c XR =

— = _8197kgd ' MLSS
texe  0.173

For a sludge removel of more than 8200 during some days all bacteria of the
activated sludge plant were washed out.
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PROBLEM 6.2

The same municipal wastewater as described in Problem 6.1 must be treat-
ed in an activated sludge reactor by extended aeration. The amount of sur-
plus sludge is to be reduced by a factor of 2, compared to the maximum
value given by Y%,s = 0.43 g MLSS (g COD)™".

The sludge thickening ratio is ng = 2.5.
The recycle ratio is ng = 0.8.

1. Which sludge age must be selected?
2. Calculate the necessary reactor volume.
3. Compare these results with those of Problem 6.1.

Solution

k
(1) From: Yy/s = Y3s (1 - f) (4.27)
and:

Yass = 0.5 Y3/

it follows that: p =2 kg =0.48 d!

s
Hofmac g vs

The sludge age follows from:
Ks+S

— —=417d
S (pmax_kd) - I<S kd

trx =

(2) The reactor volume V follows from the substrate balance:

max S
Qo (So—S) = 1=
Ye,s  Ks+S
So—S) Y2 (Ks+S
V=QO( 0= 5) Yiys (Ks )=2208m3

pmax S X

(3) Comparison with the results from Problem 6.1:

Problem 6.1: tpx = 0.833 d, S =25 mg L™' COD and V = 709 m*
excess sludge: 1702 kg d™* MLSS

Problem 6.2: tpx =4.217d, S =7.14 mg L' COD and V = 2208 m*
excess sludge: 1065 kg d™* MLSS
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7
Aerobic Treatment with Biofilm Systems

7.1
Biofilms

Biofilms are small ecosystems usually consisting of three layers of differing thick-
ness, which change in thickness and composition with location and over time
(Meyer-Reil 1996). In the first phase of colonization, macromolecules are adsorbed
at clean solid surfaces (proteins, polysaccharides, lignin; Wingender and Flem-
ming 1999), because they are transported from the bulk liquid to the solid surface
faster than the microorganisms are. As a consequence of this adsorption, the
coverage of the solid surface with water is reduced. During the second phase, micro-
bial cells attach to this prepared surface. Frequently, they do not form closed layers
of uniform thickness, rather they form small attached colonies, which may spread
by growth and further attachment. Usually, these cells are supplied with substrate
and oxygen and are able to grow at their maximum rate. During this process, they
produce organic molecules, which diffuse through the cell wall and to extracellular
polymeric substances (EPS) catalyzed by exoenzymes. These EPS molecules are
necessary for the formation of a stable biofilm (Wingener and Flemming 1999). In
the third phase, the biofilm may consist of bacteria and EPS, the thickness of which
is a function of growth rate and depends on the stability of the biofilm and the
shear stress of the flowing water (Van Loodsrecht et al. 1995). At lower shear stress-
es, eukaryotic organisms (protozoa, insects, their eggs and larvae) typically estab-
lish themselves. All these organisms live in a community. Materials such as sub-
strates and oxygen are transported into the biofilm by diffusion and convection and
the products are transported out of the biofilm.

Oxygen may reach only into the exterior part of the biofilm, resulting in a growth
of aerobic microorganisms such as nitrifying bacteria and protozoa. Nitrate and ni-
trite produced in this layer are reduced by anoxic metabolism within a middle
layer, resulting in an anaerobic interior layer directly at the solid surface, where
acetic acid and sulfate may be reduced (Marshall and Blainey 1991; Fig. 7.1).

Heterogeneous biofilms grow on the sides of ships and on buildings near the
water’s edge, inside human and animal mouths and within inner organs. They fre-
quently cause damage to these surfaces (biocorrosion) and must be removed. In
the area of environmental biotechnology, however, they can be utilized to advan-
tage in certain bioreactors, such as:

Fundamentals of Biological Wastewater Treatment. Udo Wiesmann, In Su Choi, Eva-Maria Dombrowski
Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31219-1
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Fig. 7.1  Biofilm model (according to Marshall and Blainey 1991).

e trickling filters,
e submerged, aerated fixed bed reactors,
e rotating disc reactors.

The formation of biofilms is a requirement for their effectiveness. This chapter will
describe these bioreactors and their application and will discuss some models of
the processes, which are useful for understanding how they function.

7.2
Biofilm Reactors for Wastewater Treatment

7.2.1
Trickling Filters

A trickling filter consists of a layer of solid particles or bundles of synthetic materi-
al inside a cylindrical (Fig. 7.2) or prismoid container. Wastewater must be distrib-
uted uniformly at the top of the fixed bed — frequently by a rotating system of two
or four horizontal tubes equipped with many nozzles.

To compensate for the fact that the area of a circular section of the reactor in-
creases with distance from the center, the distance between nozzles must decrease
the further they are away from the center in order to have an even distribution of
water over the surface. Furthermore, the changes in available pressure in the rotat-
ing tubes must be considered as a function of the flow rate. Uniform distribution
of the wastewater and uniform packing of the reactor with solid substances are of
high importance for a high loading and removal rate. It is critical to ensure that two
conditions are met:
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Fig. 7.2 Trickling filter, BIO-NET, Norddeutsche Seekabelwerke, Germany.

e The downward flowing liquid films must be in direct contact with the biofilm
(i-e. the biofilm has to be trickled over all places and at all times) and must be in
contact with the upward or downward flowing air (i.e. the trickling filter should
not be flooded at any location or time).

o The wastewater must be practically free of solids. It is absolutely necessary that
the wastewater passes a primary settler under controlled conditions which is
never overloaded.

We distinguish between:

o Natural aeration as a result of density differences between the air saturated with
moisture inside the trickling filter and the air outside the trickling filter, and

o Forced aeration by a ventilator at the top of the trickling filter. In this case, the re-
actor may have a height of up to 12 m and is filled with packages of synthetic sup-
porting material.

Effective natural aeration can be expected in winter and summer. In winter, the
density of cold air is greater than that of the warmer air inside the trickling filter
and the air flows upwards. Accordingly, the air flows downwards in summer. In
every year, there are some critical situations when water and air temperatures are
nearly the same. During those times, the efficiency of trickling filters is reduced.

The composition of the biofilm of a trickling filter varies with the season. In
summer, the activity of the organisms is very high. Small filter flies (Psychoda) and
other insects, such as water springtails (Podura) and midges (Chironomus) as well
as various protozoa lead to a thicker and more porous biofilm (Fair et al. 1986).
During the autumn, this third phase of the biofilm is nearly completely sheared off
and a thinner film of higher density remains. In every season of the year, smaller
parts of the biofilm are rinsed away, but if the ecosystem is changed completely,
the biofilm is changed in a characteristic way.

Table 7.1 presents some data for trickling filters. They can be subdivided into
four types according to their hydraulic loading, their loading of substrate and their
difference from low-rate to super-high-rate trickling filters.

Using these data, one can perform the initial scale concept design for the treat-
ment of municipal wastewater (see Problem 7.1).
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Table 7.1 Design and operation data for trickling filters (Nazaroff and Alvarez-Cohen 2001).

Parameter Unit Type of trickling filter

Low rate  Intermediate High rate  Super-high

rate rate
Support material - Rock, slag  Rock, slag Rock Plastic
Specific surface area ~ m”*m™ 40-70 40-70 40-70 80-200
Porosity m’m™ 0.4-0.6 0.4-0.6 0.4-0.6 0.90-0.97
Density of support kg m™ 800-1500  800-1500 800-1500  30-100
material®
Hydraulic loading® m’m>d” 0.5-3.0 3-10 8-40 10-70
Loading per volume gm~d’'BODs 100-400  200-500 500-1000  500-1000
Height m 1.0-2.5 1.0-2.5 1.0-2.5 3.0-1.02
Recirculation ratio - 0 0-1 1-2 1-2
Removal efficiency % BODs 80-90 50-70 65-85 65-80

 Volume includes voids.
") Includes recycled flow (Metcalf and Eddy 1991; Tschobanoglous and Schroeder 1985).

7.2.2
Submerged and Aerated Fixed Bed Reactors

In cases of high hydraulic loading, the trickling filter may be operated as a flooded
bed and the pressure differential needed for the downwards flow increases. The
level of wastewater necessary to overcome the flow resistance depends on the form
of the substance used as support material and the thickness of the biofilm. Aerobic
fixed beds must be aerated near the bottom, producing a two-phase flow in a three-
phase system with an upwards air flow. As a result of friction forces, water is trans-
ported upwards in the center of the reactor and flows downwards near its walls.
Biomass is attached at the surface of the support material and is also suspended as
flocs. It is not easy to avoid blockages in regions of biofilms with a higher thickness
and a lower local flow rate. The fixed bed must be cleaned from time to time by
considerably increasing the wastewater flow rate.

Synthetic support materials such as BIOPAC (ENVICON, Germany) have been
used successfully, especially where nitrifying bacteria with lower growth rates
must be immobilized (Fig. 7.3).

In contrast to fixed beds with solid particles, the flow of water and air are more
easily controlled and blockages can be avoided in reactors with suspended parti-
cles. In contrast to trickling filters, their air flow rates can be adjusted to match the
loading of organics and ammonia. The specific surface area can be increased to up
to 400 m? m~ (Schulz and Menningmann 1999). Using membrane-type tubular
aerators, fine bubbles are produced and the mass transfer rate is increased remark-
ably. The suspended biological sludge detaches from the surfaces as a result of the
friction forces of the flow and is conveyed to the secondary settler. Obviously,
blockages do not occur. Table 7.2 presents some operational data.
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retaining structure

PEEED
“ submerged &
| fixed bed |

=
aerators
compressed air

a) b)

Fig. 7.3 Submerged aerated fixed bed reactor (a) and BIOPAC (b)
(ENVIRON, Germany; Schulz and Menningmann 1999).

Comparing the loading per volume with that of trickling filters (Table 7.1), we
can conclude that in this kind of fixed bed reactors the loading can be increased by
a factor of three for intermediate and high-rate systems and by a factor of five for
super-high-rate systems. This is due to the higher specific surface area of the bio-
film and the technological advances which prevent clogging in the BIOPAC sys-
tem, for example (Schulz and Menningmann 1999).

Table 7.2 Load, biofilm thickness and application of the BIOPAC system
(Schulz and Menningmann 1999).

Parameter Type of trickling filter
Low rate Intermediate High rate Super-high
rate rate
Loading per area <3 3-6 6-12 12-30
(gm™d " BODs)
Loading per volume <750 750-1500 1500-3000 3000-7500
(gm™d" BODs)®
Thickness of 1.5 1-4 4-10 10-20
biofilm (mm)
Application Complete Nitrification, C elimination, C elimination
nitrification, simultaneous  partial nitrification

C elimination  C elimination

 Specific surface area a = 100400 m*m 3, here assumed a = 250 m*m™
(Schulz and Menningmann 1999).
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7.2.3
Rotating Disc Reactors

In rotating disc reactors (RDR), the principle behind the intense transport of sub-
strates and oxygen to the biofilm is different. In trickling filters and fixed bed reac-
tors, water and air are moved; here, the support material with the biofilm are
moved. In rotating disc reactors, circular plates with diameters of 1-2 m are fitted
to a horizontal shaft with a spacing of a few centimeters. The system of parallel
plates is submerged nearly halfway in a cylindrical tank through which wastewater
flows. The packet of plates rotates at a speed of 0.5-5.0 rpm. Bacteria grow on both
surfaces of the circular discs. During the portion of the rotation where the biofilm
travels through the air, wastewater drips down and oxygen is taken up by convec-
tion and diffusion. Parts of the biofilm rinse off from the discs from time to time.
Larger pieces settle in the tank and must be removed as surplus sludge, while
smaller parts are suspended and involved in aerobic substrate degradation and fur-
ther growth (carbon removal and nitrification). Figure 7.4 presents a rotating disc
reactor.

The development of this kind of biofilm reactor was described in detail by Breit-
haupt (1997). Its practical application started in the 1960s. The company Stengelin
used plates made of low-density synthetic material to decrease the weight which
must be born by both bearings. This made it possible to increase the length of the
shaft between the bearings to up to 7 m (Breithaupt 1997). Different materials with
low density have been utilized in the past 35 years in laboratory- and pilot-scale
RDRs (Table 7.3) for carbon removal and nitrification, to test new materials and to
optimize the process.

In order to increase the surface area of the support material and to obtain a thick-
er and more stable biofilm, some authors used special synthetic media. The BIO-
SUREF system was already used commercially in the late 1970s (Benefield and Ran-
dall 1980). Tyagi et al. (1993) utilized a polyurethane foam material for the aerobic
treatment of a petroleum refinery wastewater. Breithaupt (1997) and Lindemann
(2002), experimented successfully with a RDR and plates covered with a structured
textile material made from polyethylene styrol.

From Table 7.3, one can see a range for loadings per reactor loading of about
500-4000 g m™ d™' COD for municipal wastewater. This agrees approximately

Fig. 7.4 Rotating disc reactor, Mecano
SA Maschinenfabrik, Schwericon SG,
Switzerland.
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Table 7.3  Results for COD removal of different experiments with aerobic
treatment of municipal wastewater and rotating disc reactors (Breithaupt 1997).

Author Support Inlet Removal Loading Loading t  Volume
material (mg L' COD) (%) per volume per area (h) (m?
(gm3d'COD) (gm>d’ COD)

Clark etal. Noinfor- 110 96 672 3.10 39 34
(1978) mation
Cheng Styropor 130 84 2136 10.27 1.5 397
(1982)
Gonecand  Poly- 86 - 480 7.75 1.7 0.13
Harremoes ethylene
(1985)
Wanner et Poly- 182 92 3984 11.30 1.1 13
al. (1990) propylene
Stegmaier  Textile 410 87 1632 20.14 6.0 0.14
(1993) structure

media

with the data from Table 7.2 for the fixed bed reactor (BIOPAC system; Schulz and
Menningmann 1999; low rate up to high rate), if we equate BOD5 with COD in this
approximation.

Axial mixing is reduced in a RDR and the concentration of COD decreases con-
tinuously as in a tube reactor (Fig. 7.5).
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Fig. 7.5 Decrease in local COD and NH,—N concentration as well as

increase in NO;—N concentration during aerobic treatment in a
laboratory-scale rotating disc reactor (Breithaupt 1997).
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In municipal wastewater containing ammonia, nitrification occurs simultane-
ously as a result of the immobilization of nitrifying bacteria (see Chapter 10).

7.3
Mechanisms for Oxygen Mass Transfer in Biofilm Systems

From a fundamental point of view, the three trickling filter systems discussed, aer-
ated fixed bed reactors and rotating disc reactors can all be modelled according to
a mobile air bubble phase, a mobile wastewater film and a mobile biofilm. And it
is for the moment unimportant whether:

e the gas-phase does not consist of bubbles (trickling filter),

o the liquid-phase does not form a film (fixed bed reactor and rotating disc
reactor),

e the biofilm is moving (rotating disc reactor).

Figure 7.6 describes five situations of rate-limiting cases for the transport of oxy-
gen. Because of the low concentration of dissolved oxygen in tap water at an air
pressure of 1 bar (T=20°C, ¢*=9.17 mg L' O,), the transport of oxygen is fre-
quently the rate-limiting parameter. Before we study the rate-limiting processes in
detail, we will discuss these cases shortly.

(I) Mass transfer gas/liquid (air/water) is rate-limiting. All conditions met for
nearly complete oxygen consumption. Substrate concentrations (organics and
NH,) are relative high, bacterial concentration inside the biofilm is high and
active, but air bubble surface area is low. The dissolved oxygen concentration
decreases near the bubble surface to an even lower value. This resulting low
oxygen concentration depends nearly entirely upon gas/liquid mass transfer.

(II) Mass transfer liquid/solid (water/biofilm) is rate-limiting. As a result of a
high aeration rate and/or a low biofilm surface area and/or high activity, the

air water biofim support
material

1 Co
| Co, | /
| |
| | Fig. 7.6  Oxygen mass transfer in
! i biofilm systems. (1) Mass transfer
: 1l gas/liquid is rate-limiting. (II) Mass
] I transfer liquid/solid is rate-limiting.
: I vl © (1) Biological reaction is rate-
I | IV limiting. (IV) Diffusion and reaction
|

| inside the biofilm are rate-limiting.
(V) Diffusion and reaction inside

the biofilm as well as mass transfer
> Z liquid/solid are rate-limiting.
V1) Mass transfe liquid and
PESIEN / (VI) Mass transfer gas/liquid an

liquid/solid are rate-limiting.
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dissolved oxygen concentration is only a little lower than the saturation con-
centration ¢* and decreases near the biofilm surface to a low value. This re-
sulting low oxygen concentration depends nearly entirely on liquid/solid
mass transfer.

(ITI) The biological reaction is rate-limiting.

—

(IV) Diffusion and reaction inside the biofilm are rate-limiting. As a result of a
high aeration rate, a large biofilm surface area and/or activity and a high lig-
uid/solid mass transfer rate, the dissolved oxygen concentration is only a lit-
tle lower than the saturation concentration. It decreases inside the biofilm to

a low value.

-

(V) Mass transfer at the surface liquid/solid and the diffusion inside the biofilm
are rate-limiting as a result of a high aeration rate.

(VI) Mass transfer at both surfaces is rate-limiting.

In the next section we will try to find relatively simple models for the calculation of
the oxygen consumption rate for all six situations.

7.4
Models for Oxygen Mass Transfer Rates in Biofilm Systems

7.4
Assumptions

In this section we don’t want to describe aerobic bioreactors mathematically. We
will only discuss the situations mentioned in Section 7.3 by using mass balances at
one point inside the reactor. Further conditions are:

e The concentration of bacteria inside the biofilm is locally constant.

e The substrate concentration should always be high enough and therefore has no
influence on the removal rate.

e Endogenous respiration will be neglected.

7.4.2
Mass Transfer Gas/Liquid is Rate-limiting

The mass balance for oxygen at the outer surface of the biofilm is:

’

C

kia)g (c*=¢) = Th —— = 7 7.1
(ka)c (=< oo (7.
%—J %f—)

rate of rate of

transport COI’lSllmptiOl’l
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Using the known yield coefficient:

T
S0 =— (7.2)
I

we must calculate rg to obtain r’.
In case (a), ¢’ (at the biofilm surface) may be very low compared to c* but large
compared with K’ (¢’> K’). Therefore, we can write:

(kpa)e € = T (7.3)

The oxygen consumption rate 1’ and consequently the substrate removal rate rs are
limited only by mass transfer (Fig. 7.6, curve I).

In case (b), ¢’ may be very low compared with ¢* but not large compared with K.
For oxygen balance, it follows that:

’

C

(kpa)g ¢ =1 =Thw ——
K+c

(7.4)

743
Mass Transfer Liquid/Solid is Rate-limiting

For this case, a similar solution as in Section 7.4.2 can be obtained. Instead of
(k.a)c, we only have to use (k_a), and to consider that the area a in (k. a), is now
the specific surface of the biofilm (Fig. 7.6, curve II).

7.4.4
Biological Reaction is Rate-limiting

Oxygen concentration is nearly constant in the liquid as well as insite the biofilm.
This situation will occur for very thin biofilms and very low oxygen removal rates.
For this case, the oxygen consumption rate requires Henry’s law (¢* = co,/H; see
Fig. 7.6, curve III).

e

r=1, R co
“lmax -,/ T ‘max ",
K +c* K'H+co,

(7.5)

7.4.5
Diffusion and Reaction Inside the Biofilm

In contrast to the two examples discussed above, where mass balances were written
for boundary areas, we now need to write the oxygen balance for a thin slice within
the biofilm, which is assumed to be smooth and of equal thickness. The oxygen bal-
ance is now written as a second-order differential equation (see Problem 7.2):

&’ d
0=D"% v — (7.6)
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The first part is the local change of the rate of diffusion inside a very thin plate of
thickness dz; and the second part is the rate of oxygen consumption inside this slice.

We need to integrate twice in order to calculate ¢’ = f (z), the oxygen concentra-
tion profile inside the biofilm. For each integral, one unknown constant appears
and must be determined. Thus, we need two boundary conditions for the two sides
of the film (Fig. 7.6, curve IV)

z=0, =co=c" (7.7a)
d ’

Z=1, <=0 (7.7b)
dz

Now, we will use dimensionless numbers:

s

MO'E% as the Monod number (7.8a)
C= % (7.8b)
and:
z-Z (7.8¢)
L

as well as the Damkohler-IT number (Damkohler 1937, Thiele 1939):

TmaxL® reaction rate

Da;, = =
" K’'D diffusion rate inside the biofilm

(7.9)

In literature, the name Thiele modulus =1/Da,, is more common.

Equations (7.6), (7.7a) and (7.7b) can be written using these dimensionless parameters:

0= ‘:ZCZ' ~Day - fc, (7.10)

Z-0, C'=Mo (7.11a)

z-1. 3¢ _, (7.11b)
iz

Only numerical solutions to Eqs. (7.10) and (7.11) are available. Atkinson and
Daoud (1968) were two of the first who published a solution for:

C’ =f(Z, Day, M0') (7.12)

However, these concentration profiles are of limited interest. More important is to

know the part of the biofilm which is supplied with oxygen and which is therefore

aerobically active as well as to compare this with the highest possible activity:
oxygen uptake rate Togr

= = 7.13
maximal oxygen cosumption rate 17, (7:13)

with n = efficiency coefficient.
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The oxygen uptake rate can be calculated using the oxygen concentration profile,
Eq. (7.12), and its gradient at z = 0:

i D dc’ A D dc 7.14)
tlg=—D— —= — .
& dZ z—0V L dZ z=0
where A is the film surface area and V is the film volume = AL; as well as:
Mo’
r,=r;nax—, (7'15)
1+Mo

After introducing Eqs. (7.14) and (7.15) into Eq. (7.13) and considering Egs. (7.8)
and (7.9), we obtain:

(1+Mo") dC’

L Sl 7.16
Da;; - Mo’ dZ |z-o ( )

n=
Double logarithmic plots are presented in Fig. 7.7, showing the influence of Day,
and Mo’. With increasing Da,, (reaction rate compared to diffusion rate) and de-
creasing Mo’ (dissolved oxygen concentration at boundary liquid/solid), a decreas-
ing part of the biofilm can be supplied with oxygen (Atkinson and Davies 1967;
Atkinson and Daoud 1968).

For Mo’ <1, the reaction approximates a first order reaction with:

1 dac’

P — 7.17
L Da;; - Mo dZ |z-o ( )
0.02 ]
0.01 ] | ] ] | | ] ]
06 1.0 2 6 10 20 60 100 200 500

Fig. 7.7 Diffusion and reaction inside of a plane biofilm without the
influence of mass transfer liquid/solid; Da, = r/,., L?/K’D, Mo = c*/K’
(Atkinson and Daoud 1967).



7.4 Models for Oxygen Mass Transfer Rates in Biofilm Systems

and an analytical solution exists (Damkohler 1937; Thiele 1939):

tanh Day,

= 7.18
M= " Dan (7.18)
which is not influenced by the Monod number.

7.4.6
Influence of Diffusion and Reaction Inside the Biofilm and of Mass Transfer
Liquid/Solid

The influence of an additional mass transfer resistance at the liquid/solid interface
must be considered for the case of low (k,a) values (Fig. 7.6, curve V). The required
oxygen uptake rate can only be guaranteed for sinking concentrations ¢; at z = 0.

The boundary condition, Eq. (7.7a), must be replaced by:
z=0,-D g é = (kpa). (c*—cp) (7.19)
dz lz-0 V
After consideration of Eq. (7.7b) as well as:
(kpa), L?
D

(7.20)

which is called the Biot number as a relation of:

Bi mass transfer rate liquid/solid
1=
diffusion rate inside the biofilm

then Eq. (7.19) can be rewritten in dimensionless form:
dc

Bi (MO,—C(,)) =— E Yo

(7.21)

Now, n is influenced by three numbers:
n =f(Day;, Bi, Mo (7.22)

and it is very difficult to present the field of results using only one figure. There-
fore, we will not discuss these results in detail. Notice that, with decreasing Biot
number (decreasing concentration ¢; as a result of decreasing mass transfer rate
liquid/solid), the process is controlled more and more by liquid/solid mass trans-
fer and the efficiency coefficient n decreases. Finally, the problem corresponds to
that of Section 7.4.3. Also, the problem corresponds to that of Section 7.4.5 for high
Bi numbers; and this follows from a high (k,a), and biofilm thickness L.

Results for a spherical particle filled with bacteria or enzymes were published by
Fink and Schultz (1973).
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7.4.7
Influence of Mass Transfer Rates at Gas Bubble and Biofilm Surfaces
A total specific mass transfer rate can be defined by Eq. (7.23):
Ka(c*—cp) = (kLa)g (c*=C) (7.23)
as well as by Eq. (7.24):
Ka(c*—cp) = (kpa)L (¢'—cp) (7.24)

K is the overall mass transfer coefficient.
Notice that ¢* is the concentration of oxygen at the bubble surface and ¢/, is the
concentration of oxygen at the biofilm surface.

We write:

c*=co=(c"=C) + (' =Co) (7.25)
respectively:

Acs = Ac; + Ac, (7.26)

After dividing Eq. (7.23) by Eq. (7.24) and using Eq. (7.25), we obtain:
1 1 1

— = + (7.27)
Ka (kpa)g (kpa).

- 0 -

total resistance resistance resistance

to mass transfer  at gas film at biofilm

Equation (7.27) is comparable to the addition of two electrical resistors which are
coupled in series. For a high (k_a)¢, only mass transfer liquid/solid at the biofilm
is relevant (Section 7.4.2) and vice versa (Section 7.4.3). A possible concentration
profile is presented as curve VI in Fig. 7.6.

PROBLEM 7.1

A trickling filter should be constructed for the pre-treatment of municipal
wastewater. The flow rate is Q, = 10° m* d™* and the influent concentration is
So =250 mg L'* BODs. Two different cases should be compared (see Table 7.1):

1. Intermediate loading, supporting material: rock
Load per volume B, =350 g m~ d™' BOD;
Hydraulic load W=7 m?> m>d™*

2. Super-high-rate, supporting material: plastic
Load per volume B, = 1000 g m— d™' BODs
Hydraulic load w=40 m* m>d™

Calculate volume V, cross sectional area A and height H.



Problem

Solution
S
Loading per volume: B, = Q:/ o
QoSo  10%-250
V= =———=714-10'm’
B, 350
Hydraulic loading: w= %
A=% =1.4-10*m?
w
vV 714
H=—=—-=51m
A 1.4
S
Loading per volume: B, = Q:/ o
S 10° - 250
V= Q . _25.10'm?
B, 1000
S
=%=—=25 10° m?
w
vV 25.10*
=—= =10m
A 25-10°

If this synthetic supporting material is used instead of rock, the volume of
the trickling filter can be reduced by a factor of 2.9 and the cross-sectional
area by a factor of 5.6.

PROBLEM 7.2

A biofilm of aerobic bacteria with a thickness of L = 0.2 mm has to be sup-
plied with oxygen to degrade organics in wastewater. The degradation rate is
limited by the oxygen concentration inside the biofilm and is not limited by
the organic concentration. The concentration of dissolved oxygen is ¢’=c*=3
mg L' O, and it does not decrease remarkably near the boundary liquid/
solid.

Given data:

Hmax = 10 d7, X = 10 g L™" MLSS inside the biofilm, Y%,6, = 0.5 g MLSS
(& 02)71, K'=0.1 mg L0, Do,=10"°cm? s

Calculate the efficiency coefficient n.
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Solution

Trnax L?
Dambkahler II number: Da;; = ——
Do, K

Maximum oxygen uptake rate inside the biofilm:

max X 10-10 (0]
A 200 5=
Y%/0, 0.5 Ld
200-0.04 gO, mm>sL
Day, = —
10°0.1 L-dcm’mgO,
10°
Da;=80-10° —
24 - 3600 - 102
Da;; =9300
* 3
Mo = — = — =30
K 0.1

=0.93.10*

From Fig. 7.7 for Daj; = 9300 and Mo’ = 30 we find: n = 0.08.

Therefore, only 8% of the biofilm is sufficiently supplied with oxygen and is
thus able to grow and to degrade the organics in the wastewater.
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8
Anaerobic Degradation of Organics

8.1
Catabolic Reactions — Cooperation of Different Groups of Bacteria

8.1.1
Survey

In contrast to most widely propagated aerobic degradation processes, the anaero-
bic conversion of organics down to methane and carbon dioxide is limited to the
work of three different groups of bacteria (see Table 8.1 and Fig. 8.1 in the sections
below):

1. Acidogenic bacteria produce extracellular enzymes (exoenzymes) for the hydroly-
sis of all organic solid particles and those dissolved colloids and molecules which
are too large to diffuse through cell walls and membranes. Carbonhydrates are
hydrolyzed down to mono- and disaccharides, proteins into amino acids and lip-
ids into fatty acids. These compounds are transformed to acetate and longer
chain fatty acids as well as CO, and H,.

2. Acetogenic bacteria transform lower fatty acids such as butyrate and propionate into
acetate, CO, and H,. It is of great importance that H, is oxidized by other anaero-
bic bacteria. Otherwise, propionate concentrations would continually increase.

3. Therefore, hydrogen and acetate must be utilized by methanogenic bacteria. They
exhibit two main products of catabolic metabolism. Methane is not very soluble
in water and carbon dioxide is in equilibrium with HCO;~ and CO5* as a func-
tion of pH (see Fig. 4.2). Most of the CO, and nearly all the methane produced
are desorbed, forming biogas bubbles which can be recovered for utilization.

8.1.2
Anaerobic Bacteria

8.1.2.1 Acidogenic Bacteria

The most important organics in wastewater are proteins, lipids and hydrocarbons.
All can be utilized by acidogenic bacteria, which encompass a very large group of
different, mostly facultative anaerobic bacteria.

Fundamentals of Biological Wastewater Treatment. Udo Wiesmann, In Su Choi, Eva-Maria Dombrowski
Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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170 | 8 Anaerobic Degradation of Organics

Proteins are hydrolyzed into amino acids by proteases which function as exo-en-
zymes. The amino acids can be taken up by diffusion through cell walls and mem-
branes at a relatively high rate. This process is not rate-limiting for subsequent re-
actions (Seyfried 1979). A small amount of amino acids is used directly for growth
(anabolism), while a large amount is converted to lower fatty acids, CO,, H, as well
as NH," and is excreted (catabolism).

Lipids are esters formed from glycerine, an alcohol with three valences, and fatty
acids. These have been hydrolyzed previously by lipase enzymes. Glycerine can be
partially used for anabolic reactions and is converted in part to lower alcohols
(catabolism). The fatty acids cannot be used by acidogenic bacteria and are ex-
creted.

Polymeric hydrocarbons are hydrolyzed into monomers (glucose and other sug-
ars) by most facultative anaerobic bacteria via exo-enzymes (McInerney and Bryant
1981). One part is totally used for protein synthesis and bacterial growth, while an-
other part is converted into lower fatty acids. An example is presented by Eq. (8.1),
see Fig. 8.1:

C¢H1,06 -» CH;CH,COOH + CH;COOH + CO, + H, (8.1)

This first reaction step results in a reduction of DOC (16.7%) and the formation of
CO, as well as H,. Mosey (1983) proposed a mechanism for the formation of fatty
acids from glucose (Fig. 8.2).

% Substrates and products Examples
polysaccharides
proteins
lipids

nuclein acids
hydrolysis N
acidogenic bacteria 1 CoHanOon —> & CeH1206 + NH20

monosacharids
aminoacids
lower fatty acids

m 1 1 1 CeH1206 —> CH3CH2COOH + CH;COOH

lower fatty acids
ethanol

" P-oxidation ™ ) 5 CH:CH2COOH + 2H,0
W CHsCOOH + COz + 3Hz
acetate hydrogen|
: 3a | 3b
m 3a 3b CHCOOH —> | 4Hy+CO, —>
N__methan bacteria__~ CHi*+COz CHa + 2H:0

CHs+COz2| [CH4+2H20)

Fig. 8.1 Anaerobic metabolism.
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| glucose |

2ATP

I glucose 6 - phosphate I

2ATP

| fructose 1:6-diphosphate |

I 2 x glycerinaldehyde-phosphate I

I 2 x 1:3 diphosphoglycerate I

4 ATP

2 x pyruvate I——I} 2 tyl-CoA
| Py x acety--o I Fig. 8.2 Fermentation of 1 mol
2H2 o 22 2t | AP glucose to lower fatty acids and
- the production of 1 mol ATP
2 opionat 2 tat
[ 2 x propionate | [ butyrate | |2 x acetate | (Mosey 1983).

The conversion of chemical energy into ATP during anaerobic fermentation is
very low and only 1 mol ATP per 1 mol glucose is converted for growth.

8.1.2.2 Acetogenic Bacteria

Only a part of acetate is formed directly during fermentation. Most of it is formed
by synthrophic reactions (McInerney 1999). Until now, only a few cultures have
been isolated which are capable of this.

Synthrophobacter wolinii was described by Boone and Bryant (1980) and is able to
convert propionate to acetate.

CH,CH,COO™ + 3 H,0 —» CH,COO™ + HCO3; + H" + 3 H,

AG° =76.1k] mol™ (8.2)

Synthrophomonas wolfeii was first described by McInerney et al. (1979). Butyrate is
transformed to acetate:

CH,CH,CH,COO™ +2 H,0 - 2 CH,COO + H"+ 2 H,

AG® = 48.1 k] mol™ (8.3)

In both reactions hydrogen is formed. However, problems arise at higher H, con-
centrations, as discussed in Section 8.1.3.

8.1.2.3 Methanogenic Bacteria

Lower fatty acids such as butyrate and propionate can only be mineralized if two
catabolic products of acetogenic bacteria, i.e. hydrogen and acetate, are consumed
by methanogenic bacteria.
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CH,COOH + H,0 — CH, + HCO;™ + H*
AG® = -31 k] mol™ (84)

4H, + HCO; + H* = CH, + 3 H,0
AG® = ~135.6 kJ mol™® (8-3)

The methanogens are very old microorganisms, living on earth since before the
oxygen-rich atmosphere was formed. Methanosarcina and Methanothrix are able to
grow using acetate for catabolism; and 70% of the methane formed in digestion
processes and elsewhere in nature is produced via Eq. (8.4) (Jeris and McCarty
1965). Methanosarcina spp are the most versatile methanogens producing ATP
from acetate (Eq. 8.4) and hydrogen (Eq. 8.5). Methanol and methyl amine
(Weimer and Zeikus 1978) are further intermediate products which can be bio-
degraded down to CH,, and CO.,.

Four spherical cell species of Methanosarcina barkeri often grow in a close com-
munity (Fig. 8.3a). In contrast with Methanosarcina, Methanotrix does not use H,.
It was first isolated by Zehnder et al. (1980) and is rod-shaped, similar to Methano-
bacterium bryantii (Fig. 8.3d). M. ruminantium (Fig. 8.3b) and M. bryantii (Fig. 8.3d)

c)

Fig. 8.3 Electron microscopic photographs of methanogenic bacteria.
(a) Methanosarcina barkeri; (b) Methanobacteria ruminantium,;

(c) Methanospirillum hungatii; (d) Methanobacterium bryantii

(Zehnder and Wuhrmann 1977).
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are able to produce ATP using H,/CO, and formicate HCOOH, but both do not
grow on acetate (Balch et al. 1979). H,/CO,-using Methanobacteria produce con-
siderably more ATP than bacteria using acetate. They have a correspondingly high-
er maximum growth rate.

Although only about 30% of all CH, is produced from H,/CO,, Methanobacteria
are very important for the regulation of anaerobic wastewater treatment processes.
This will be explained in the next section.

Detailed information about anaerobic bacteria has been published by Zehnder
and Wuhrmann (1977) and by Zehnder (1988).

8.13
Regulation of Acetogenics by Methanogenics

Table 8.1 presents several catabolic reactions which yield acetate and H,. First we
shall have a look at Eq. (8.2), the degradation of propionate to acetate. It is interest-
ing to note how far the concentration of hydrogen must be decreased to make the
degradation of propionate possible.

This makes it necessary to study the equilibrium of Eq. (8.2). First, we write for
the equilibrium constant:

Spe- St
- Pr~ OH,0 i (8.6)
Sac- SHcog Spye - Ch,
Table 8.1 Arrangement of some important catabolic anaerobic
reactions for oxidation (electron-donating reaction) and respiration
(electron-accepting reaction). In part from Harper and Pohland (1986)
and Pohland (1992).
Process Reaction AG°
(k) mol™)
Fermentation C¢H,,0, —» CH;CH,COOH + CH;COOH + CO, + H,
by acidogenic C¢H,,0s = CH5CH,CH,COOH +2 CO, + 2 H,
bacteria
f3-Oxidation by CH,CH,CH,COO +2H,0 - 2CH;COO +H"+2H, 48.1
acetogenic CH;CH,COO + 3 H,O0 — CH;COO + H" + HCO3 + 3 H, 76.1
bacteria CH;CH,OH + H,0 - CH;COO  + H"+ 2 H, 9.6
(synthrophic CH,;CHOH COO™ +2 H,0 — CH;COO™ + H*+ HCO; +2H, —4.2
reactions)
CH, formation HCO; +H*+4H,— CH, + 3 H,0 -135.6
by methano- CH,;COO™ + H,0 — CH, + HCO3 -31.0
genic bacteria
Further 2 CH;CHOH COO™ + SO;” — 2 CH;COO™ + 2 HCO3 + 2 H* + S*~ -1120.5
respiration CH,COO™ + SO = 2 HCO; + H* + S*~
reactions 4H,+S0 - 2H,0+S*

2NO3;+5H,+2H"—> N, +6H,0
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After introducing partial pressures for:

Ciiz = I;HTZ (8.7)
Ser St
K. = (RT) AL (8.8)
Sac SHco; Spre Pu,
SPr’
K. = (RT)*k . (8.9)
Sac SHCO; Sy Pw,
where R is the ideal gas constant and:
k=S%ho (8.10)
The equilibrium constant is a function of the free enthalpies of reaction:
(AG°-AG)
Ko=exp |- — 8.11
Xp ( _T (8-11)

where AG is the free enthalpy of reaction and AG® is the standard free enthalpy for
T=0K.

From Egs. (8.9) and (8.10), it follows that:
AG =AG°+RT(3InRT +Ink + InSp,- —InSac- —InSyico; —In Sy — 3Inpyy,) (8.12)

For given values of Sp.-, Sac-, Stico;, PH and T, the reaction enthalpy can be calcu-
lated as a function of py, (McInerney and Bryant 1981; Pohland 1992; McInerney
1999). Curve 1 in Fig. 8.4 presents some results.

bar 2 butyrate . 3 ethanol

N\

2 e

1 propionate

AN

4 methane

-4 4
log pyy
-6
-8
10 . : . . . .
80 40 ) 40 -80 120 160
-1
AG kJ mol

Fig. 8.4 Influence of hydrogen partial pressure py, on free enthalpy AG
for anaerobic degradation of propionate (curve 1), butyrate (curve 2),
ethanol (curve 3) and for CH,-formation from H, (curve 4). Curve 1 is
calculated from Eq. (8.12) using Sp~=1 mmol L', Sx-=1 mmol L™,
Stico; = 50 mmol L7, pH 7, T = 25°C (Mclnerney and Bryant 1981).



8.1 Catabolic Reactions — Cooperation of Different Groups of Bacteria

Only at partial pressures py;,<10 Pa or pyy, <107 bar is AG negative at the given
conditions and the equilibrium constant K, increases, resulting in a higher rate of
propionate conversion. Compared with that, for p;;,>10 Pa or pyy, > 107 bar AG is
positive, K. decreases and the propionate concentration increases. But there is an
important catabolic reaction utilized by some methanogenic bacteria which pro-
duces CH, from H, (see Eq. 8.5).

This cooperation of acetogenic bacteria which produces H, from butyrate and
propionate (Egs. 8.2 and 8.3), but which is not able to transfer hydrogen to other
B-oxidation products and methanogenics using H, is called B-oxidation (Stronach
et al. 1986).

If the thermodynamic equilibrium is calculated using the same method as de-
scribed above, a straight line with a positive slope follows, resulting from the neg-
ative free enthalpy AG® = -135.6 k] mol™" (Fig. 8.4, curve 2).

For py, = 2 - 107° bar, the difference of reaction enthalpies is nearly zero. Meth-
ane cannot be produced via the reaction in Eq. (8.5) and py, must increase. The re-
action can only “move along the two sides of the triangle” formed by curves 1, 4
and the vertical line for AG = 0. But for other T, pH and concentrations of propion-
ate, acetate and CO,, the triangle with the two paths of reaction is moved somewhat
and a somewhat higher or lower py;, must be reached.

Following the same thermodynamic consideration, curve 2 can be obtained for
butyrate and curve 3 for ethanol. For given conditions (not shown here) AG is al-
ready negative for py,=107" bar (ethanol) and py;, =107 bar (butyrate). The fer-
mentation of butyrate or ethanol, in each case by a pure culture, is inhibited by
higher partial pressures of H,. However, for experiments with mixed cultures the
lowest value of py;,=10"* bar is crucial for the whole process. In nature this prob-
lem was solved billions of years ago by forming communities which included me-
thanogenic bacteria able to use H, and acetate.

8.1.4
Sulfate and Nitrate Reduction

Sulfate-reducing bacteria of the genera Desulfovibrio and Desulfotomaculum grow in
anaerobically treated wastewater that contains sulfate (Zeikus 1979). Several organ-
ic compounds can be mineralized or partly used with lactate, i.e. Desulfovibrio de-
sulfuricans (Gottschalk 1986; Yoo 2000):

2 CH;CHOHCOO™ + SO;” — 2 CH;COO™ + 2 HCO3 + 2 H" + §* (8.13)
and acetate by Desulfobacter postgateii (Widdel and Pfennig 1981):
CH,COO™ + SO — 2 HCO;5 + H" + §*~ (8.14)

Beside these chemoorganoheterotrophic sulfate reducers even chemolitho-auto-
trophics have been isolated (Brandis and Thauer 1981; Nethe-Jaenchen and
Thauer 1984):

4H,+S02 > 4H,0 +S* (8.15)

175



176

8 Anaerobic Degradation of Organics

Depending on the pH, the sulfur exists mainly in the form of S*>~ (high pH) or H,S
(low pH):

S* +H'e HS (8.16)
HS™ + H* 2 H,S (8.17)

The formation of H,S is a serious problem because of its corrosive effects and its
smell. Therefore, it must be separated from biogas, e.g. by reaction with iron
sharings. Another disadvantage of sulfate reduction is the consumption of acetate
(Eq. 8.14) and hydrogen (Eq. 8.15). Via these reactions, sulfate-reducing and some
denitrifying bacteria compete with the methanogenic bacteria for hydrogen:

2NO3+5H, > N,+20H +4H,0 (8.18)

and the CH, content of the biogas is reduced.

8.2
Kinetics — Models and Coefficients

8.2.1
Preface

We must distinguish between the hydrolysis of solids and that of dissolved organ-
ics. The anaerobic treatment process of solids and sludge stabilization are fre-
quently used in municipal WWTPs in order to obtain residual solids which cannot
be utilized further by microorganisms as their carbon and energy source. Itis to a
large extent odorless and can be dewatered easily. About 25-30% of dry mass is
converted thereby into sludge gas containing CH,. Therefore, it can be used as a
form of gaseous energy. This process will not be discussed here in detail.

The hydrolysis of dissolved organics is the first step of anaerobic wastewater
treatment. Higher-loaded wastewater, such as that generated by breverage and
food industries, offers the possibility to separate, concentrate and recycle the anaer-
obic bacteria from the treated wastewater or to immobilize the bacteria on solid
support materials (Section 8.4). The efficiency of these processes can be increased
and the processes can be optimized considerably. Micro- and macrokinetics are the
foundation of process construction and control. In the next section we will discuss
the present knowledge of anaerobic microkinetics.

822
Hydrolysis and Formation of Lower Fatty Acids by Acidogenic Bacteria

The formation rate of amino acids from proteins, glycerine and fatty acids from
lipids and monosaccharides from higher hydrocarbons depends on:

e the mole mass of polymers,
their stability during hydrolysis,
the portion of colloids,

e the concentration of enzymes.
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Normally, a high enzyme concentration is assumed in relation to the total amount
of substrates, measured as COD or DOC, resulting in a first-order reaction with re-
gard to substrate concentration:

r,; = kS mg (L)™' COD (8.19)

where ky; is the rate coefficient (h™") and S is the polymer concentration (mg L™
COD).

For most types of wastewater, hydrolysis and the formation of lower fatty acids
by acidogenic bacteria are not rate-limiting for the total process. This follows from
kinetic studies of hydrolysis of polymers and glucose fermentation to lower fatty
acids (Table 8.2).

A relatively high amount of energy can be supplied for ATP production and an-
abolism. A yield coefficient Yy s = 0.162-0.310 g MLSS (g COD)™" has been meas-
ured. The mean value of Y, = 0.236 is about 50% of that for the aerobic mineral-
ization of glucose. The influence of the glucose concentration on the growth rate is
described by Monod kinetics:

S
I = Pmax X . kaX (8.20)

Ks+
with P., = 10.9-64.8 d*

Values of Kg = 24.1 mg L' COD and 73.4 mg L' COD were obtained for the satu-
ration coefficient, which points to the useable range of substrate limitation. Only
one K value is very high and could be confirmed by other measurements. These
degradation reactions of hydrolysis products (i.e. glucose) to butyrate and propion-
ate are called fermentation. These coefficients and others from the literature are
compiled in Table 8.2.

8.2.3
Transformation of Lower Fatty Acids by Acetogenic Bacteria

In order to study the formation of acetate from butyrate and propionate by aceto-
genic bacteria, it is necessary to reduce the partial pressure of H, down to pyy, =
107 bar (butyrate) or between 10~ bar and 2 - 107° bar (propionate; Fig. 8.4). It is
useful to investigate the growth of Synthrophobacter wolinis on n-butyrate (Eq. 8.2)
or the growth of Synthrophomonas wolfeii on propionate (Eq. 8.3) in mixed culture
with methanogenic bacteria, as they reduce the py, (Eq. 8.5) and the acetate con-
centration (Eq. 8.4). The removal of acetate is absolutely necessary to prevent prod-
uct inhibition. Two results of butyrate transformation to acetate in experiments are
presented in Table 8.2. The yield coefficient Yy s = 0.0094 ... 0.022 = 0.014 g MLSS
(g COD)™" and the maximum specific growth rate p,., = 0.17 ... 0.39 = 0.28 d" are
considerably lower than those of acidogenic bacteria: the pi,,.. is lower by a factor
of about 100 and Yg,s by a factor of about 15. From these values, the following spe-
cific maximal substrate removal rates are obtained for butyrate:

Is/X = inae/Yas = 0.28/0.014 = 20 g COD (g MLSS - d)~
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Table 8.2 Fermentation, 3-oxidation and methanization — stoichiometric and kinetic coefficients.

Bacterial substrate Ref. Reactor T
(pH) () Ysus”  Hma? Ks?  Keu® Kin® kg”
Fermentation of glucose ~ Ghosh and Chemostat 35 0.162 30.1 24.1 1.06
to lower fatty acids by Pohland
acidogenics (1974)
Massey and Chemostat 35 031 648 2583 1.56
Pohland
(1978)
Hanaki et al. Chemostat 35 0.212 109 734 4.13
(1985)
B-Oxidation of n-Butyrate Lawrence and  Chemostat 35  0.0094 0.39 483 0.027
McCarty (1969) (pH 7.0)
Chang (1982)  Batch 350022 017 470 0.005
B-Oxidation of propionate Andrews (1969) Chemostat 38 0.05 0.4 3 60
to acetate and H, by (pH 7.0)
acetogenics
Lawrence and  Chemostat 35 0.4 0.36
McCarty (1969) (pH 7.0)
Gujer and Chemostat 33 0.025 0.155 248
Zehnder (1983) (pH 7.0)
Methanization from H, Shea et al. Chemostat 37 0.043 1.06 5561 0.009
(1968) pH 7.8)
Zehnder and ~ Chemostat 33 1.4
Wuhrmann (pH 7.0)
(1977)
Bryer (1985) 55 0.038 14 375 0.1
Methanization from Graef'and Chemostat 38  0.057 0.4 213 427
acetate Andrews (1973) (pH 7.0)
Carr and 35 0.027 0.11 1.15 35.6 0.006
O’Donell
(1977)
Bolle et al. Chemostat 35 0.037 0.038 2.1 16.9 0.0036
(1986) (pH 7.0)

¥ g MLSS (g COD) ™, ™ d,

9 mg L' COD, ¥ mg L' COD,

9 mg L' COD, 9 pmol L.
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and for propionate:
rs/X = 0.0028/0.001 = 2.8 g COD (g MLSS) ™"

if the results of three studies are considered (Table 8.2). The maximum specific re-
moval rate of propionate is lower than that of butyrate nearly by a factor of 7. But
in reality, the reaction in Eq. (8.2) is very sensitive to the following influences:

¢ As mentioned in Section 8.13, py;, must be reduced by methanogenic bacteria
down to 107* bar.

e The conversion of propionate to acetate can be inhibited by higher concentra-
tions of non-ionized propionate Sy;p,. As shown by several authors, the influence
of Sup, on the specific growth rate can be described by Haldane kinetics (An-
drews 1969; Attal et al. 1988; Fukuzaki et al. 1990):

SHPr
Ksi+ Spip, + SIZ—IPr/KiH

B = P (8.21)

e In addition to Sy;p,, the concentration of non-ionized acetate Sy ¢ influences p
by non-competitive inhibition (Mosey 1983; Denac 1986; Fukuzaki et al. 1990;
Kus 1993):

Stipr Kirr

Ksp+Spp,+ SIZ—[Pr/KiI—[ . Kig+Spac

B = Pmax (8.22)
Therefore, the formation of methane from H, and acetate should not be disturbed.
Otherwise, propionate and butyrate cannot be biodegraded.

8.2.4
Transformation of Acetate and Hydrogen into Methane

As described by Fig. 8.4, the hydrogen partial pressure must be reduced down to
P, <107 bar by Methanosarcina and Methanobacterium to enable conversion of
propionate to acetate (see Section 8.1.3). The specific growth rate was described us-
ing Monod kinetics (Table 8.2). If the rate of H, oxidation is measured as COD, the
mean specific removal rate follows as:

I5/X = Himax/Ya/s = 32.5 g COD (g MLSS d)™*

with mean values of fi,,,., = 1.3 d™" and Yy s = 0.04 g MLSS (g COD)™". This specif-
ic rate is higher than that of propionate degradation (see Section 8.2.3). If there are
no toxic effects from heavy metal ions, these bacteria grow rapidly and propionate
degradation is not inhibited by higher py,,.

Methane formation from acetate by Methanosarcina and Methanotrix (Eq. 8.4) is
a much slower reaction. From three studies (Table 8.2), a mean specific removal
rate can be calculated as:

Is/X = Pmax/ Y%/s =4.9 g COD (g MLSS d)™*
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With fax = 0.18 d7" and Yx,s = 0.037 g MLSS (g COD)™". This is low compared to
acetate formation from propionate. Therefore, it is the most important step of an-
aerobic digestion and is more frequently studied. All authors mentioned in Ta-
ble 8.2 considered Haldane kinetics with non-ionized acetate as the substrate:

SHAC

Ksi+Spac+ SIZ—IAC/KiH

B = o (8.23)
The frequently observed disruption of digestion processes with sinking pH and en-
richment of lower fatty acids can be explained in part by substrate inhibition. As
shown in Eq. (8.22), some authors observed an inhibition of methane formation by
propionate described as a non-competitive inhibition.

Because we have to distinguish three totally different groups of anaerobic bacte-
ria, we actually have to measure the concentration of these groups X. This is very
difficult and often not realized although it is a requirement for correct determina-
tions of P, values. Normally, the unit g L™ MLSS or MLVSS (mixed liquid volu-
tile suspended solids) is used (Table 2.6).

8.2.5
Conclusions

The anaerobic degradation of organics is a rather complicated process. Even if we
only wish to discuss the digestion of glucose, we must take into account three dif-
ferent groups of bacteria. It is not easy to separate them and, in the case of conver-
sion of propionate to acetate and hydrogen, the acetogenic and methanogenic bac-
teria are dependant upon each other. Although it is important to know the value of
X, the bacterial concentration responsible for one interesting catabolic reaction,
measurements are frequently impossible and X must be obtained by calculations
using mass balances.

In many studies the concentrations:
SAc = SHAC + SAC’ and SPr = SHPr + SPr’

are used in Monod or Haldane kinetics instead of cjya. and cyp, in recent publica-
tions.

Let us write:
Sac Stiac
Homax m ~ Hona Ksu+ SHA:I:SIZ—IAC/KiH (824
and CH;COOH < CH;COO™ + H*
Then, respectively:
K o Sac Sue (8.25)

SHA«:
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as well as:
Sac=Sac-+ Shac (8.26)
and:
SAC
Shac= ——— 8.27
HACT 14K 10°H (8.27)

After introducing Eq. (8.27) into Eq. (8.24), we obtain:

Ks
Ksu= 1+K 1077 (8.28)
and:
K;
K = Tom (8:29)

Note that, in contrast to Kg and K;, Ky and Kjy; are not functions of pH, because of
Eq. (8.25), which yields:

S Ac”

T Spn- 10°1

(8.30)

The next important point is to calculate how much methane is produced if 1 mol
CH;COOH or 1 mol C¢H,,0, is degraded anaerobically. We can compare both
substrates according to their COD. Let us start with CH,;COOH.

For chemical oxidation of CH;COOH we write:
CH;COOH +2 0, —-2CO,+2H,0

and therefore 1 mol CH;COOH needs 2 mol O,; or 60 g HAc give 64 g COD.

Methane production from CH;COOH can be calculated using:
CH,;COOH — CH, + CO,
giving a yield coefficient of:

fep, 1molCH, 224 Nm?® CH
You1,miac = — = * 22T T 2 035 Nm?® (kg COD) ! (8.31)
Tmac 1molHAc 64 kg COD

Now we calculate the yield of CH, from glucose: for the chemical oxidation of
C¢H,,O0,, it follows that:

CsH 1,06+ 6 O, = 6 CO, + 6 H,0

Therefore, 1 mol C4H,,04 needs 6 mol O,; or 180 g C4H,,05 is equivalent to 192 g
COD.
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Methane production from C¢H;,0, can be calculated by summarizing Egs. (8.1),
(8.2), (8.4) and (8.5)

C¢H1,06 — 3 CH, + 3 CO,
giving a yield coefficient of:

ten, 3molCH, 224 Nm?CH,
ve _Tens _ _ 8.32
CHa/Calha0e =y, 1 mol 64 kg-COD (832)

=0.35 Nm® CH, (kg COD)™*

Conclusion: from wastewater loaded with hydrocarbons (CH,0) and a given reac-
tion rate of kg COD (m’ d)™*, which can be mineralized by anaerobic processes (di-
gestion), the maximum rate of methane production can be calculated using
Eq. (8.31):

ren, = 0.35 reop Nm® CH, (kg COD)™!

regardless of whether polysaccharides, monosaccharides or acetate are present in
the wastewater.

8.3
Catabolism and Anabolism

The catabolic conversion of acetate into CH, and CO, (Eq. 8.4) is a very simple re-
action. We will use the method realized by methanogenic Methanotrix bacteria as
an example for the evaluation of the stoichiometric equation describing catabolism
and anabolism.

Starting from a general form considering only carbon, hydrogen and oxygen as
elements of bacterial mass, we do not need to add nutrients and we can write:

CHs1Oso = Yx-c/s-cCHp1Ogo + Yei,-c/s-cCH4 +

8.33
Y?:oz—C/s—ccoz + Y?,0-1/5-cH20 ( )

Note that the substrate molecule and the “bacteria molecule” are each standardized
relative to one carbon atom, resulting in the yield coefficients, three of which can
be measured:

ve _ C for growth
XC/SC T C of total substrate removal
ve B C for CH, formation
CHeCSC ™ of total substrate removal
. C for CO, formation
YCOz—C/SC =

C of total substrate removal
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According to these formulas, the content of hydrogen and oxygen in the substrate
molecule and the “bacteria molecule” are given by SH and SO as well as BH and
BO, respectively. Now, we already know that we will obtain three mass balances for
the three elements C, H and O. Therefore, we can calculate only three of the four
yield coefficients. In order to complete the stoichiometric equations describing
catabolism and anabolism, one of the four yield coefficients must be measured
(however, see Section 4.2.1).

Let us use acetate as the substrate with CH,O (CH;COOH, written as C,H,O,
and divided by two, gives CH,0) and CH, 3O, s as a mean composition for the bac-
terial mass. Instead of Eq. (8.33), we now write:

CH,0 — Y?{C/SCCHLSOO.S + YOCH4—C/SCCH4 +

Y20,-¢/scCO + Yi,0-11;5scH20 (8:34)

The balances for each of the three elements are:
C balance: 1 =Y%¢/sc + Yeu,c/sc + Yoo, c/sc (8.35)
H balance: 2 =1.8 Yy¢/sc + 4 Y2, c/sc + 2 Yoo 1/sc (8.36)
O balance: 1=0.5 Yg¢/sc + 2 Y20, ¢/sc + Yoo r1/sc (8.37)

From these three balances, three of the four yield coefficients can be calculated. To
find the stoichiometry of Eq. (8.34), one of these yields must be measurable. Let us
assume that we measure Y2y, ¢/s ¢ and we obtain:

Y(()IH4—C/SC = 0.48 mol CH4 (mol C)71

Remember that, for catabolism alone, we would write Y2u, ¢;sc = 0.5 and
Y20, ¢/sc = 0.5. The solution of the three balances gives:

1-2 Y(():H4—C/SC

3 = 0.03 mol X-C (mol S-C)™

Y§<C/sc

Yo, ¢/sc =0.167 + 0.67 Y&, ¢/sc = 0.49 mol CO, (mol S-C)*
Y21,0-11/sc = 0.01 mol H,O—H (mol S-C)*

The reaction describing the elements used for anabolism and catabolism is ob-
tained after multiplying by a factor of two, considering the 2 C atoms in one acetate
molecule:

CH,;COOH — 0.060 CH, 30,5 + 0.96 CH, + 0.98 CO, + 0.026 H,0 (8.38)

Only 3% of the acetate carbon is used for growth!
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8.4
High-rate Processes

8.4.1
Introduction

Compared with anaerobic sludge treatment, anaerobic wastewater treatment al-
lows us to increase the concentration of bacteria remarkably, resulting in an in-
crease in reaction rate (high-rate processes). Three different mechanisms are effec-
tive at increasing the bacterial concentration:

e Sedimentation of floc-forming bacteria and recycling of the thickened sludge
into the bioreactor.

¢ Sedimentation and suspension of particles formed from bacteria and minerals
inside the bioreactor.

o Immobilizing the bacteria at the surface of either fixed or suspended solid mate-
rials, as well as at rotating solid plates.

Comparing the specific maximum removal rate:

Tsmax pmax

X X/s

(8.39)

for an aerobic and an anaerobic process (degradation of acetate by methanogenic
bacteria) and using mean values for .. and Yg,s from Table 6.2 (aerobic bacteria)
and Table 8.2 (methanogenic bacteria) for unlimited substrate removal, we obtain
for aerobics:

Tsmax pmax

X Yy

12
= 5 =208 COD (gMLSS d)”

and for anaerobics:

Tsmax pmax 0'2 -1
- - —~ _5gCOD (g MLSS d)
X Y%s 004

This real difference of only a factor of four is remarkably low because:

o The higher sludge density results in a higher bacterial concentration inside an-
aerobic reactors.

o There is less influence from mass transfer and diffusion than in aerobic aerated
reactors, which can be limited by low dissolved oxygen levels.

Some effective and economical high-rate anaerobic treatment processes which
take advantage of these benefits have gone into operation over recent decades
(Dauber 1993).

In all these high-rate processes, the temperature is increased to about 35°C. It is
therefore absolutely necessary to construct the bioreactor with a thermal insulation
and a preheating system for the inflowing and recycled wastewater and the settled
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sludge, especially in northern climates. The biogas produced should be used near-
ly completely and only a very low amount should be burned off in a bypass flame.

The lowest substrate concentrations which can be reduced anaerobically in an
economical way are about S, = 2000-3000 mg L™ COD.

About 80-90% of the BOD; can be removed:
So—S1

- 100 =80 -90%

(o]
If it is intended to discharge the treated water into surface water, it must be treat-
ed aerobically in a second stage to adhere to local legislation.

8.4.2
Contact Processes

In the anaerobic contact process, the higher bacterial concentration is most often
obtained in an incompletely mixed tank reactor (suspended growth) as a result of
recycling sludge after settling in a sedimentation tank (Fig. 8.5), similar to an acti-
vated sludge reactor.

The reactor is mixed using:

e stirrers,

e the distribution of recycled external wastewater near the reactor bottom,
e the recycling of compressed biogas (not presented in Fig. 8.5).

In some reactors, two or three of these mixing processes are applied. Nevertheless,
the case of nearly ideal mixing is rarely obtainable. It is absolutely necessary to in-
stall a system for degasifying the mixed liquor, i.e. the treated wastewater, sus-
pended bacterial flocs and gas bubbles, before sedimentation. Several methods are
available. In most degasifying systems, the water flows through tanks kept under a
partial vacuum. In addition, the mass transfer rate and the gas/liquid interfacial
surface are increased by the use of rotating stirrers or the formation of falling
drops or trickling films. Temperatures fall during the degasification, resulting in
lower CH, and CO, production rates and higher saturation concentrations of both
gases. This significantly reduces the amount of gas bubbles which form during
sedimentation.

gas

v

mixing point M

Qo, So !Qm, Sml. I Qm,S Qe, Xe, Se
——»
Xo=04 Xm X settler

heater
H degassifier
reactor

QR, XR, Se

Fig. 8.5 Contact process.
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An anaerobic wastewater treatment process can be calculated easily if the follow-
ing conditions are met:

e The process is controlled by acetate degradation.

e Itis a steady-state process.

The reactor is completely mixed.

The surplus bacteria are removed with the overflow.
Bacterial decay is neglected.

We want to estimate the acetate concentration S. depending on the mean hydraul-
ic retention time tg. Looking at Fig. 8.5, we write the bacterial balance for the reac-
tor:

0=Qu (Xu—-X)+pXV (8.40)

For the bacterial concentration at mixing point M, we obtain:

ng
Xy = Xz (8.41)
1+ng
with:
Qr .
ng = — as the sludge recycle ratio (6.39)

()

The concentration of bacteria in the recycled sludge Xy must be calculated from
the balance of a settler:

(Qo + Qr) X = QoXe + QrXr (8.42)

with Qo X. as the overflow mass flow rate and Qg Xg as the mass flow rate of recy-
cled sludge.

It is useful to define B, the separation coefficient of the settler:

(Qo+Qr) X-QoX.

P e ox -
and considering Eq. (6.39):
B (1+ng) X-X, (8.44)
(1+ng) X

then, respectively:
X, =X (1-P) (1+ng) (8.45)
which is introduced into Eq. (8.43):

1+ng

Xz = XB (8.46)

ng
Eq. (8.47) in Eq. (8.41) gives:
Xu=PpX (8.47)
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introducing this into the balance of the reactor (Eq. 8.40) and considering
Qu = Qo + Qg, We can write:

0=(1+ng) (B-1)+pte (8.48)

Using Monod kinetics:

S

=y ——— 6.1
p=p Ks+S 6

The acetate concentration in the effluent is represented by:

Ks(1-B) (1+ng)

S. = (8.49)
}lmaxtR_(l_ﬁ) (1 +nR)
and the critical mean retention time follows for S, = S:
1-B)(1 Ks+S
te = LB (1 mR) (Ks+So) (8.50)

Hemax So
For B =0, ng =0, So> K, we obtain the simple solution valid for a chemostat:
1
Hmax

tre = (6.26)
In large-scale contact reactors, the mixing energy is not sufficient to realize locally
constant conditions (concentrations, temperature, pH), which means that consid-
erable discrepancies exist between theory and practice. Nevertheless, the influence
of tg, p and ng can be discussed fundamentally and can often be compared success-
fully with operational data.

Two-stage anaerobic contact processes can be advantageous, with a first stage
predominately for the formation of lower fatty acids at a lower pH 5.5-6.5 and a
second stage predominately for the methanization process at a higher pH 6.5-7.5.
Because of the higher yield coefficient of acidogenic bacteria (Table 8.2; Yg /s =
0.23 g MLSS (g COD)™") compared with that of methanization (Y% = 0.04 g MLSS
(g COD)™") and the higher reaction rate in the first stage, sludge concentrations are
frequently high enough and must not be increased by sedimentation and sludge
recycle.

In all systems described below, the bacteria are retained directly inside the reac-
tor.

843
Upflow Anaerobic Sludge Blanket

In the upflow anaerobic sludge blanket (UASB) type of reactor, the gas/solid/liquid
separation system is integrated into the vessel (Fig. 8.6).

This reactor can only be used if large, dense, readily settleable particles are
formed — a granular sludge which allows high concentrations of suspended solids
between 20 g L™ MLSS and 30 g L' MLSS (Lettinga and Hueshoff 1991, 1992).
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Fig. 8.6 Upflow anaerobic sludge blanket.

The influent wastewater is distributed at the bottom by a system of tubes which
provides a flow through a blanket of granular sludge. Inside these porous particles,
fatty acids and biogas are formed. The reaction rate of the process is controlled by
diffusion, convection and reaction inside the pores. Ascending biogas bubbles
keep the particles partially fluidized. Depending on the kind of wastewater, the
sludge tends to be more or less flocculating, which determines how well it is sus-
pended in the fluidized sludge (Fig. 8.6). At the top of the UASB, the gas bubbles
are separated from the water in hoods and the rising flocs which show a lower set-
tling rate are carried up by the gas/liquid flow. Gas is collected in the hoods and re-
moved. Liquid/solid separation takes place in the settler section. The treated water
flows over weirs while discharging into a wastewater canal system for further treat-
ment either together with municipal wastewater or directly by subsequent dedicat-
ed processes, such as aerobic purification. The mass of flocculent and granular
sludge must be controlled by siphoning off excess sludge. Depending on the
wastewater, hydraulic retention times of tz = 0.2-2.0 d are typical for a load of
By =2-25kg COD m™> d " (Grady et al. 1999).

8.4.4
Anaerobic Fixed Bed Reactor

A fixed bed reactor is filled with solid media to facilitate the formation of biofilms
with anaerobic bacteria. Frequently, the synthetic media used are the same as
those in trickling filters (Fig. 8.7a; Young 1991) or, alternatively, they are porous
polyurethane particles with a diameter between 0.3 cm and 1.0 cm and are used
with inner surfaces for bacteria immobilization (Fig. 8.7b; Spiefs 1991; Kus 1993).

Examples of such support materials are shown in Fig. 8.7. The surface area for
bacterial growth is about 100 m? m~ with a void volume fraction of 90-95% (Grady
et al. 1999). The formation of biofilms and the two-phase flow must facilitate
liquid/gas separation and must avoid blockage by thick biofilms or large suspend-
ed sludge particles. For these reasons, the wastewater is recycled to increase the
flow rate and shear stress inside the fixed bed (Fig. 8.8a).
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Fig. 8.7 Media for immobilization of anaerobic bacteria.
(a) Non-porous synthetic media (Young 1991).
(b) Immobilized bacteria on porous polyurethane particle.

Excess sludge is normally rinsed out with the effluent. If blockages occur, the
flow rate of the recycle flow must be increased temporarily.

In some cases, the advantages of the UASB and the fixed bed reactor — the estab-
lishment of high bacteria concentrations by granular particles and the formation of
biofilms near the effluent to reduce the loss of bacteria — are combined (Fig. 8.8b).

gas gas
effluent efﬂuetnt
i media
recycle media recycle flocs
7 granules
influent AEEA R F influent XXX
a) b)

Fig. 8.8 Anaerobic fixed bed reactor (a), Hybrid USAB (b).
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On the top of an UASB, a fixed bed reactor with a relatively short bed of synthetic
media is installed (hybrid UASB).

8.4.5
Anaerobic Rotating Disc Reactor

Anaerobic rotating disc reactors (RDR) are characterized by a horizontal wheel
that, on a technical scale, can have a diameter of up to 2 m and a length of about
5 m (Fig. 8.9). With a plate spacing of 5 cm, about 100 plates can be installed, giv-
ing a total surface area of about 630 m”.

An anaerobic RDR has a double wall for heating and temperature control, has a
closed top and is combined with a gas collection system. The plates are completely
submerged in the wastewater. Surplus sludge is collected at the bottom and must
be removed periodically. The discs rotate with a speed of 0.5-2.0 min™".

Several authors have published results obtained by laboratory-, pilot- and large-
scale studies (Tait and Friedman 1980; Laquidara et al. 1986; Ware and Pescod
1989; Ware et al. 1990; Breithaupt 1997; Breithaupt and Wiesmann 1998).

Breithaupt (1997) used plates with a covering made from a synthetic structural
material which made it possible to form biofilms with a higher area and thickness.
In these anaerobic RDR both a high total COD removal and a high COD removal
rate could be realized for wastewater with high acetate concentrations.

The reactor is not completely mixed: the concentration of immobilized bacteria
increases in the first 25% of the total length up to 10 g L* MLSS and decreases in
the last 75% down to 2.5 g L™ MLSS. The pH increases due to the methanization
of acetate. Using an acetate balance and considering axial dispersion, Haldane ki-
netics and the influence of locally changing pH, mathematical models were used
to calculate the acetate concentration profile (Breithaupt 1997).

Anaerobic RDRs are particularly suitable for moderate amounts of highly loaded
wastewater. Low amounts of <10 m> d™' wastewater are more appropriate for aero-

structure material
heating water heating water

double wall * plates with textile + effluent

Fig. 8.9 Anaerobic rotating disc reactor (Breithaupt 1997).
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bic treatment; and high amounts of >10* m?> d' should be treated by using one of
the other anaerobic processes described above.

8.4.6
Anaerobic Expanded and Fluidized Bed Reactors

In both systems, small particles are used as carriers for biofilms (bioparticles).
Frequently, silica sand with a diameter of 0.2-0.5 mm and a specific density of
2.65 g cm™ or activated carbon particles with somewhat higher diameters and a
lower density are used. The upward flow rate must be high enough to expand the
bed and the wastewater must be recycled at a much higher rate than in fixed bed
reactors (Fig. 8.10).

Expanded beds are expanded by 15-30% and fluidized beds by 30-300%, relative
to the volume at rest. Because of the very high surface area of the biofilms
(9000-11000 m> m™), their low thickness and the high mass transfer rate in the
mobile bed, the biogas production rate is very high and the mean retention time of
the wastewater is often only about 6 h and sometimes remarkably lower.

High biomass concentrations of 15-35 g L™* MLSS are possible, similar to those
achieved with the UASB process (Hall 1992), but the load rates achieved of more
than 20 kg COD m™ d™* can be significantly higher than that of the UASB process
(2-25kg COD m™ d™'; Grady et al. 1999) because of the reduced limitation of mass
transfer by diffusion and convection. The upper segment of the reactors above the
expanded and fluidized beds serves to separate the gas bubbles from the water
(which is recycled to a large degree) and from the bacterial flocs which have
sheared off the biofilms.

In recent times, new anaerobic systems have been investigated and proposed for
technical use which are equipped with integrated membranes for retaining and in-
creasing the amount of bacteria.

gas
gas A A ﬂe;nt
effluent N 7
Jszpa;sion expansion

recycle bioparticles ' recycle

influenty  IAFAAAA influent v IFFFEF

a) b)

Fig. 8.10 Anaerobic expanded and fluidized bed reactors: (a) expanded bed, (b) fluidized bed
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PROBLEM

An industrial wastewater with a substrate concentration of S, = 2000 mg L™
DOC = 5000 mg L' COD and a flow rate of Q, = 1000 m* d™" is to be treated
anaerobically by a one-stage contact process at steady state for a temperature
of 35°C, with a removal efficiency of 90% and a concentration of X =1 g L™
MLSS methanogenic bacteria. The wastewater is free of SO3~ and NO3. The
reaction is neither limited nor inhibited by low or high concentrations of
acetate.

Given coefficients:

Pmayx = 0.18 d™*
Y25 = 0.037 g MLSS (g COD)™

Calculate:
1. The necessary volume of the bioreactor V.
2. The volume of methane produced daily rcyy, Vin Nm? d™.

Solution

1. First we have to balance the substrate. As demonstrated in Section 8.2.4,
the organics and the CO, formed are all converted into acetate. Although
intermediate compounds are formed by other bacteria, they do not reduce
the COD or DOC.

pmaxX -V
0=Q¢(So—S) - —

(o]
X/S

v Q(o=8) Yo _10°-45-10°0037 o,
Honax X 0.18-1

2. As demonstrated in Section 8.25, the yield is:
Y2i1,s = 0.35 Nm® CH, (kg COD)™"
or: ey, = 0.35 rs Nm?* CH,, (kg COD)™

Qo(So=S)  10°-4.5-10°

dm?)™ =4.86 kg COD (m?d)™
v 975 g (dm”) g ( )

Yg=

fen, = 0.35-4.86 Nm® CH, (m® d)™ = 1.70 Nm® CH, (m* d)™*

fepsa - V=925-170=1.572 Nm>d™"
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9
Biodegradation of Special Organic Compounds

9.1
Introduction

Until today, industrial effluents loaded with particular organic compounds, which
are difficult to biodegrade, have frequently been mixed with other effluents and
“treated” together in WWTPs. Over time, the disadvantages of this technology have
become obvious:

e The chemical oxygen demand (COD) of the effluent is considerably higher than
legal limits, resulting in high discharge fees or the requirement to supplement
the process with activated carbon treatment.

o Stripping of a part of the organic volatile compounds leads to air pollution prob-
lems and the necessity to cover the aerated basins and to treat the waste air.

e Certain effluents are only diluted, such as those from chemical plants with a
high concentration of non-biodegradable compounds.

o Effluents containing toxic compounds reduce the removal rate in activated
sludge plants.

e Endocrine-disrupting compounds discharged into wastewater can pass through
WWTPs and enter aquatic environments.

Many more reasons can be cited for the need to turn away from end-of-the-pipe
technology. New approaches are necessary, especially when new production units
are to be constructed or old units have to be modernized. Furthermore, local cir-
cumstances have to be taken into consideration. In industrialized countries, a large
percentage of industrial effluent is discharged into municipal WWTPs. But a sig-
nificant number of large cities around the world do not have any municipal
WWTP, so that industrial wastewater treatment is absolutely necessary to protect
ground water reservoirs and to guarantee a minimum quality of raw water for the
production of clean drinking water. Since clean water is also an essential raw ma-
terial for industry and agriculture, many national economies will be affected by the
need for clean water in the near future.

This makes it necessary for industry to conserve water by reducing its consump-
tion. In principle, there are essentially three ways to conserve water:
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1. Design new production processes with lower water consumption.

2. Recycle cooling and process water.

3. Develop economical solutions for the treatment of effluents with different types
and strengths of problematic and non-problematic compounds (see Chapter 13).

The treatment of wastewater and process water should be carried out in most cas-
es in the immediate proximity of the production unit. Both production and waste
management have to be designed and optimized by a single team; and both units
have to be operated by a single team. Wastewater treatment must be integrated into
the production process!

Physical, chemical and biological processes must all be considered to find the
best solution. Biological and chemical oxidation and reduction processes are of
special interest if almost complete transformation to compounds such as CO,,
H,O0, N, and CH,, is possible. The pollution in the effluents from such optimized
processes is no longer characterized by thousands of different chemicals, rather
there are often only three or four single compounds which dominate; and a knowl-
edge of stoichiometry as well as kinetic coefficients may be helpful for a better
understanding and optimization of the biodegradation processes.

Before we pick up this topic in Chapter 13, this chapter will discuss groups of
problematic dissolved materials, which are not easily mineralized by microorgan-
isms.

9.2
Chlorinated Compounds

9.2.1
Chlorinated n-Alkanes, Particularly Dichloromethane and 1,2-Dichloroethane

9.2.1.1 Properties, Use, Environmental Problems and Kinetics

Chlorine, a by-product from the electrolysis of chloroalkalis, was used in the begin-
ning of the 20th century for the production of chloroorganic compounds and is
known for its high reactivity with organics. Of the 114 organic priority pollutants
listed by the United States Environmental Protection Agency (EPA) in 1975, 22 are
chlorinated alkanes (Patterson 1985). Some of these are cited in Table 9.1. Because
of their toxicity and tendency to bioaccumulate in animals, they must be removed
as completely as possible from all liquid and gaseous effluents.

Inspection of the compound properties listed in Table 9.1 (Wiesmann and Libra
1999) shows that, with increasing chlorine content, the Henry coefficient rises,
whereas solubility and biodegradability show a reversed trend. Therefore, tri- and
tetrachloroethene are normally air pollutants and are removed from water and air
by activated carbon adsorption. The discussion here will concentrate on dichlorom-
ethane (DCM) and 1,2-dichloroethane (DCA).

The maximum concentration permitted in drinking water for DCM is 20 pg L™
and for DCA is 30-50 pg L™ (WHO 1987). Toxicity experiments with rats led to a
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Table 9.1 Some chlorinated n-alkanes, their properties and uses (Patterson 1985).

Compound c* HY LDs,®  Uses EPA
(mg L") No.®
Dichloromethane 16700 0.13  167- Solvent for intermediate products
(CH,CL,) 2400 Cleaning agent for metal surfaces
Propellent for polyurethane
production
1,2-Dichloroethane 8700 0.046 730 Intermediate product in the 10
(C,H,CL) production of polyurethane solvent
Fuel additive
Trichloromethane 7800 0.14  450- Solvent in pharmaceutical industry
(CHCL) 800
1,1,1-Trichloro- 4800 0.21  10000- Solvent for dyes and ink
ethane (C,H;Cl;) 14300 Cleaning agent for cars and textiles 11

Trichloroethene 1000 0.49 4200- Solvent for dyes and ink
(C,HCL) 7200 Cleaning agent for cars and textiles 87

Tetrachloroethene 150 1.2 4000-  Solvent for dyes and ink
(C,CLy) 5000 Cleaning agent for cars and textiles 85

3 Solubility, 20°C.

" Henry coefficient, 20 °C.

9 Rat, oral (mg kg™* body weight).

9 EPA list of organic pollutants (EPA 1975).

LDs, of 0.167-2.4 g kg™* live weight. The LDs, value gives the mass of the toxic
compound per mass of the animal for which there is a 50% probability that the an-
imal would die within a given time. Mutagenic effects in rats could not be proven
(Jongen et al. 1978). Loew et al. (1984) and Rannug (1980) indicate that DCA may
be carcinogenic. Data on the worldwide production of DCA during 1960-1981
show an increasing production from 93 - 10° t a™* to 825 - 10° t a™', however, pro-
duction decreased in Germany from 137 - 10> ta™" to 67 - 10> t a™" in the 3-year pe-
riod 1990-1993 (Herbst 1995). Study of the mechanism and the kinetics of DCM
degradation began in the late 1970s. Studies of the catabolic reactions were first
published by Leisinger (1988).

The influence of DCM concentration on the specific growth rate can be de-
scribed by Haldane kinetics, and the influence of oxygen by Monod kinetics. These
two influences are combined by multiplication:

S It
Ks+S+S%/K;  K'+c’

T 9.1)
The kinetic and stoichiometric coefficients are listed in Table 9.2. The variability of
the values can be explained by the use of different methods for kinetic measure-
ments and different microbial cultures. Some authors used pure cultures, some
mixed.



198 | 9 Biodegradation of Special Organic Compounds

Table 9.2 Kinetic and stoichiometric coefficients for aerobic and anoxic degradation
of DCM and DCE (Herbst 1995, expanded).

Compound; Bacteria Yous Ygs Hmax  Ks K; K’

reference (mol mol™) gMLSS d’) (mgL? (mgL? (mgL'0O,)
(g DCM)™ DCM) DCM)

DCM

Brunner (1982) Pseudomonas 0.158 2.6 17.0-42.5 995

Dirks and Hyphomicrobium 0.17 2.6 300 0.055

Ottengraf (1991)

Hauschild et al. Pseudomonas 5.3 4 1470

(1992)

Niemann (1993) Mixed culture 0.62 3-10 200- 0.5-0.9

2500

Herbst (1995) Mixed culture 0.56 0.105 0.77 116

Freedman et al. Acinetobacter sp. 0.118% 1.1 405

(1997)

DCA

Freedman et al. Mixed culture 0.58" 0.087 0.77

(1997)

Janssen et al. Xanthobacter 109

(1985)

Sallis et al. (1990)  Rhodococcus 2.5 26

Rudek (1992) Xanthobacter 1.12 0.12 3.4 0.055

Freitas dos Santos  X. autotrophicus ~ 1.65 0.166 4.6 7.6 0.1

and Livingston

(1995)

Herbst (1995) Mixed culture 1.7 0.17 4.6 57 125 0.5

3 g MLVSS (g DCM)™. ™ Yy, s mol mol ™.

We can conclude from a mean K value of 10 mg L' DCM that very low DCM
concentrations below 1 mg L™ can only be obtained by a physical or chemical sec-
ond step, e.g. adsorption on activated carbon or ozonation.

A hypothetic pathway for the catabolism of 1,2-dichloroethane oxidation was
published by Janssen et al. (1985).

9.2.1.2 Treatment of Wastewater Containing DCM or DCA
DCM balances in activated sludge systems show that DCM is almost totally
stripped Dby air (Gerber et al. 1979). Therefore, trickling filters are also unsuitable.
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Only 11% of the DCM added were biodegraded, 75% were desorbed into the air
and 14% remained in the effluent (Winkelbauer and Kohler 1989).

In further laboratory- and pilot-scale studies, fixed and fluidized bed reactors
with solid particles as support material for bacteria were used. In fixed-bed reac-
tors, a high fluid recycle rate is necessary for aeration in external absorption tanks
(Kastner 1989) or for the addition of H,0, by mixing (Stucki et al. 1992). Similarly,
in two-phase fluidized-bed reactors, a high recycle rate must be used for oxygen ad-
dition and fluidization (Gélli 1986; Burgdorf et al. 1991; Stucki et al. 1992; Nie-
mann 1993; Herbst 1995). In order to avoid total substrate desorption, oxygen can
be added in the absorption tank using non-porous membranes (Herbst 1995). Fig-
ure 9.1 presents a laboratory-scale fluidized bed reactor for the mineralization of
DCA and DCM. The production of HCl makes it necessary to control the pH to 7-8
by adding NaOH.

During growth, bacteria formed pellets with a diameter of 3-5 mm, which were
kept fluidized in the reactor with the upflowing water containing the DCM or
DCA. The pellets settled inside the enlarged head of the reactor; and the solid-free
water passed a non-porous tubular membrane where oxygen was taken up by dif-
fusion. This water was mixed with inflowing wastewater containing DCA or DCM
before being recycled into the reactor.
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The avoidance of direct aeration by using a membrane prevented desorption of
the volatile substrates. A special membrane bioreactor to mineralize DCA has been
tested successfully (Freitas dos Santos and Livingston 1995). DCA was kept separ-
ated from the biofilm by a membrane and only the part of the reactor with the bio-
film and without DCA was aerated. This kept the DCA concentration inside the
region of the membrane and biofilm so low that almost none was stripped by air
bubbles.

High bacterial concentrations growing on the surface of small sand particles
(Galli 1986; Stucki et al. 1992; Niemann 1993), in porous glass particles (Burgdorf
et al. 1991) or in dense flocs weighted by CaCO; (Herbst 1995; Herbst and Wies-
mann 1996) yielded high mean reaction rates of up to 1400 mg L™ h™ DCM and
400 mg L™" h™" DCA. HCI was formed during the reaction and a relatively large
amount of NaOH or Ca(OH), had to be dosed. Lonjaret (1996) successfully tested
a biotrickling filter for the treatment of DCM-loaded exhaust air.

9.2.2
Chlorobenzene

9.2.2.1 Properties, Use and Environmental Problems

Of the 12 known chlorobenzenes, six are of commercial importance (MCB, 1,2-
DCB, 1,4-DCB, 1,2,4-TCB, 1,2,4,5-TeCB and HCB). Compounds with less chlorine
are characterized by higher water solubility and higher vapor pressure or Henry co-
efficient (Table 9.3).

The toxicity of the chlorobenzenes also increases with increasing number of
chlorine atoms. German production decreased steadily through the 1980s and
1990s as a result of stricter regulations. Emissions in the state of North-Rhine-
Westphalia (Bayer Leverkusen, Germany) were estimated at 2886 t a* MCB and
1055 ta" DCB for 1992 (Dépper and Stock 1995). Three years earlier (1989), these
emissions for the state of Hessen (Hoechst AG, Germany) were higher by a factor
of nearly ten (Dopper and Stock 1995). These reductions result from the decrease
in production and increase in efficiency of wastewater treatment.

9.2.2.2 Principles of Biological Degradation

A suitable auxiliary substrate is necessary to facilitate anaerobic dechlorination (ac-
etate, acetone and others). The anaerobic degradation of MCB and benzene is ob-
viously possible only in combination with the reductive dechloronation of higher-
chloronated benzenes. The hydrogen replacing the chlorine atom probably comes
from water (Nowak 1994).

Some papers report the production of the stable intermediate 1,2,3-TCB (Bosma
et al. 1988; Ramanand et al. 1993). An example of the formation of intermediates
during the anaerobic dechlorination of a mixture of 1,2,3-TCB, 1,3,4-TCB and
1,3,5-TCB in batch experiments (20 mg L™" of each compound, 1-L flask tests) is
presented in Fig 9.2.
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Table 9.3 Some chlorobenzenes, their properties and uses at T = 25°C.
For symbols used, see Table 9.1.

Compound c* H LDso Uses EPA
(mgL™) for rat No.
(mgkg™)
Monochloro- 460 0.16 2900 — Intermediate in the produc- 7
benzene T=20-30°C tion of dyes, agrochemical,
(MCB) synthetics, aids for textile
industry®
1,2-Dichloro- 1302 0.10? 1500 — Intermediate in the produc-
benzene T=20-30°C tion of 3,4-dichloroaniline
(1,2-DCB) decolorizer, degreaser®
1,4-Dichloro- 73 0.079? 500 — Deodorizer, moth repellent
benzene T=20-30°C — Intermediate in production
(1,4-DCB) of dyes®
1,2,4-Trichloro- 30 0.059 — Intermediate in the produc- 8
benzene tion of trichloronitrobenzene,
(1,2,4-TCB) etc.
— Solvent
1,2,4,5-Tetra- 0.5-2.49 K, = — Intermediate in the produc-
chlorobenzene T=25°C 0.12 kPa tion of tetrachloronitro-
(1,2,4,5-TeCB) m?® mol™9 benzene and trichlorophenol®
Hexachloro- 0.006" 0.071 — Intermediate in the produc- 9
benzene (HCB) tion of pentachlorothio-

phenol and PCP production
(in Germany until 1985)°

 Rippen (1991). ™ Patterson (1985). < Nowak (1994).

The mixed culture performing this degradation was obtained from methanogen-
ic sediments of the Saale River near Jena, Germany. Acetone was used as an auxil-
iary substrate. It is remarkable that all three DCBs were observed in different
amounts, presumably as a result of different degradation rates. Special cultures of
aerobic bacteria seem to be capable of mineralizing all chlorinated benzenes from
1,2,4,5-TeCB (Sander et al. 1991) and 1,2,3,4-TeCB (Feidieker 1993) to MCB.
Prieger-Kraft (1995) proved that both compounds were mineralized as the only
source of carbon and energy. Currently, there is no confirmation of the aerobic
elimination of PCB and HCB. In contrast to anaerobic dechlorination, during aero-
bic reactions the ring of the MCB is opened and chloro-cis together with cis-mucon-
ic acid are formed. Only then can the chlorine atom be separated.

Aerobic pure cultures use chlorinated benzenes as the only source of carbon and
energy, with {i., = 13.2 d™* with MCB (Reineke and Knackmuss 1984), pimay =
4.3 d7" with 1,2-DCB (Haigler et al. 1992) and ., = 1.7 h™ with 1,3-DCB (De Bont
et al. 1986).
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Fig. 9.2 Anaerobic reduction of three tetrachlorobenzenes
(three isomeric TCBs, 20 mg L' of each), T =28 °C, pH 7.28,
auxiliary substrate: acetone (Adrian et al. 1995).

9.2.2.3 Treatment of Wastewater Containing Chlorobenzene

In all known continuous biological processes: (a) only laboratory-scale experiments
have been carried out and (b) the pure or mixed bacterial cultures used were immo-
bilized on solid particles.

As shown above, the dechlorination of HCB and PCB is only possible by using
anaerobic conditions and auxiliary substrates. Fathepure and Vogel (1991) used a
biofilm reactor and were able to transform HCB to 1,2,3,4-TeCB with methanol
and to 1,2,3-TCB and 1,2-DCB with acetate as an auxiliary substrate. Nowak (1994)
was successful in reducing 1,2,3,4-TeCB, all three TCBs and all three DCBs as well
as MCB in a fluidized bed reactor with a mixture of methanol, acetate, acetone, eth-
anol, propanol and a mixed culture from a sediment of the Saale River.

Aerobic mineralization of MCB, the three DCBs and 1,2,4-TCB were achieved in
fixed bed reactors by Bouwer and McCarthy (1982) with small glass beads for bio-
film growth, by Van der Meer et al. (1987) with sand particles from the Rhine River
and by Schifer (1994) with polyurethane foam particles with and without activated
carbon as carriers for mixed cultures, or Pseudomonas sp. (Van der Meer et al.
1987). In the experiments by Schifer (1994), no auxiliary substrates were needed as
the source of energy or carbon.
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9.2.3
Chlorophenols

Of the ten known chlorophenols, five are produced as intermediates or end-prod-
ucts in the chemical industry (Table 9.4). Compared with chlorobenzenes, chloro-
phenols have a higher solubility in water and a lower Henry coefficient of nearly
two orders of magnitude. Because of its high toxicity and its low biodegradability,
pentachlorophenol (PCB) was used during the 1970s as an herbicide, fungicide
and disinfectant worldwide in amounts of several 10 000 t a™". As a result of strong-
er regulations, production decreased during the 1980s (BRD in 1983 produced
1800 ta™, EU in 1989 produced 1000 t a*; Rippen 1991).

Khandker (1992) studied the aerobic degradation of 4-MCP as the only source of
carbon and energy by a culture with three strains of bacteria (Yx;s = 0.63 MLSS
(EMCP)™, Pmax = 3.6 d7', Kg = 21.1 mg L™" MCP). The relatively high K value
points to a large region of substrate limitation.

The oxidation of 2-CP, 3-CP, 4-CP and 2,4-DCP by H,O, was catalyzed by an im-
mobilized peroxidase (Siddique et al. 1993). High oxidation rates were obtained,
but high-molecular-weight polymerization products arose which precipitated as
small solid particles.

Table 9.4 Some chlorophenols, their properties and use.
For symbols used, see Table 9.1.

Compound c* H LDs, Uses EPA
(mgL™; (at20°C) for rat No.
at 20°C) (mg kg™)

2-Monochlorphenol  29.0 0.49 670 Intermediate in the produc- 24

(2-CP) tion of phenols, phenol

resins, dyes, bactericide,
fungicide

4-Monochlorophenol 27.0 0.025-10  250-670 Intermediate in the produc-

(4-CP) tion of 2,4-DCP, TCP and

TeCP solvent for mineral oil
industry

2,4-Dichlorophenol 4.4 0.131-102 580 Intermediate in the produc- 31

(2,4-DCP) tion of 2,4-dichlorophenoxy

acetate herbicide, toxin for
moths

2,4,5-Trichlorophenol 1.2 0.28-10°3 820 Intermediate in the produc- 8

(2,4,5-TCP) tion of 2,4,5-trichlorophen-

oxyacetate herbicide,
fungicide, preservation aid

Pentachlorophenol 19 0.029-10° 50 Herbicide, fungicide
(PCP) Wood preserver
Disinfectant
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9.3
Nitroaromatics

9.3.1
Properties, Use, Environmental Problems and Kinetics

The most prominent compound of this group is 2,4,6-trinitrotoluene (INT). It has
been produced in large amounts since 1900 and is used particularly as an agent of
warfare. The soil of nearly all production sites is polluted by TNT and the products
of its slow, natural biodegradation. Cleaning of these sites will be a task for many
years to come. Because of its relatively low solubility in water (130 mg L"), TNT
causes mainly soil pollution problems.

In contrast, several other nitroaromatics are characterized by a higher solubility
in water (Table 9.5). 2,4-Dinitrotoluene (2,4-DNT) and 4-nitrophenol (4-NP), for ex-
ample, are intermediates in the production of TNT. Therefore, they are more like-
ly to be found in wastewater; and our knowledge about their biodegradability will
be discussed briefly below.

Rippen (1991) reported an annual worldwide production of 60000 t a™" and a
German production of 10000 t a~* TNT. Usually, 4-NP is produced in batch reac-
tors on the basis of purchase orders. After each production run, the reactor, pipes
and stirring vessels are washed with water and the remaining raw materials, prod-

Table 9.5 Some nitroaromatic compounds, their properties and uses.
For symbols used, see Table 9.1.

Compound c* H Uses EPA
(mgL™) No.
Nitrobenzene, 2000, 0.0029 Intermediate in the production of
aniline
CcHsNO, 20°C Intermediate in the production of dyes
Rubber, pharmaceutical products,
photochemicals
4-Nitrophenol, 13700,  0.021-10°° Intermediate in the production of 58
CsH,OHNO, 20°C pesticides, azo and sulfur dyes,
as well as chemicals for photo industry
2,4-Dinitrophenol, 200, 0.65-10°° Pesticide, fungicide
C¢H;O0HN,O0, 12.5°C Intermediate in the production of dyes,
explosives and chemicals for photo
industry
2,4-Dinitrotoluene, 250, 2.4-200-10° Intermediate in the production of poly-
C,HN,O, 20-25°C urethane and of 2,4,6-dinitrotoluene
2,4,6-Trinitro- 130, 0.30-107® Explosive
toluene 20°C Intermediate in the production of dyes

C,HsN;0¢ and pharmaceuticals
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ucts and by-products enter the wash water, which is eventually discharged to the
next wastewater treatment plant. Because of the multiple dilution processes, the
concentration of 4-NP in water is normally relatively low and specialized cultures
of bacteria cannot establish themselves in activated sludge plants. Therefore, 4-NP
must be removed from the concentrated industrial effluents near the source by
biological or physico-chemical processes. Its human toxicity is based on damage
caused to the function of liver, kidney and central nervous system (Thiem and
Booth 1991). The respiration rate of activated sludge is inhibited by 50% at a 4-NP
concentration of 110 mg L™ (Pagga et al. 1982).

With 660000 ta~" worldwide and 97000 t a™ in Germany, the annual production
of 2,4-DNT is much higher than that of 4-NP (Rippen 1991). 2,4-DNT is mainly
used as an intermediate in the production of TNT and polyurethane. Rippen (1991)
reported concentrations of 9.7 mg L' in TNT production effluents and about
14 mg L' in the wastewater of special production processes for organic chemicals.
Biodegradation experiments with anaerobic bacteria have been unsuccessful (Hu
and Shieh 1987; Battersby and Wilson 1989).

Table 9.6 shows published stoichiometric coefficients for the description of aero-
bic catabolism and anabolism. It follows from these coefficients that 67.5% of the
carbon is used for catabolism (formation of CO,) and 24% of the nitrogen for
anabolism, resulting in 76% being transformed to NO, (YXo,s~ = 0.76 mol
NO,~N (mol S-N)™).

The low value of f,,,., = 0.072 d™* (Heinze 1997) for 4-NP degradating bacteria re-
sults in a long generation time of t; = 9.6 d, but this value obtained with a mixed
culture is considerably longer than that obtained by Schmidt et al. (1987) with Pseu-
domonas sp.

Table 9.6 Stoichiometric and kinetic coefficients for aerobic degradation of 4-NP
(Heinze et al. 1995; Heinze 1997).
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Compound, Bacteria Y3,/s Y/s YRo,/s-n Yeoy.s Hmax
reference [mol O,  [g MLSS [mol N [mol CO, (d7)

(mol C)"] (gDOC)™ (mol S-N)™] (mol C)7']

1

(mg L
DOC)

4-NP
Jensen and Pseudomonas sp. 0.52
Lautrup-Larsen (1967)

Jakobezyk et al. (1984)  Mixed culture 0.76

Schmidt et al. (1987) Pseudomonas sp. 7.4

Ou and Sharma (1989) Pseudomonas sp. 0.675 0.048

Heinze (1997) Mixed culture 0.82 0.41 0.76 0.072

2,4-DNT
Bausum et al. (1992) Mixed culture 0.64

Heinze (1997) Mixed culture 0.71 0.62 0.80 2.4

1.1+0.2

<1.0

2.6-4.9
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Bausum et al. (1992) carried out measurements with 2,4-DNT labelled by “C.
Offgas measurements of '*CO, made it possible to determine Y2o,,s = 0.64 mol
CO, (mol C)™! (Table 9.6). The same authors used first-order kinetics to describe
the influence of 2,4-DNT concentration, but their results for the reaction rate
showed a relatively high degree of scattering. Further kinetic results were pub-
lished by Heinze et al. (1995) and Heinze (1997; Table 9.6). It is remarkable that
the maximum growth rate p,., = 2.4 d™' is higher by a factor of 33 than for the
mineralization of 4-NP. Additionally, the higher Y% s and the lower Y,,,s show that
a higher amount of carbon was used in anabolism, although two NO, ™ ions have to
be separated from one 2,4-DNT molecule!

9.3.2
Treatment of Wastewater Containing 4-NP or 2,4-DNT

Laboratory-scale experiments were successfully carried out with an activated
sludge reactor at an influent concentration of 400 mg L™ 4-NP by Jakobezyk et al.
(1984). If very low effluent concentrations (pg L' range) are required, bioreactors
must be used (e.g. fixed-bed reactors) which have activated carbon as a support ma-
terial for bacteria (Speitel et al. 1989). For the treatment of highly loaded synthetic
wastewater (630-2500 mg L™" 4-NP), Heitkamp et al. (1990) used a fixed-bed reac-
tor with an immobilized culture of Pseudomonas sp. At a mean retention time of
only 2.3 h, they obtained a mineralization efficiency of 93%. These experiments
show that high reaction rates are possible after some time if slow-growing bacteria
are immobilized. An effluent from a 2,4-DNT production plant of BASF Schwarz-
heide GmbH has been treated since 1995 by a two-step anoxic/aerobic activated
sludge plant. In the first step, 2,4-DNT is most likely reduced to amino-nitroto-
luene and 2,4-diaminotoluene, which are mineralized in the second step (Socher
1997).

9.4
Polycyclic Aromatic Hydrocarbons and Mineral Oils

9.4.1
Properties, Use and Environmental Problems

Polycyclic aromatic hydrocarbons (PAHs) are contained mainly in the tar of hard
coals and in all kinds of mineral oils. During the various preparation processes for
intermediate products in the chemical industry and for numerous fuels, PAHs
enter the wastewater, groundwater and solid wastes. Because of their toxicity,
13 PAHs are included in the EPA list. Four of these and two further PAHs are pre-
sented in Table 9.7. Two characteristics are of notable importance: their low solu-
bility in water, but high solubility in mineral oil, and their toxicity (LDs,). With in-
creasing number of rings and molecular mass, their solubility in water decreases
and their toxicity increases dramatically.
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Table 9.7 Some polycyclic aromatic compounds, their properties, and
use (Rippen 1991). For symbols used, see Table 9.1.

Compound c* LDs, Use EPA
(mgL™) (mgkg™) No.
Naphthalene 25 (20°C) Rat: 1780 Raw material for the produc-
tion of dyes
Anthracene 0.048 (20°C)  Daphnia magna: Intermediate in the produc- 78
3mgL™ tion of dyes and anthra-
chinone
Phenanthrene 0.95 (20°C) Rat: 700 Raw material for the produc- 81

tion of explosives, pharma-
ceutical products, drugs,
herbicides, tanneries

Benzo(e)pyrene 0.0038 (25°C)
Benzo(k)fluorethene 0.0006 (25 °C) 75
Acenaphthene Rat: 10000 Raw material for the produc- 77

tion of textile pigment dyes
and synthetics, insecticides
and fungicides

Therefore, toxic PAHs are mostly dissolved in other organics such as mineral
oils. Mineral oils and their biodegradability will be discussed first before continu-
ing with the biodegradability of PAHs.

9.4.2
Mineral Oils

Mineral oils are composed of the following compounds (Berwick 1984):

e saturated hydrocarbons, n-alkanes, branched alkanes, cyclic alkanes,
e unsaturated hydrocarbons,

e heterocyclic alkanes,

e asphalts.

Saturated hydrocarbons can be mineralized by bacteria and yeasts and have been
used as an energy and carbon source for the production of single-cell protein
(SCP). n-Alkanes are very important components; and their content in distillation
products increases as their boiling points decrease. The solubility in water is only
about 0.002 mg L™ for compounds with 12 or more C-atoms (Mackay and Shiu
1981). For solutions with concentrations above solubility, the oil phase can be dis-
persed as small droplets with adequate energy input, e.g. with a rotor-stator sys-
tem. A stable oil-water emulsion can be produced with high energy input and the
addition of an emulsifier.
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An emulsion produced from n-dodecane (750 mg L") with a surfactant (Eumul-
gin ET5, Henkel; 150 mg L") and at a rotational speed of 10000 min™" for 1 min
was designated as a standard emulsion (Cuno 1996). The distribution of oil drop-
lets of this standard emulsion is presented in Fig. 9.3.

It could be demonstrated by biodegradation experiments of emulsions with
mean droplet diameters between 1 and 15 pm that the bacterial growth rate was
completely independent of the droplet size (Fig. 9.4).

These results can only be understood if the following mechanism of the oil bio-
degradation is assumed: the bacteria were covered by oil layers during collisions
and then oil diffused into the cells. It is probable that the microkinetics of oil bio-
degradation is rate-limiting.

The following results of a kinetic biodegradation study were obtained with the
standard emulsion mentioned above (Cuno 1996): T = 20°C, Yg,s = 1.34 g MLSS
(g DOC)™, Pax = 4.08 d", Kg = 22.9 mg DOC L, ky = 0.96 d".

The result makes it probable that, in these experiments, mass transfer was not
rate-limiting.

30
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25 _ n =10,000 min™" ||
thn=60s
2 =i Spo=750mgL" | |
- Sgrs = 150 mg L
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Fig. 9.3 Oil droplet distribution of the standard emulsion (Cuno 1996).
n = stirrer speed, Sy, = concentration of n-dodecane, n; = number of
droplets of each size range, n, = total number of droplets, t,, = mixing
time, Sers = concentration of the emulsifier, d,,, = mean diameter of
droplets.
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Fig.9.4 Concentration of protein S, from growing bacteria for
n-dodecane emulsions with different mean diameter of the

droplets (Cuno 1996). n = stirrer speed, ds, = diameter of 50% of
the droplet distribution, t = time, S,,.. = concentration of protein.

9.4.3
Biodegradation of PAHs

9.4.3.1 PAHs Dissolved in Water

Because of their low solubility in water and the frequently rate-limiting dissolution
of crystals, PAH biodegradation can be more easily studied by using solving agents
such as dimethylsulfonoxide (DMSO; Cuno 1996). With the help of DMSO, the
solubility of acenaphthene can be increased remarkably. Figure 9.5 shows the re-
sults of a batch experiment with a mixed culture of PAH-degrading bacteria. The
concentration of the culture using acenaphthene as an energy and carbon source
could not be measured. Therefore, in the solution of the model:

dx S X -kqgX 9.2
dp e Ks+$S ¢ ©-2)
dS pmax S

Y KoS X (9.3)
assumptions must be made for Y3 s and ky. The line in Fig. 9.5 shows the solution
which agrees with the experimental data very well. Table 9.8 shows some further
kinetic coefficients for the aerobic biodegradation of acenaphthene and other
PAHs. The maximum growth rate decreases from naphthalene over phenan-
threne, acenaphthene to anthracene. Further results for PAHs with four rings
were published by Cuno (1996).
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Fig. 9.5 Biodegradation of acenaphthene dissolved in water using a
solving agent (5 vol% dimethylsulfonoxide; Cuno 1996), modelled
using Egs. (9.2) to (9.3).

Table 9.8 Stoichiometric and kinetic coefficients for aerobic degradation of some PAHs.

90

Reference Bacteria Compound Y¥s  Pmax Ks '
(') (mgL's) (d7)

Wodzinski and Pseudomonas sp.  Naphthalene 0.59 7.2

Johnson (1968)

Guha and Mixed culture Phenanthrene 0.3  0.026  0.09

Jaffé (1996)

Springfellow P. stutzeri Phenanthrene 0.24

and Aitken (1995)

Komatsu et al. Pseudomonas sp.  Acenaphthene 2.8

(1993)

Cuno (1996) Mixed culture Acenaphthene  0.7°  1.48 0.065 0.0048
Breure et al. Pseudomonas sp.  Anthracene 0.072 0.048
(1990)

Cuno (1996) Mixed culture Anthracene 0.55 0.18

3 g MLVSS (g S)™, ” g Pr (g S)™
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The cometabolism of two PAH by a pure culture was studied by Springfellow
and Aitken (1995). Pseudomonas stutzeii is able to use both naphthalene and phe-
nanthrene as the only source for carbon and energy. The influence of both sub-
strates on the oxygen consumption rate could be described by using a model for
competitive inhibition:

S
o _ (9.4)

I'Oz’n'lax Si
Ks|1l+ —[+S
K

i

with S as the concentration of phenanthrene and S; as the concentration of naph-
thalene.

9.4.3.2 PAHs Dissolved in n-Dodecane Standard Emulsion

An interesting question regarding the biodegradation of n-dodecane droplets (stan-
dard emulsion, Section 9.4.2) and the biodegradable PAHs dissolved inside the
droplets is: will both be oxidized at the same reaction rate?

Indeed, the results published by Cuno (1996) seem to confirm this assumption.
Although n-dodecane, acenaphthene and anthracene are biodegraded by bacteria
at different growth rates (Tables 9.7 and 9.8), the results in Fig. 9.5 can be de-
scribed approximately by Eqgs. (9.2) and (9.3), using the same kinetic coefficients
for all three substrates.

A possible model to gain insight into these results is the transfer of very small oil
droplets with dissolved PAHs into the bacterial cell. PAHs such as pyrene, dis-
solved in non-biodegradable, and in water-insoluble substances such as heptame-
thylnonane, can be used by bacteria such as Rhodococcus sp. at a considerably high-
er rate than those dissolved in the aqueous medium (Bouchez et al. 1997). PAHs
need a solving agent which may be biodegradable (n-alkanes) or not (heptamethyl-
nonane). Naphthalene and phenanthrene as well as the solving agent hexadecane
can also be mineralized by sulfate-reducing bacteria, which could be proven with
*C-labeled substances (Coates et al. 1997; Zhang and Young 1997).

9.5
Azo Reactive Dyes

9.5.1
Properties, Use and Environmental Problems

Nearly half of the dyes being used in textile finishing processes are reactive dyes
which are soluble in water (Schénberger 1996). The molecular structure is charac-
terized by three functional parts:
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e a hydrophilic group,
e a group which produces the colour,
e a group which reacts with the textile fiber.

Figure 9.6 demonstrates the fixation of a reactive dye at a textile fiber. HSOy is first
separated from the reactive anchor group (step 1) before the vinyl sulfate group is
hydrolyzed (step 2) and reacts directly with the fiber (step 3).

But a part of the vinyl sulfate groups formed is hydrolyzed and is not able to react
with the fiber (step 4). It is lost for this dyeing process and remains as an impurity
in the wastewater arising from the washing processes. The most important groups
of reactive dyes are azo dyes. They are characterized by an azo group: -N=N-. Re-
active black 5 (RB 5) is the most commonly used azo dye. It is a diazo dye with two
azo groups. Figure 9.7 presents RB 5 in its vinyl sulfonic form, before fixation to
the fiber and before hydrolysis. In this form with two vinyl sulfonic anchor groups,
the RB 5 molecule can be fixed at one or two points on the fiber.

One vinyl sulfonic group can be hydrolyzed, resulting in a weaker fixation. No re-
action with the fiber occurs if both groups are hydrolyzed.

Azo dyes occur in wastewater from textile works and also occur together with
naphthalene sulfonic acids (NSA) in wastewater from the production of azo dyes.
Let us discuss briefly some experiences showing the biodegradation of NSA.

reactive anchor group

reactive dye R—S0,—CH,—CH,—0S03

l + OH™ (NaOHg=Na"+OH™)

vinylsulfonic group R —SO,—CH=CH™ + HSOz7 + H,O step 1
l + Hzo
R—SO,—CH=CH, + OH~ step 2

R—80,—CH=CH, + HO

| competitive reaction

hydrolysis
R—S80,—CH,;—CH,;—OH + H,0 step 4

fixation R_Soz_CHz—CH2—0< step 3
fibre

Fig. 9.6 Formation of the vinyl sulfonic group in reactive dyes, fixation
at textile fibers and hydrolysis.



9.5 Azo Reactive Dyes

azo reductase (with cofactors)

R—N:N—R’/?’\R—NHZ + R—NH,

b) 2 NADH; 2NAD
)
HO xg <: :> NH Fig. 9.7 Reactive black 5 (RB 5) and
" metabolites of anaerobic treatment.
(a) RB 5 with two vinyl sulfonic
0 . .
groups, ready for fixation on textile
fibers. (b) Reduction of an azo dye.
NH, OH (c) Metabolites formed by anaerobic
HoN NH treatment: aminobenzene-2-hydroxy-
2 ethylsulphonic acid (above; p-Base)
OO and naphthalene metabolite (below;
c) -0.8 so TAHNDS). (After Sosath 1999;
3 3 Borchert 2002; Wiesmann 2002).
9.5.2

Production of Azo Dyes in the Chemical Industry — Biodegradability of Naphthalene
Sulfonic Acids

NSAs and their substituted analogs are commonly found in the wastewater from
the production of azo dyes together with 1-hydroxonaphtalene, wetting agents, dis-
persants and other surfactants (Nértemann and Hempel 1991) at concentrations
up to 4300 mg L™ COD (Krull and Hempel 1993). Naphthalene sulfonic acids
which are of high significance for the production of azo dyes are, for example,
naphthalene-2-sulfonic acid (2 NSA) or 6-amino naphthalene 2-sulfonic acid (6-A
2-NSA; Fig. 9.8a). In aerobic WWTPs they are non-biodegradable because bacteria
which are able to use these compounds as a source of carbon, nitrogen or energy
are washed out because of their low growth rates. Nértemann and Hempel (1991)
were successful in obtaining aerobic enrichment cultures of adapted bacteria with
6-A 2-NSA as the only substrate. Results for different dilution rates (D) are present-
ed in Fig. 9.8b (Diekmann et al. 1988).

In Fig. 9.8b, the experimental results are compared with a model on the basis of
Monod kinetics (solid line). With a dilution rate D = Do = 0.2 d™!, a maximal growth
rate of ., = 4.8 d7* follows (see Table 9.9; Diekmann et al. 1988; Diekmann and
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Fig. 9.8 Concentration of 6-aminonaphthalene-2-sulfonic acid (6-A-2-NSA)

and bacterial concentration depending on dilution rate D.

Hempel 1989). Experiments with an airlift-loop reactor and sand as support mate-

rial for bacteria were very successful (Diekmann et al. 1988).

Table 9.9 includes other kinetic coefficients regarding the biodegradation of
naphthalene sulfonic acids obtained by the same group.
Some NSAs seem to be non-biodegradable. Until now, it has not been possible
to transform some NDSAs, e.g. 1,5-naphthalene disulfonic acid. Breithaupt et al.
(2001b) were successful in mineralizing this compound only by a two-step process
of ozonation and biodegradation (Wiesmann 2002).

Table 9.9 Stoichiometric and kinetic coefficients for aerobic degradation

of naphthalene sulfonic acids.

d)

Reference Bacteria Compound Y55 Hma? K  mg
Krull et al. (1998) P. testosteroni A3 1NS/2NS 0.84 12 3 0.034
Krull and Hempel = Defined mixed

(1993) culture INS/1,6 2,6NDS  0.37 0.89 41 0.004
Diekmann et al. Defined mixed

(1988) culture 6-A-2-NSA 1.47 4.8 2 0.009
Diekmann and Defined mixed

Hempel (1989) culture 6-A-2-NSA 1.28 4.8 2 0.007

3 g MLSS (g COD)™%; ™ d'; @ mg L' COD; ¥ Maintenance coefficient, g COD (kg MLSS - d)™".
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Only about 70-90% of the azo dye is fixed to the fiber during the colorization
process. The rest is hydrolyzed by a competitive reaction and remains in the waste-
water generated by washing and rinsing with clean water (Fig. 9.6). We distinguish
three main effluents with different concentrations of dyes and other compounds,
such as fixers and surfactants (Sosath 1999):

e wastewater produced by the first rinsing processes, with concentrations of
4000-12000 mg L™ COD (60-70%);

e wastewater produced by the following processes, with concentrations of
200-2000 mg L' COD;

e used dye bath liquors.

The COD of the dye liquor is very high, but it cannot be used for further dying be-
cause of its excessive water content and various impurities. It is separated, trans-
ported and often incinerated with solid wastes. Dye houses with a direct discharge
into surface water have to treat the wastewater after mixing with other waste
streams. An activated sludge process is often used without a noticeable degree of
mineralization of the used dyes. Dye houses with an indirect discharge into the
sewerage system are generally not required to pretreat the wastewater.

We are convinced that this situation must be changed in future. Suitable pre-
treatment processes have to be developed (Sosath and Libra 1997).

9.5.3
Biodegradation of Azo Dyes

9.5.3.1 Direct Aerobic Degradation
The aerobic degradation of azo dyes by adapted bacteria has been reported (Meyer
et al. 1979; Kulla et al. 1984; Bliimel et al. 1997), but the relevance of such special-
ized bacteria to textile wastewater treatment is probably very limited. The aerobic
decolorization of a number of azo dyes by different species of white-rot fungi has
been demonstrated successfully (Spadaro et al. 1992; Ollikka et al. 1993; Heinfling
et al. 1997; Borchert and Libra 2001; Borchert 2002). Their lignin-degrading sys-
tems (LDS) are relatively non-specific and so are able to oxidize and decolorize a va-
riety of high-molecular-weight compounds. However, the complete mineralization
of azo dyes by white-rot fungi seems impossible.

The most common approach to the biological treatment of azo dyes is the com-
bination of anaerobic reduction with aerobic degradation of the aromatic amines.
This will be discussed in more detail.

9.5.3.2 Anaerobic Reduction of Azo Dyes

It has long been known that azo dyes can be reduced by anaerobic bacteria in the
human intestine to aromatic amines (Dieckhues 1960). The reduction equivalents
gained by the oxidation of an auxiliary substrate through NADH, reduce the azo
bond to form aromatic amines and thus decolorize the solution (Fig. 9.7b). We use
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the simplified notation of the energy carrier here as NADH,, as opposed to the
proper notation as NAD(P)H + H* (see Chapter 3).

Putting it into the perspective of the classic three-step anaerobic degradation of
complex carbon substrates, the anaerobic reduction of the dye is thought to take
place in the first of the three steps by acidogenic bacteria.

The hypothesis for the mechanism of the biological reduction of azo dyes
through the redox equivalents varies, depending on the enzyme (azo reductase)
which participates in the decolorization. The enzymatic reduction theory was pro-
posed by Zimmermann et al. (1982), Rafii et al. (1990), Haug et al. (1991), and
Chung and Stevens (1993). Although most of the microorganisms reported to pro-
duce azo reductase are facultative anaerobic bacteria (Chung and Stevens 1993),
some obligate anaerobic bacteria have been isolated from human intestinal micro-
flora which produce azo reductase (Rafii et al. 1990). They found that the enzyme
was extracellular and did not require induction by an azo dye for production.

Yoo et al. (2000) presented evidence that sulfur-reducing bacteria (SRB) can play
an important role in the reduction of azo dyes. The azo bond is most likely chemi-
cally reduced through the sulfide produced by Desulphovibri from the sulfate often
found in dye wastewaters. The biomediated chemical reduction rate was much
faster than the rate found for fermenting bacteria.

The inhibition of Vibrio fischeri by the products of anaerobically treated RB 5 was
studied by Libra et al. (2004). The ECs, value was decreased from 29.6 mg L™ (com-
pletely hydrolyzed RB 5) to 1.5 mg L™ (partly hydrolyzed RB 5; Libra et al. 2004).

9.5.3.3 Aerobic Degradation of Metabolites
Various authors have investigated the pathways of aromatic amine degradation in
pure cultures (Meyer et al. 1979; Nortemann et al. 1986; Haug et al. 1991). Howev-
er, determination of the degree of degradation in mixed cultures is difficult. An
auxiliary substrate is usually added to facilitate anaerobic decolorization, often in
concentrations (measured as DOC) very much higher than that of the metabolites.
Reduction in the effluent DOC is usually not a reliable indication of metabolite
degradation. It is possible to follow the metabolites analytically, e.g. with HPLC;
however, some of the metabolites are instable in the presence of oxygen and are
not measurable for a longer time as a result of auto-oxidation, although no change
in the DOC concentration occurs (Sosath and Libra 1997).

Using the commercial preparation of the RB 5 metabolite p-Base (Fig. 9.7¢),
Soewondo (1997) showed nearly complete mineralization in aerobic batch experi-
ments. The results could be described using Monod kinetics.

9.5.4
Treatment of Wastewater Containing the Azo Dye Reactive Black 5

Sosath (1999) used a laboratory-scale two-step process with an anaerobic step and a
subsequent aerobic step. In both reactors, bacteria were immobilized on the surface
of rotating discs. He used a mixture of yeast extract and acetate as an auxiliary sub-
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strate. In step 1, 66% decolorization was observed without remarkable consumption
of the auxiliary substrate DOC, which was removed nearly completely in step 2,
down to the remaining DOC of the dye. Obviously, the metabolites of decolorization
are not biodegradable in this system. The mineralization of RB 5 seems only to be
possible by chemical oxidation or a combination of chemical oxidation and biodeg-
radation. Krull et al. (1998) treated a highly concentrated dyehouse effluent by using
combination of biological and chemical methods. Breithaupt et al. (2001a) were suc-
cessful in using a recycle reaction system consisting of an aerobic biological rotation
disc reactor and an ozone batch reactor with automatic process control. Nearly 88%
of the DOC could be removed. Approximately 66% of the ozone which would be
needed for a 90% chemical oxidation could be saved (Wiesmann 2002).

An oxidation step with H,0,/UV and subsequent aerobic biodegradation operat-
ing in recycle mode was suitable to reduce the RB 5 DOC of 450 mg L' to about
33% by chemical oxidation and to reduce it by a further 33% by biological oxidation
(Mohey El-Dein 2002). Of more practical interest is the treatment of more realistic
dyehouse effluent, a mixture of RB 5 (18% DOC), a fixer (e.g. Akrofil PGM, 75%)
and a surfactant (7%). Because of the biodegradability of these latter compounds,
the most effective reactor system would consist of a first aerobic biological stage,
followed by an ultrafiltration membrane to hold back microorganisms, an ozone
reactor and an aerobic rotating disc reactor to mineralize products of chemical ox-
idation. The DOC could be reduced down to about 18% (0.=82%), including the re-
maining molecules of all three model components (Rapp and Wiesmann 2003;
Rapp 2005).

9.6
Final Remarks

In this chapter, we discussed some of the problems which arise from products of
chemical industry, e.g.:

e chlorinated organics,

e nitro aromatics,

e polycyclic aromatic hydrocarbons,
e azo dyes.

It is very seldom that any of these are produced in nature. Nevertheless, some bac-
teria and yeasts “learn” to use their carbon, nitrogen and/or energy for growth af-
ter going through mutations, which can occur within a relatively short time due to
the brevity of each generation. However, the processes of mineralization are often
very difficult; and several different strains must cooperate. In some cases, toxic
compounds are produced which are more dangerous to animals and human
beings than the original compounds.

Most of these compounds cannot be removed in activated sludge plants or trick-
ling filters; and thus it is necessary to develop tailored processes for their treat-
ment. For high removal efficiencies it is necessary to combine different processes.
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One alternative is to utilize precipitation, adsorption and membrane separation to
obtain concentrates which can be disposed by other methods, such as incineration.
Another alternative is the use of biological and chemical oxidation processes which
result in the production of biomass and CO,. We have shown some examples in
which the combination of both can be successful. However, in nearly all cases the
treatment costs are relatively high.

The best way to avoid these problems, therefore, is to use more and more natu-
ral dyes (Seweko 1988) and thus stop the production of water-polluting products by
the chemicals industry which cannot be biodegraded, or only with great difficulty.
The production of chlorinated organics was remarkably reduced in Europe over the
past two decades. The production of azo dyes, however, is still increasing. We shall

need much time to reach this goal, but we must start.
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Biological Nutrient Removal

10.1
Introduction

Nutrient compounds frequently present in wastewater are valuable substances
which act as fertilizers. They are becoming increasingly significant in water and
wastewater management because the discharge of nutrients such as nitrogen and
phosphorus into rivers and lakes can cause adverse influences on our environment
and life. An excessive increase in the quantities of these nutrients in the aquatic
surroundings disturbs the ecological balance, resulting in severe damage to envi-
ronment (e.g. eutrophication).

It is probable that either nitrogen or phosphorus will be the limiting nutrient
controlling eutrophication because of the relatively large quantities required for
biomass growth compared to other nutrients, such as sulfur, potassium, calcium
and magnesium.

Nitrogen is dissolved in water as ammonia, nitrite and nitrate and is present in
organic molecules such as amino acids, which are formed by the hydrolysis of pro-
teins and are transformed to ammonia during biodegradation. Ammonia and or-
ganic nitrogen compounds are most closely associated with plants and animals. An
example of an organic nitrogen compound is urea (NH,CONH,), which is a major
chemical component of urine. Urea is produced from ammonia in fauna and con-
verted to ammonium by hydrolysis.

Several problems result from discharging wastewater with ammonia and nitrate
into rivers and lakes:

e Ammonia is oxidized by bacteria to nitrite and nitrate, leading to a decrease in
the dissolved oxygen concentration and to fish killing.

e Uncontrolled nitrification of ammonia causes a decrease in pH in the receiving
stream.

e Ammonia and ammonium are in chemical equilibrium; with increasing tem-
perature and pH more and more ammonia is produced which is toxic to fish.

e Nitrate stimulates the growth of algae, contributing to the eutrophication of
open bodies of water.
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e Nitrite and nitrate may reach groundwater resources which are used for produc-
ing drinking water. High concentrations of nitrate and nitrite in drinking water
cause methemoglobinemia in babies and promote the formation of carcinogenic
nitrosamines. As a result, the water must be denitrified in drinking water plants.

e In oxygen-free soil layers, denitrification can cause sludge build-up and anaero-
bic decomposition, resulting in the generation of methane.

In order to solve these problems, nitrogen must be removed from water. Biological
nitrification and denitrification are an alternative.

Phosphorus is a key element in all known forms of life and a common earth ele-
ment which can be induced into aquatic ecosystems by natural and human-caused
erosion of soil materials and by human activity, e.g. the use of fertilizer in agricul-
ture. It exists in different forms, such as dissolved inorganic orthophosphate, dis-
solved organic phosphorus found in algae, dissolved inorganic polyphosphate and
non-dissolved particulate phosphorus (Fig. 10.1):

¢ Dissolved organic phosphorus is found as a lysis product of algae and bacteria in
water and is used for industrial products like pesticides, complex binders and
antiknock agents. They are difficult to biodegrade and pass through bank filtra-
tion and the filtration of water purification plants (Klinger 1999).

e Two types of dissolved inorganic phosphates are orthophosphate and polyphos-
phate. Orthophosphate takes the form of PO;~, HPO;™ or H,POj, depending on
the pH value. PO~ plays a major role in organic molecules such as DNA and
RNA, where it forms part of their structural backbone (see Fig. 3.8 in Chapter 3).
Living cells also utilize phosphate to transport cellular energy via adenosine tri-
phosphate (ATP; see Fig. 3.15). Existing orthophosphate facilitates algal growth.
This is followed by algal death, lysis of algae and biodegradation by aerobic bac-
teria, which leads to oxygen depletion in lakes (eutrophication). Orthophosphate
is stored in algae as polyphosphate. Polyphosphate is formed by polymerization
of orthophosphate linked between hydroxyl groups and hydrogen atoms.

Total phosphorus P

Particular
phosphorus Pp f
(organic & Dissolved phosphorus Pq
inorganic)
Dissolved H H
polyphosphate Hydrolized dissolved
Pea (inorganic) phosphorus Pg;,
Orthophosphate Dissolved
PO4-P phosphorus Pgy
(inorganic) (organic)

Fig. 10.1 Different forms of phosphorous in wastewater (Klein 1988; DIN 38405, D11).
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e Non-dissolved organic phosphorus particles are found in organisms and their
cell refuse. A part of these phosphorus particles is separated by sedimentation
and filtration; the colloid particles are eliminated only after flocculation and
membrane processes.

To avoid problems with nitrogen and phosphorus, more and more limitations are
being placed on the discharge permits of WWTP.

The minimum requirements for the discharge of municipal wastewater into in-
shore waters are laid down by the Wastewater Framework Regulation (Abwasser-
verordnung: Verordnung iiber Anforderungen an das Einleiten von Abwasser in
Gewisser) of the Federal Republic of Germany from 17 June 2004 (AbwV 2004)
which was recently renewed, going into effect from 1 January 2005.

The NH.-N concentration of a 2-h mixed sample of domestic and municipal
wastewater must be less than 10 mg L™ NH,-N for BODs loads greater than
300 kg d' (Appendix 1 in AbwV 2004). That means that all treatment plants with
flow rates greater than 4000 m* d™" have to be expanded to include a nitrification
stage. An expansion is made necessary by the limit on the total inorganic nitrogen
content (ammonia, nitrite and nitrate) and total phosphorus content. For BODs
loads from 600 kg d™* to 6000 kg d*, the total N and P concentrations of a 2-h
mixed sample must be less than 18 mg L™" N and 2 mg L™ P respectively. For
BOD; loads greater than 6000 kg d™', both limit values are even lower, i.e.
13 mg L' N and 1 mg L' P (see Table 2.9).

The German Wastewater Framework Regulation also sets limits for industrial
effluents for their direct discharge into inshore waters. The limit for total N ranges
from 18 mg L™ N for the food industry to 70 mg L™ N for landfill leachate water.
The limits for phosphorus and ammonium nitrogen are mostly fixed at2 mg L™' P,
and 10 mg L' NH,-N, respectively (Table 10.1).

The different limits for various branches of industry depend on the raw materi-
als used. For example, most food producers have the same limits of total N and P
concentration as those for domestic and municipal wastewater at the 6000 kg d™*
BOD;s level.

The European Union passed Directive 91/676/EEC (EU 1991a) concerning the
protection of waters against pollution caused by nitrates from agricultural sources
to reduce or prevent water pollution. The member states are obliged to take meas-
ures against the discharge of nitrate into surface waters and groundwater. More-
over, a framework for European Community action in the field of water policy was
established in the form of Directive 2000/60/EC from 23 October 2000 which aims
at maintaining and improving the aquatic environment in the EC. It was complet-
ed and amended by Decision No. 2455/2001/EC from 20 November 2001 to estab-
lish a list of priority substances (Annex X) in the field of water policy.

In addition, Directive 91/271/EEC (EU 1991b) requires the collection and treat-
ment of wastewater, with P removal in sensitive areas and effectively in almost all
large urban areas. Application of this Directive is essential to protect the quality of
surface waters (see Chapter 2 for regulations concerning wastewater and Chapter
12 for hygienic standards for bathing water).
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Table 10.1  German legal requirements for direct discharge of specific
industrial effluents to inshore waters regarding nitrogen, phosphorus,
COD and BODs (AbwV 2004).

Industry/products SNH4AN Snt Spe S S
(mgL'N) (mgL"'N) (mgL"'P) (mgL'COD) (mgL"'BODs;)

Food production® 10 18 2 110 25
Sugar production 10 30 2 200 25
Edible oil refinery - 30 4.5 200 38
Leather production 10 - 2 250 25
Biological treatment of waste - 70 3 200 20
Meat meal industry - 50 - 150 25
Cellulose production - 10 2 25 30
Gelatine production 10 30 2 110 25
Paper production - 10 2 50 25
Textile production 10 20 2 160 25
Petroleum processing - 40 1.5 82 25
Laundry - 20 2 100 25
Animal and plant production - - 2 110 25

? This includes milk, brewery, potatoes, meat, fish, drinks, alcohol and
alcoholic drinks, fruits and vegetables.

In domestic wastewater, one major problem is that the ratios of N:C and P:C of
many organic compounds in wastewater are much higher than those needed by
heterotrophic bacteria for catabolism and anabolism. Therefore, inorganic and or-
ganic N and P compounds are left in the treated wastewater. The processes for ni-
trogen and phosphorus removal are generally applied for domestic wastewater
treatment. In industrial effluents, the contents of N and/or P are usually too low,
so that N and/or P must be supplemented via additives. If the wastewater has a
high N concentration, it is removed by stripping with steam or air at higher pH
which must be cleaned afterwards, e.g. by absorption and reaction in sulfonic acid.
The process of nitrification and denitrification has been used here only seldom.

The typical mean NH,-N and total N concentrations in raw municipal wastewa-
ter range is 44.5-75.9 mg L™ NH,-N and 74.5-103.5 mg L™ N in Berlin wastewater
(WWTP Ruhleben). The total P concentrations range is 11.7-18.9 mg L™ P (BWB
2004; see also Table 2.3). But sometimes industrial effluents are heavily loaded
with ammonia; and its concentration varies depending on the production process-
es responsible (see Table 2.4).

Chemical systems have frequently been used to remove phosphorus in wastewa-
ter treatment. Biological processes to remove nitrogen and phosphorus from
wastewater have become more or less standard technology in wastewater treat-
ment. The utilization of biological nutrient removal processes for the treatment of
wastewater has environmental, economical and operational benefits. We will re-
turn to this topic later.
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10.2
Biological Nitrogen Removal

10.2.1
The Nitrogen Cycle and the Technical Removal Process

The relationship between the various nitrogen compounds and their transforma-
tion is presented in Fig. 10.2 as the nitrogen cycle. The transformation reactions
include fixation, ammonification, assimilation, nitrification and denitrification.
The principle compounds in the nitrogen cycle are nitrogen gas, ammonium, or-
ganic nitrogen and nitrate (De Renzo 1978).

The atmosphere serves as a reservoir of N, gas which is naturally transformed by
electrical discharge (lightning) and by nitrogen-fixing organisms. Moreover, N, gas
is fixed by a technical manufacturing process known as the Haber—Bosch synthe-
sis process since 1915. Industrial fixation was initially developed for the production
of fertilizers and explosives:

N, + 3H, — 2NH, (10.1)
NH; + 20, — HNO, + H,0 (10.2)
CeHsCH;" + 3HNO; — C¢H,CH,(NO,);? + 3H,0 (10.3)

In the fixed state, nitrogen can continue through various reactions. Nitrogen gas is
returned to the atmosphere by an explosive reaction of a mixture from NaNO; and
Ca(NOs), with NH,Cl to N, gas (Foerst 1965). Nitrogen gas is also formed by the
biological reduction through denitrification. The nitrogen cycle is applicable to sur-
face water and the soil/groundwater environment, where many transforming reac-
tions can occur. Nitrogen can be added by precipitation and dustfall, surface run-
off, artificial fertilizers and the direct discharge of wastewater (Fig. 10.2).

Domestic wastewater contains organic nitrogen compounds and ammonium.
These originate from protein metabolism in the human body. In fresh domestic
wastewater, approximately 60% of the nitrogen is in the organic and 40% is in
the inorganic form, such as NHj. The organic compounds include amino acids,
proteins, ADP/ATP and urea as the basic organic sources of nitrogen and phos-
phorus.

Biological nitrification and denitrification together make up the most useful pro-
cesses to remove nitrogen. During nitrification, ammonium is first oxidized to ni-
trite or nitrate by aerobic chemolitho-autotrophic bacteria. Nitrite and nitrate are
then reduced to N, gas in the denitrification process by chemoorgano-heterotrophic
denitrifying bacteria under anoxic conditions. Nitrification and denitrification occur
inside living bacteria in nature and in biological wastewater treatment processes.

In Sections 10.2.2 to 10.2.5 we discuss the microbiology, basic reactions, kinetics
and performance of biological nitrogen removal processes by nitrification and de-
nitrification.

1 Toluene, 2 TNT = 2,4,6-Trinitrotoluene
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Ammonification Nitrification

Ammonium
Ammoni—W NH3/NH4* »
- n o A Biological reduction

" Organic N = B
s infascal *

manufacture 1)

Chemical

LUrine,urea
Organic nitrogen —N(NHZ)"’_C?: v
in animal Atmospheric Denitrification
nitrogen N, Nitrite NO2-
g 7y
< g g8
£ 52
. . el c ®
Organic nitrogen - OE
in plant
Denitrification
Nitrate NO3-
Assimilation

1) Haber-Bosch synthesis: Nitrification
Nz + 3Hy —2NH3

NH3 + 202 —HNO3 + H20

HNO3 + NaOH —NaNQOs + H20

Fig. 10.2  Principal compounds in the nitrogen cycle are nitrogen gas,
ammonium, organic nitrogen and nitrate.

10.2.2
Nitrification

10.2.2.1 Nitrifying Bacteria and Stoichiometry
The autotrophic bacteria oxidize inorganic nitrogen components to obtain energy
for growth and maintenance, while they obtain carbon for cell building by the re-
duction of CO,. The principal genera in the activated sludge process, Nitrosomonas
and Nitrobacter, are responsible for the oxidation of ammonium to nitrite (nitritifi-
cation) and of nitrite to nitrate (nitratification), respectively.

Basic physiological and structural characteristics of Nitrosomonas and Nitrobacter
are presented in Table 10.2.

The stoichiometry for catabolism of NH, and NO, oxidation are:
NH; + 1.50, = NO; + H,0 + 2H* + AG® (10.4)
NO3 + 0.50, — NO3 + AG® (10.5)

with AG® =-240 ... =350 k] mol™ for Nitrosomonas and AG® = —65 ... =90 k] mol™
for Nitrobacter (Halling-Serensen and Jergensen 1993; Wiesmann and Libra
1999).
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Table 10.2 Basic comparison between nitrifying and denitrifying bacteria
(Gerardi and Michael 2002; Halling-Serensen and Jorgensen 1993).

Indication Nitrifiers Denitrifiers
Nitrosomonas Nitrobacter

Carbon source Inorganic (CO,) Inorganic (CO,) Organic carbon

Cell shape Coccus (spherical) Bacillus (rod-shaped) -

Cell size 1.0- 1.5 pm 0.5-1.0 pm -

O, requirement Strictly aerobic Strictly aerobic Facultative aerobic

pH range 5.8-8.5 6.5-8.5 6.5-8.5

te 8-36h 12-60 h 0.25-0.5h

Growth range of 5-30°C 5-40°C

temperature

The overall oxidation of ammonium by both groups is obtained by adding
Egs. (10.4) and (10.5):

NHZ + 20, - NO3 + 2H" + H,0 (10.6)

in which a large amount of oxygen is needed and the pH decreases in water with
low buffer capacity if no pH control is performed.

Compared to the catabolism of nitrification, anabolism has more complex stoi-
chiometric reactions. Due to the use of carbon dioxide as the carbon source, a
much lower growth rate of nitrifying biomass results and it is difficult to study cell-
building compared to aerobic heterotroph growth, especially if the cell-building of
both nitrifying genera must be determined separately. Therefore, there are signifi-
cant deviations among equations describing the metabolism of nitritification and
nitratification (Sherrad 1977; Dombrowski 1991; US EPA 1993; Grady et al. 1999;
Henze et al. 2002).

The stoichiometric reactions for the anabolism of NH; and NO; oxidation are as
follows, assuming that the empirical formulation of bacterial cells is CsH,0,N
(Halling-Serensen and Jergensen 1993; Henze et al. 2002):

13NHj; + 15CO, — 10NO3 + 3CsH,O,N + 23H* + 4H,0 (10.7)
bacteria
10NO; + 5CO, + NH7 + 2H,0 — 10NO3 + CsH;0,N + H* (10.8)
bacteria

When compared to the catabolism of NH, less energy is available for the growth
of Nitrobacter in comparison to Nitrosomonas (see Eqs. 10.4 and 10.5). Both anabol-
ic reactions usually take place at 5.5 <pH <8.3; therefore, Eq. (10.9) must be consid-
ered (see also Section 4.3):

CO, + H,0 «> HCO;3 + H* (10.9)
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The stoichiometric reactions of NH; and NO; oxidation for catabolism and anabo-
lism applied to 1 mol NHj and NO; are given by Eq. (10.10) and Eq. (10.11) respec-
tively (Wiesmann and Libra 1999):

NHZ + 1.98HCO;3 + 1.30, —

10.10
0.0182CsH,O,N + 0.98NO; + 1.04H,0 + 1.89H,CO; ( )

NO; + 0.02H,CO; + 0.480, + 0.005NH + 0.005HCO; —

10.11
0.005CsH,0,N + NO3 + 0.015H,0 ( )

Ammonium and nitrite are used as energy sources and CO, as a carbon source for
nitrifying bacteria. Ammonium is oxidized to nitrite over three steps and the oxida-
tion of nitrite to nitrate is a single step (Eq. 10.12). The intermediate between hy-
droxylamine and nitrite is not known (Henze et al. 2002).

d

NH; —> NH,0H ——> NOH? —— NO; —+» NO; (10.12)
Itis assumed that, for every reaction step, almost the same amount of energy is pro-
duced. The energy produced by the oxidation from ammonium to nitrite is a factor
of about 3.0-3.8 greater than that of the transformation from nitrite to nitrate
(see Egs. 10.4 and 10.5). Based on this fact, the biomass yield coefficient of
YA nm, OF Ya/no, has to correspond to this relation (see Eqgs. 10.18 and 10.19).
Many authors have measured the growth of Nitrosomonas and Nitrobacter and de-
scribed its stoichiometry, but the values are very different. The growth of new cells
in the activated sludge process is referred to as an increase in the mixed liquor vol-
atile suspended solids (MLVSS). Nitrifying bacteria obtain a relatively small amount
of energy from the oxidation of ammonium and nitrite, resulting in long generation
times and a small population MLVSS.

The specific growth rate of the nitrifying bacteria in activated sludge is much low-
er than that of aerobic organo-heterotrophs. Nitrifiers’ poor ability to form flocs and
the risk of being washed out of the system with their low growth rate can be over-
come by the likelihood that they are adsorbed onto the surface of other floc particles.
This characteristic is normally used for nitrification in biofilm reactors (see Chap-
ter 7). Using membrane bioreactors (see Chapter 12) for nitrification is also very
beneficial. The growth of nitrifying bacteria is affected by a number of environmen-
tal parameters such as dissolved oxygen concentration ¢’, pH and the presence of
inhibitors (see Section 10.2.2.3).

In order to determine the rate of NH, oxidation in a CSTR, assuming steady
state, the following expressions are used:

0=Qo (SNH4—N,O - SNH4—N) — I'ntn V (10.13)

X
HaZa (10.14)

INHN= 5o
Ya/NHiN

_ Pa Xa

To S
XA/O;

(10.15)

2
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In the next section, the yield coefficients and specific growth rate of nitrifying bac-
teria p are discussed.

10.2.2.2 Stoichiometry and Kinetics of Nitrification
From the catabolic stoichiometric reactions Egs. (10.4) and (10.5) for Nitrosomonas
and Nitrobacter respectively, the true yield coefficients are:

Mo, . _32gmol?O 0

Yo =15 —2 21522800 D2 _33872 (10.16)
My 14 gmol™' N gN
Mo, _32gmol'O o

Yo, oy = 0.5 —2205228MO Do _qq,872 (10.17)

My l4gmol'N gN

The stoichiometric coefficients show the true oxygen requirements, with the ex-
ception of the amount for endogenous respiration. From the sum of both coef-
ficients we obtain Y@,y = 4.57 g O, (g N)™". Thus, 4.57 g O, are required for each
g NO;-N produced (see Section 11.3.3). If anabolism is considered, the yield coef-
ficients are only a little lower.

The true yield coefficients follow directly from Egs. (10.10) and (10.11):

0.0182 Mc,i1,0,n _0.0182-115¢g mol™ CsH,NO,

(e}
Yxa /NH4&N =

Myt~ 14 g mol™ NH,-N
, (10.18)
g MLVSS "
=0.147 ———
gN
. 0.005 Mc im0, 0.005 - 113 g mol™ CsH,0,N
YXA/NOz—N = = =
Myo, -~ 14 g mol™ NO,-N
(10.19)
g MLVSS
=0.04
gN

The total yield values without accumulation of NO; for the growth of Nitrosomonas
and Nitrobacter are 0.187 g MLVSS per g NH.-N oxidized or g NO;-N produced.
Lindemann (2002) and Choi (2005) presented and compared some yield coeffi-
cients. Averaged values of Ya e, n and Ya,no, n Were calculated from values of
different authors, as follows (Larsen-Vefring 1993):

Y%anion =0.142 g MLVSS (g NH,-N)™
Y%a/n0,n = 0.02 t0 0.084 = 0.048 g MLVSS (g NO,-N)™*

D The total parameter MLVSS (mixed liquor volutile suspended solids) includes here only the
mass of Nitrosomonas or Nitrobacter, respectively.
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The influence of the decay rate (death and endogenous respiration) was not consid-
ered. The yield coefficients for the growth of nitrifyers with respect to oxygen con-
sumption are calculated as follows:

e _ Yapmon _ 0147 - MLVSS
KOS nren 3443 g0,

(10.20)

Vamorn 004 gMLVSS

ZXANOAN _ ), (10.21)
Yo morn 114 g0,

Y%A/oz =

As the yield coefficients show, nitrification is characterized by high oxygen con-
sumption and low biomass production. From Egs. (10.20) and (10.21) it can be
seen that almost the same amounts of oxygen are used for the cell multiplication
of Nitrosomonas and Nitrobacter.

Ammonia and nitric acid are believed to be the real electron donor (substrate) of
Nitrosomonas and Nitrobacter, respectively, because less energy is required for its
transport into the cell compared to the transport of an ionised molecule like NH
or NO; (Suzuki et al. 1974; Bergeron 1978; Wiesmann 1994). NH; and HNO, are
formed by dissociation which can be described based on a dissociation equilibrium
depending on pH and temperature:

NH; ———> NH;+H" (10.22)
k,
K,
NO; + H* ==—= HNO, (10.23)

The concentration of NH; and NHJ can be expressed via the dissociation constant
Kp ni, = ky/ky from Eq. (10.22) as follows:

SNHZ—N
K = 10.24
DN S (10-24)
with:
Snrion + SnHy N = SnHNs (10.25)

Introduction of Eq. (10.25) into Eq. (10.24) gives:

KD'NH3 _ SNH:,*NZ - SNH;—N (10.26)
Snr,N - Sy
or:
Sy = NILNE (10.27)
. 1+Kp np, - 10PH
where:

pH =-logSy+; Syy-=107P"
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Note, that Sy n = is approximately the same as Sy;_n for 6.0 < pH < 7.8, the pH
range at which wastewater is usually treated. Finally, this results in (Anthonisen et
al. 1976; Wiesmann 1994):

Swrin (10.28)

S =
M 1 K, - 10P1

with:

Kp ntsn = €XP <

(10.29)

6344
273+T

The concentration of HNO,-N is described using a similar calculation method:

Stino,N =—SN027N (10.30)
? 1+Kp 11no, - 107
with:
2300
Kp no, =€xp | - (10.31)
273+T
10 0%
? 8 1 T°C
SNH3 6 -
— 302010 0 __SNHg
SNHst * SNH; ] S+ Snn, 100
4 3 NH4* NH3z
4 -
2 -
0 | D L L D L I L L L 100 %
6 7 8 9 10 11 12
pH - value
0.004 99.6 %
? 0.0032 T°C
Suno, 00024+ 0
S +S2 - 10 quo
HNO> NO2 20 SHN02+SN02'
0.0016 | 20
0.0008 —
0 T T 71 T T T T T 1 1100%
6 7 8 9 10 11 12
pH - value

Fig. 10.3 Influence of the temperature and pH value on the dissociation
equilibrium of NH; and HNO.,.
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The dissociation equilibria of NH;/NHZ + Sy, and HNO,/NO; + Syno, With
regard to the influence of temperature and pH are presented in Fig. 10.3.

It is very important to recognize that Sy, increases and Sy yo, decreases with in-
creasing pH.

A kinetic description of nitrification is proposed based on Haldane kinetics. Both
equations are valid for ammonium and nitrite-rich wastewater where both ammo-
nium and nitrite oxidations are inhibited by substrate surplus (see Eq. 10.32 and
Eq. 10.33).

SNH-N C

= Pmax,Ns * . 10.32
Pns = Pmaxns SIZ\IH3—N Kis+c ( )
KS,N]—I; + SNH;—N +
Kit,Ns
_ SHNO,-N d
PN = Pmax,NB Sorn | KuptC (10.33)

Ks 1ino, + SHNOZ—N +
iH,NB
For higher values of Sy, _n (higher pH) or Syno, .~ (lower pH) the reactions are
inhibited.

For lower values of Sy, n OF Spno, n, €.8. in municipal wastewater treatment
plants, the inhibition according to Haldane kinetics can be neglected. Oxygen lim-
itation can be disregarded for > K’. According to these assumptions, Egs. (10.32)
and (10.33) result in simplified kinetic descriptions which are used for nitrification
in the WWTP loaded with a low ammonia and nitrite concentration, respectively:

SnHsN
= Pmax,Ns ~ I E— 10.34
Fis = Hmacns Ks,ns+Snsn ( )
StNnosN
HNE = PmaxNg - 5 (10.35)

Ks,ng+ Stino,—n

Table 10.3 presents the kinetic and yield coefficients of nitrification.

Usually, ammonium oxidation to nitrite is regarded as the bottleneck of nitrifi-
cation to nitrate. However at low pH, low ¢’ and low temperature, the oxidation rate
of NO; is considerably lower than that of NHZ. NO; accumulation can be observed
(see Section 10.2.4). It is beneficial if NH is oxidized only to NO3, which is subse-
quently denitrified in biological nitrogen-removal systems. Nitrogen removal via
the nitrite pathway is also an environmentally cleaner process which reduces the
cost of aeration and carbon sources (e.g. methanol as an electron donor). More-
over, it has been reported that denitrification rates with nitrite are 1.5-2.0 times
faster than with nitrate (Abeling and Seyfried 1992). The concept of nitrogen re-
moval via nitrite accumulation will be explained in Section 10.2.4 in detail.

If CO, is added as the carbon source in effluents with low concentrations of
organics resulting in low CO, formation, its concentration may be a rate-limiting
factor, especially if high NH; concentrations are to be oxidized in higher pH
regions (Green et al. 2002; Carrera et al. 2003).
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Table 10.3  Kinetic and yield coefficients of autotrophic nitrification.

Reference T Himax Knhgn Kina K Yamn®
(°C) (h™) (mgL'N) (mgL'N) (mgL'O,)

NH, oxidation

Knowles et al. (1965) 30 0.0822 0.084 - - -
Bergeron (1978) 25 0.0064 0.138 35 1.8 -
Nyhius (1985) 15-17 0.04 0.056 33 0.5 -
Dombrowski (1991) 20 0.0138 0.714 540 0.29 -
Wiesmann (1994) 20 0.032 0.028 540 0.3 0.147
Horn and Hempel (1996) 20-22  0.0063 0.5 - 0.5 0.062
Pirsing (1996) 25 0.038 0.03 200 0.3 0.142
Lindemann (2002) 22.5 0.0074  0.079 16.5 0.25 0.142
NO, oxidation

Knowles et al. (1965) 30 0.058 1.9-10* - - -
Bergeron (1978) 25 0.005 2.5-10* 35 1.4 -
Nyhius (1985) 15-17 0.016 1.7-10* 0.15 0.75 -
Dombrowski (1991) 25 0.019 0.39-10* 0.25 1.1 -
Wiesmann (1994) 20 0.045 0.32-10*  0.26 1.1 0.042
Okabe et al. (1995) 20 0.034 0.94-10* - 0.68 0.083
Pirsing (1996) 25 0041  055-10* 0.1 13 0.048
Lindemann (2002) 22.5 0.019 3.0-10* 0.26 1.27 0.048

¥ For NH, oxidation: g MLVSS (g NH,-N)™; for NO, oxidation: g MLVSS (g NO,-N)™.

10.2.2.3 Parameters Influencing Nitrification
There are several parameters which influence the ability of a population of nitrify-
ing bacteria to perform nitrification, such as ¢/, pH, T, tg and tgx. Of all these pa-
rameters, ¢’ and pH are the most important.

Nitrifying bacteria are strict aerobes. The nitrification rate is limited entirely if
oxygen is not supplied. Equations (10.32) and (10.33) show the influence of oxygen
on the nitrification rate. For example, the region of oxygen limitation can be esti-
mated using Kiz = 1.1 mg L™ O, (see Table 10.3). The point of limitation may be
given as p = 0.9 Pax (90% of maximal growth rate) which is already reached at
=99 mg L™ O, (see also Eq. 6.11). This means that there is always a limiting
effect of the oxygen concentration on the nitrification rate when aerating with air.

For effective nitrification, the amount of ¢’ maintained in the aeration tank
should be monitored as a control parameter to ensure permanent effluent concen-
trations for NHj, NO; and NOj3. The practice of over-aeration is expensive and can
even contribute to shearing of nitrifying bacterial flocs and/or enhance foam pro-
duction.

A relationship between growth rate and pH was given by Egs. (10.28) and (10.32)
for ammonium oxidation and by Egs. (10.30) and (10.33) for nitrite oxidation. The
optimum pH for the growth of nitrifying bacteria is generally assumed to be
pH 7.2-8.0, depending on Sy, (see Eq. 10.28). If the pH of the aeration tank drops
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below pH 5.5 or goes above pH 9.0, a significant decrease in nitrification occurs as
a result of protein damage. A low wastewater pH has the primary effect of inhibit-
ing nitrifiers’ enzymatic activity and has a secondary effect on the availability of
alkalinity.

A drop in temperature results in a remarkable reduction in the growth rate of
nitrifying bacteria. Some authors (Hopwood and Downing 1965; Knowles et al.
1965; Painter and Loveless 1983) described the temperature dependence of nitrifi-
cation. To describe the influence of temperature on nitrification as well as denitrifi-
cation, we use the Arrhenius equation for biochemical reactions (see Eq. 3.1).

The temperature dependence of the maximum growth rate during nitrification
was already published by Knowles et al. (1965):

Homaxs = 0.042 exp (0.0351T—2.174) (10.36)
Hmaxs = 0.042 exp (0.0587 T—1.13) (10.37)

The nitrification rate is a function of temperature between 8°C and 30°C. Low
wastewater temperatures in winter negatively affect the nitrification. Therefore,
many regulatory agencies in temperate regions have different ammonia discharge
limits according to the season.

Figure 10.4 shows the optimal range of nitrification with respect to the growth
rate of nitrifying bacteria in relation to pH and temperature (Larsen-Vefring 1993).

Excursions to low temperatures, temporary and long-term drops in ¢” and/or ex-
treme pH values lead to incomplete nitrification which results in operational dis-
ruptions.

Nitrosomonas Nitrobacter
10713 10715
ht e =W !
] >\ i " “7'5>---\-\\-‘:: i
16 4 4 - S

1

MNs - \ MNB s, P
10-24 ™M, > 102 \/,f
3 ~3 j 7
+— SnH, N=10mgL "N ————SNOZN—1OmgL N
i SNH -N = io mgIT_ NO - SNO _N =50 mgL N
= mg —4 L O
1073 | T T T d T 103 |C T mg 2 T
0.0032 0.0034 0.0036 0.0032 0.0034 0.0036
-1 . -1
T K T K
40 30 20 M0.¢ 40 30 20 10.g
Temperature Temperature

Fig. 10.4 Specific growth rate of nitrifying bacteria in relation to pH and
temperature (Larsen-Vefring 1993, calculated).
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Table 10.4 Operational parameters influencing nitrification.

Parameters Optimal range/value and comments

d 2-3mg L™ O,, ¢’ limits nitrification

pH pH 7.2-8.0, pH <5.5 and >9.0 critical
Temperature T =28-32°C, T <5°C and >40°C critical

Snis Inhibits Nitrosomonas >10 mg L™, Nitrobacter >0.1 mg L™
Stino2 Inhibits Nitrosomonas and Nitrobacter >1.0 mg L™
Snia inhibits nitrification > 400-500 mg L™

trx > 4-6 days, increases with decreasing temperature
tr > 10 h at low temperatures

X >2g L™ MLVSS

Ratio of FM¥ ~0.5 g NH,N (g MLVSS)™ recommended

) Ratio of feed to biomass.

Table 10.4 summarizes the operational parameters favoring nitrification. Gener-
ally, increasing T, tg, Sy and a sufficiently high trx are beneficial for nitrifying bac-
teria. They result in sufficient MLVSS. A sludge age of tgx>4-6 days is needed to
achieve nitrification. The presence of healthy and adequate nitrifying bacteria is
the basic requirement for successful nitrification. The influences of ti and tgx on
removal or removal rate are discussed in Chapter 6.

10.2.3
Denitrification

10.2.3.1 Denitrifying Bacteria and Stoichiometry

Denitrifying bacteria are capable of removing oxidized nitrogen from wastewater
by converting it to N, gas which escapes to the atmosphere. Most denitrifying or-
ganisms are facultative aerobic chemoorgano-heterotrophic bacteria which make
up approximately 80% of the bacteria within an activated sludge environment.
Under anoxic conditions nitrite and nitrate serve as electron acceptors instead of
O, and organic substrates as electron donors for ATP production at very low oxy-
gen concentration.

Denitrifying bacteria are common soil and water microorganisms and are asso-
ciated with fecal waste. They enter an activated sludge process as fecal organisms
in domestic wastewater and use free molecular oxygen if it is available. The energy
produced with O, as the electron acceptor is only 7% more than with NO; and NO3
if the same C source is used (McKinney and Conway 1957).

Besides heterotrophic denitrification, denitrification can also be performed by
chemolitho-autotrophic bacteria with H, or with reduced sulfate compounds as
electron acceptors (Lompe 1992; Beller et al. 2004). Kuai and Verstraete (1998)
showed the occurrence of oxygen-limited autotrophic nitrification—denitrification.
The reduction of NO; and NOj to gases such as NO, N,O or N, in suspended
sludge or biofilm under low ¢” and/or anoxic condition is possible, even in the ab-
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sence of organic carbon as endogeneous denitrification (Bernet et al. 2001). Auto-
trophic denitrification is used in some waterworks for treating groundwater con-
taining NO3/NO; (Lompe 1992). We will not discuss these processes here.

There are five main nitrogenous compounds in denitrification (see Eq. 10.38).
Nitrate is the initial substrate for denitrification and molecular N, is the end-prod-
uct. Other intermediates like NO and N,O can be emitted if incomplete denitrifica-
tion occurs due to very high nitrate concentrations and relatively low organic sub-
strate concentrations (Stumer et al. 1996).

NO; —> NO; —» NO —> N,0 ——> N, (10.38)

The reduction of NOj is carried out by one organism in four steps. Each step can
conditionally be inhibited; and intermediate products can escape by being dis-
solved in water and by being subsequently desorbed and transported by mass
transfer into gas bubbles and then into the air. The kinetics of the intermediate
steps are still not known in detail. Until now, no exact nitrogen balance has been
able to show how much NO and N,O are built. It is very important to balance ex-
actly by measurements, but it is very difficult to perform.

Nearly all denitrifiers are able to use NO; and NOj3. The catabolism of denitrifi-
cation that provides two growth- and energy-yielding steps is described in simpli-
fied form using methanol as the energy source (Halling-Sgrensen and Jergensen
1993; Lawrence and McCarty 1969):

6NO; + 2CH,0H — 6NO; + 2CO, + 4H,0 (10.39)
6NO3 + 3CH,0H — 3N, + 3CO, + 3H,0 + 60H" (10.40)
6NO3 + 5CH,0H — 3N, + 5CO, + 7H,0 + 60H™ + AG® (10.41)

with AG® =-783 k] mol™".
However, this is in contrast to aerobic catabolism, during which the hydroxyl ion
is not produced:

30, + 2CH,0H — 2CO, + 4H,0 (10.42)

The organic substrate is completely oxidized to CO, and H,O. The produced OH~
(see Egs. 10.40 and 10.41) is alkaline; and some of the CO, produced is returned to
the nitrification tank. The ion is compensated in part or completely depending on
NH: influent concentration and is consumed during nitrification of soft water.

In order to maintain adequate alkalinity in the activated sludge, various chemi-
cals or alkalics can be added to the water. These chemicals include bicarbonates
(HCO3), carbonates (CO3") and hydroxides (OH") of calcium, magnesium and
sodium. The following chemicals for buffering alkalinity are commonly added:
sodium bicarbonate (NaHCO;), calcium carbonate (CaCOs), sodium carbonate
(Na,CO;), calcium hydroxide (Ca(OH),) and sodium hydroxide (NaOH). Some-
times this is not needed if, for example, hard water such as the water from Berlin
(Beelitzhof) is being treated, which has a total hardness of 15.3 °dH and a carbonate
hardness of 10.8 °dH (BWB 2004).
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10.2.3.2  Stoichiometry and Kinetics of Denitrification

Nearly all organics can be used as substrate. For this discussion of stoichiometry
for catabolism and anabolism methanol is suitable. Related to one C atom of meth-
anol, we can write (Lawrence and McCarty 1969):

0.926 NO3 + CH,;0H + 0.22H,CO; —

10.43
0.051 CsH,O,N + 0.435N, + 0.926 HCO;3 + 1.56 H,O ( )

1.49NO;5 + CH;0H + 0.79H,CO; —

10.44
0.059CsH,0,N + 0.72N, + 1.49HCO3 + 1.84 H,0 (1044)

In accordance with Eq. (10.13), the substrate utilization and denitrification rates
are calculated as:

I'nOsN = OL (10.45)
YXC/NO;—N
X
Fop = b (10.46)
XC/SC
The corresponding equations for NO, can be obtained.
From Eq. (10.43) the true yield coefficients Ygc sc and Yéc no, ~ follow:
. 0.051Mxc  0.051-12-5 gmol™ CsH,0,N-C
YXC/SC = = 1
Msc 1.0-12 g mol™ CH;0H-C
(10.47)
XC MLVSS"
02555~ <051 BV
gsSC gDOC
. Msc 1.0-12 g mol™ CH;OH-C
YSC/NO;—N = = —
0.926 Myo, ~n 0.926 - 14 g mol ' NO;—-N
10.48
=089 ———
gNO;—-N
From Eq. (10.47) and Eq. (10.48), then Eq. (10.49) follows:
Y% Y3 Ys gxc 0.454 gMLVSS 10.49
XC/NOs-N = Yxc/sc* Ysc/NosN = gNO,—N = 0. m (10.49)
and, respectively, for NO, from Eq. (10.44):
§ ) § gXC gMLVSS
Yic/nos—n = Yxcssc * Ysc/NoyN = m =~ 0. m (10.50)

D It is assumed that the MLVSS consists of 50% carbon.

239



240

10 Biological Nutrient Removal

Table 10.5 Kinetic and yield coefficients of heterotrophic denitrification (Wiesmann 1994).

Symbol Unit NO; reduction NO, reduction
Honax d 2.6 15

Y3 g MLVSS (g DOC)™ 1 1

Yo g MLVSS (g NOx-N)™* 1.2 0.8

kq d? 0.1 0.1

Ks mg L' DOC 62.5 -

Knop mg L™ NOx-N <0.14 =0.12

Thus, 0.454 g MLVSS is produced for 1 g NO;-N removed by denitrification; and
25.5% of the CH;OH-C is used for anabolism and 74.5% for catabolism (see
Eq. 10.49). However, the production of biomass depends on substrate used, result-
ing in different Y . Denitrifying bacteria can use most organic compounds com-
monly found in domestic wastewater. Several organic substrates such as methanol,
acetic acid, ethanol, glucose, molasses or a part of the influent wastewater are often
added to a denitrification tank if post-denitrification is run (see Section 10.4.2).

Table 10.5 presents some kinetic and yield coefficients of denitrification.

The specific growth rate of bacteria is influenced by both the concentration of the
organic substrate and the concentration of NO; or NO3. The kinetics of denitrifica-
tion can be described by a double Monod kinetic model and an additional term to
include the inhibiting effect of dissolved O, concentration on denitrification for
NO;~ (Batchelor 1982; IAWPRC 1986):

S Snos Kio,
—N = Hmax 3— ‘ N 1051
FNosN = HmaxNosN e o+ S5m0, Ko+ C (10-51)
and for NO3:
S Sxos Kio,
Pnos-N = Pmax,NO,-N & ° (10.52)

Ks+S  Knop+Swo,  Kioy+¢

Note that all three saturation coefficients can differ if different substrates are used.

10.2.3.3 Parameters Influencing Denitrification

From the kinetic observation in Egs. (10.51) and (10.52) it can be seen that denit-
rification needs certain favorable conditions, such as the presence of organic sub-
strate, very low ¢’ (¢’=0), correct pH and T.

Sufficient organic substrate is one of the main control parameters for denitrifi-
cation. From Eq. (10.48) the optimal ratio of organic carbon to nitrate is approxi-
mately Y2c/no,.n = 0.89 g DOC (g NO;-N)™" where complete denitrification is pos-
sible. For lower ratios, the NO; effluent concentration is increased. The value for
NO, is somewhat lower at Y$¢/no, n = 0.58 g DOC (g NO,-N)™". This is one of the
advantages of nitrification via NO, accumulation (see Section 10.2.4). A high denit-
rification rate can be achieved if the concentration of readily biodegradable organ-
ic matter is controlled.
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Free molecular oxygen inhibits denitrification because the oxygen suppresses
the formation of the enzyme nitrate reductase (Payne 1973). Wheatland et al.
(1959) found that the denitrification rate at ¢’ = 0.2 mg L™" was about one-half of
therateat <’ =0mg L™ (Kic = 0.2 mg L™ O,).

Denitrification results in an increase in the alkalinity. The OH™ produced in
Egs. (10.40) and (10.41) is used for building H,O with the H* produced during nit-
rification. Denitrification can occur over a wide range of pH values. Most studies
show the highest rates of denitrification occurring at pH 7.0-7.5 (Halling-
Serensen and Jergensen 1993).

The growth rate of the organism and removal rate of nitrate are both affected by
temperature. For wastewater below 5°C, denitrification is highly limited because
biological metabolism is too slow. Table 10.6 summarizes the operational factors
favoring denitrification.

Within a redox potential range of +50 mV to —50 mV, oxygen is either absent or
present only at a relatively small concentration. Above +50 mV, aerobic conditions
dominate.

If it is possible for the carbon source for denitrification to be depleted, endoge-
nous denitrification can occur. Adam (2004) observed a constant denitrification
rate over a long time (>30 h) in a post-denitrification process without Bio-P organ-
isms. This means that the kind of carbon source was not changed and/or depleted
during this experiment. This is a typical characteristic of endogenous denitrifica-
tion. Based on Eq. (10.51), ryos can be described to reflect endogenous respiration:

I'nos = Pnosn X + ke X = k. X (10.53)
where: pino, nX=0

Endogenous denitrification rates are normally lower than when using external
carbon sources. However, if the bacterial concentration in the anoxic zone is in-
creased, the denitrification rate increases as a result (Adam 2004). The increase in
ammonium concentration and decrease in bacterial concentration could be ob-
served during endogenous denitrification and bacterial lysis.

Table 10.6 Operational parameters influencing denitrification.

Parameters Optimal range/value and comments

Organic carbon Main control parameter, ratio of 3:1 (organics as COD to NO, and NO3)
is optimal for complete denitrification, and above 3:2 causes increase
in NO, and NO,.

[l Inhibits denitrification, obvious inhibition of denitrification at
>02mgL"O,.
pH Affects enzymatic activity of denitrifying bacteria, 7.0 < pH

optimum <7.5.

Temperature Denitrification rate increases with increasing T, until T=35°C;
very low rate below 5 °C.

Redox potential +50 to =50 mV, above +50 mV aerobic conditions dominate.
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10.2.4
Nitrite Accumulation During Nitrification

Nitrite is accumulated under certain process conditions which promote the ammo-
nium oxidation rate to a point that it exceeds the nitrite oxidation rate. Finding and
optimizing these process conditions are the key points for nitrite accumulation.
The following parameters are favorable for high nitrite concentrations:

e Limited dissolved oxygen concentrations due to a lower K5 = 0.3 mg L™ O, for
Nitrosomonas compared with Kiz = 1.1 mg L™ O, for Nitrobacter (see Table 10.3).

¢ Controlling the pH to obtain certain concentration levels of HNO, and NH;
(see Section 10.2.2.2).

e Higher temperature favors Nitrosomonas (T = 28-35°C; see Section 10.2.5).

The different K’ values of Nitrosomonas and Nitrobacter (Dombrowski 1991; Wies-
mann 1994; Pirsing 1996) show that nitrite oxidation to nitrate is more limited at
low oxygen concentrations than ammonium oxidation. In aerobic biofilm reactors
with high biomass concentrations, the conversion rate is usually limited by the oxy-
gen transfer from liquid to biofilm (see Chapter 7). The limited oxygen transfer to
a biofilm causes a very low dissolved oxygen concentration at the surface of the bi-
ofilm, so that the nitrite oxidation to nitrate is limited more effectively due to the
lower K’ values of Nitrosomonas compared to Nitrobacter. To take advantage of this
characteristic, most research done on nitrite accumulation has centered on biofilm
reactors (Abeling and Seyfried 1992; Garrido et al. 1997; Bernet et al. 2001; Antileo
et al. 2003).

In some cases the oxidation of ammonia stops at the nitrite stage, even though ¢’
is high enough not to limit nitrite oxidation. This can be explained by the fact that
nitrite accumulation is also linked to inhibition by ammonia. Anthonisen et al.
(1976) found that ammonia inhibition of Nitrosomonas first becomes evident at
concentrations of 8-124 g m~ NH;-N (see Eq. 10.28), while the selective inhibition
of Nitrobacter by HNO, already occurs at concentrations of 0.1-1.0 g m™ NH;-N.

By using both the characteristics of low oxygen concentration and the different
ammonia inhibitions of Nitrosomonas and Nitrobacter, 74% nitrite accumulation
was observed in a suspended membrane bioreactor (Choi 2005).

Figure 10.5 shows the schematic of nitrification and denitrification for achieving
nitrite accumulation.

Sustained nitrite accumulation via the nitrite pathway (NH; — NO; — N,) of-
fers several benefits for nitrogen removal of wastewater, compared to the nitrate
pathway (NHZ — NO; — NO3 — NO; — N,):

o faster kinetics of the nitrification and denitrification processes,
e up to 25% energy savings during aeration,

up to 40% savings from reduced demand for organic substrate,
a higher rate of denitrification,

lower biomass production (up to one third of former amount).
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Fig. 10.5 Schematic for the accumulation of nitrite by nitrification and denitrification.

As disadvantages it can be mentioned:

e nitrification must be operated and controlled precisely,
e automatic measurement of NO, concentration in effluent of the anoxic step
results in increasing operating costs.

10.2.5
New Microbial Processes for Nitrogen Removal

The ANAMMOX process — an acronym for anaerobic ammonium oxidation — has
been described as a new way for biological nitrogen removal. Certain chemolitho-
autotrophic bacteria are capable of oxidizing the electron donor ammonium to ni-
trogen gas, with nitrite as the electron acceptor under anoxic conditions (Mulder
1992; Mulder et al. 1995; Jetten et al. 1998; Helmer et al. 2001):

NH; + NO; —» N, + 2H,0 + AG°
where: AG® = -359 k] ... —380 k] (mol NH)™"

The bacteria belong to the rare order of the Planctomycetes, of which Plancto-
myces and Pirellula are the most important members. Current genera are Brocadia
and Kuenenia (both freshwater species) and Scalindua (marine species). The bacte-
ria catalyzing the ANAMMOX reaction are autotrophic, which means the conver-
sion of nitrite to N, proceeds without the use of organic carbon. The process is
characterized by low sludge production and a substantial reduction in aeration en-
ergy by 60% and chemicals for neutralization. The net CO, emissions are strongly
reduced. The cost reduction compared to conventional N removal should be con-
siderable (Van Dongen et al. 2001).
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The SHARON process (acronym for single reactor system for high activity am-
monia removal over nitrite) was conceived to promote biological nitrogen removal
over nitrite in concentrated wastewater (Van Dongen et al. 2001) and provides sev-
eral advantages (see Section 10.2.2). Its pH control is very important. Nitrite oxyda-
tion can be inhibited in regions of lower pH (higher HNO, concentration) and lim-
ited in regions of lower oxygen concentration (Van Kempen et al. 2001). The pro-
cess is operated at high temperatures (>25°C), which selectively promote the fast-
growing ammonium oxidizers, while Nitrobacter can be washed out of the system.
It is characterized by a complete absence of sludge retention (tgx = tg), because the
growth and washout of sludge are in equilibrium (Hellinga et al. 1998; Van Kemp-
en et al. 2001).

Processes based on this autotrophic nitrogen removal concept have been de-
scribed and investigated intensively in a sequencing batch reactor SBR (Strous et
al. 1998; Fux et al. 2002), in a continuous flow moving-bed pilot plant (Helmer et
al. 2001), in a fluidized-bed reactor (Van de Graaf et al. 1996) and in suspended
SHARON-ANAMMOX systems (Hellinga et al. 1998; Van Dongen et al. 2001).
This combined new way for nitrogen elimination can be applied technically to in-
dustrial wastewater with high ammonium concentrations but no DOC.

Cost estimates for the classic method of autotrophic nitrification/heterotrophic
denitrification and for partial nitritation/autotrophic anaerobic ammonium oxida-
tion (ANAMMOX) with anaerobic sludge digestion demonstrate that partial nitri-
tation/ANAMMOX is more economical than classic nitrification/denitrification
(Fux and Siegrist 2004). A full-scale cost estimation of different techniques for N
removal from rejection water was carried out based on STOWA (1996) for WWTP
capacity of 500000 inh.

10.3
Biological Phosphorus Removal

10.3.1
Enhanced Biological Phosphorus Removal

Enhanced biological phosphorus removal in activated sludge systems was first re-
ported in the late 1960s (Vacker et al. 1967). Acinetobacter sp. and especially the
strain L. woffii were identified as the organisms responsible for accumulating ex-
cess phosphates in their cells, if they have short-chain volatile fatty acids (VFAs)
available, especially acetate, as feed stock (Fuhs and Chen 1975).

Biological phosphorus removal is realized by creating conditions favorable for
the growth of phosphate-accumulating organisms (PAOs). An initial anaerobic
zone allows the PAOs to take up VFAs into their cells and store them as poly-B-hy-
droxybuterate (PHF). The polyphosphate stored just prior to this is oxidized and
used as an energy source, producing ATP; and it is thereby released into the liquid
phase (Fig. 10.6). The anaerobic uptake of organic matter is inherently related to
the accumulated polyphosphate.
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Fig. 10.6 Mechanism of enhanced biological phosphorus removal;
shown is each time the beginning of the process (Wentzel et al. 1991).

After the mixed liquor reaches the aerobic zone, the stored PHF is used by the
PAOs for cell growth and to provide energy for reforming polyphosphate from all
the available orthophosphate and also for the synthesis of polyglucose (glycogen).
By going through both anaerobic and aerobic conditions, PAOs are adequately es-
tablished and become predominant in the biomass community after several weeks.
The PAQO’s are the only bacteria being able to store substrate in a first anaerobic re-
actor and to oxidize them in a second aerobic reactor. This is only possible by en-
richment of the Poly-P storage. This enrichment of the PAOs containing a high
concentration of polyphosphate leads to the establishment of biological phosphorus
removal. The net elimination of the process results from the bacterial cell growth
and the removal of surplus sludge at the point when the phosphate is taken up to a
higher level than that released in the anaerobic stage (see Fig. 10.7, below).

10.3.2
Kinetic Model for Phosphorus Removal

10.3.2.1  Preliminary Remarks
Obtaining kinetic and stoichiometric information requires that we make some
assumptions, as follows:

o the reactors are operated as CSTRs (see Section 6.2.2),
e the process is in steady state,
e acetate is used as the substrate.

The biochemical pathway of the organic substrate metabolism is closely associated
with polyphosphate storage. There is an apparent relationship between two param-
eters: organic substrate and polyphosphate. Substrate uptake and phosphorus re-
lease in the anaerobic phase can be described by the balances of acetate and PO,-P
(Fig. 10.7).
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Fig. 10.7 Two-stage biological phosphorus removal in CSTR (AO process,
Phoredox) with concentration profiles for phosphorus and substrate.

The process diagram is expanded compared to Fig. 6.3 by installing an anaerobic
reactor in front of the aerobic one.

10.3.2.2  Anaerobic Zone
The following balances are valid for an anaerobic CSTR volume V,,,:

for acetate S:

0= Qu (Sm—San) — I's,an Van (10.54)
for PO,-P:
r an
0=Qm(Sp.m=Span) + OS— Van (10.55)
YSC/PO4—P

for biomass X:

r an
0 = Qui (Xns=Xan) + o Vi, (10.56)
YSC/XC
with:
Sm—San Sm—San

Y2 p= = 10.57
SC/Poy SP,an_SP’M SPP,an_SPP,M ( )

and:

Xan_XM

Yo = - 10.58
XC/sC SM—San ( )

where S, is the concentration of acetate after mixing with returned sludge, S.,, is
the concentration of acetate in the anaerobic reactor, Sp ., is the concentration of
PO,-P in the anaerobic reactor, Sy, is the concentration of PO,-P after mixing
with returned sludge, rs ., is the rate of acetate uptake, Spp ., is the concentration
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of polyphosphate in bacterial cells in the anaerobic reactor and Spp y, is the concen-
tration of polyphosphate in bacterial cells after mixing with returned sludge.

In order to determine Sp ,,, with a known reactor volume V,,, and flow rate Q,,
it is first necessary to know the dependency of the substrate conversion rate rg 5,
on the concentrations of acetate S,, and orthophosphate-P S; ., in the anaerobic
stage. The specific maximum growth rate ji,,,. and yield coefficient Yx¢,sc are re-
placed by the rate coefficient k. The modified double-Monod kinetics could be ver-
ified by experiments (Wentzel et al. 1987; Gao 1995; Romanski 1999):

max San n
Foan= — an — (10.59)
XC/SC Ks+S.n Kpp+npp
with:
S an
Npp = —— (10.60)

If npp = 0, no substrate can be taken up. For npp> Kpp, the acetate uptake rate rg .,
is only a function of S,,, and X,,,; and for S,,> K it depends only on X,,,.

10.3.2.3  Aerobic Zone
The following balances are valid for an aerobic CSTR volume V,:

for acetate S:

0=Qum (San—Sae) ~ Isae Vae (10.61)
for PO,-P:
r ae
0 = QM (SP’an_SP’ae) - QS—’ Vae (1062)
YSC/POA—P

for biomass X:

rS,ae

0=Qu (Xan=Xse) + o5 Vae (10.63)
Sc/xc
with:
Veemorn = o SnTSe (10.64)
Spac—=Span  Sepac—Sppan
and:
Yie/sc = X=X (10.65)
San—Sae

In the aerobic zone, phosphorus uptake and substrate transformation rates are in-
fluenced by orthophosphate in the liquid phase and by the carbon source stored as
PHB in bacterial cells. They are very closely connected with each other and it is as-
sumed that the bacterial growth occurs based on intracellular PHB:
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1'P,ae =

1'S,ae =

with:

Nppp =

pmax

sP,Ae

Nppp

’

C

o

ae ’ 7’
XC/PO4—P Kp aetSp.ae Kppp+npus K'+c

’

pmax SP,ae 1’lPHB C
-ae 7 ’
Y())(C/PHB Kpae+ Spae Kppp+npups K'+c
Spis

an

Note that the substrate is now stored as PHB inside the cells.

Various models have been developed for the biological phosphorus removal by
several authors (Wentzel et al. 1986; Tsuno et al. 1987; Ante and Vo 1995; Gao
1995; Henze et al. 1995; Romanski 1999). But today there is no standard model to
describe the kinetics of biological phosphorus removal. Its rate depends primarily
on the concentration of polyphosphate-accumulating bacteria in both anaerobic
and aerobic reactors and the concentrations in the Egs. (10.59), (10.66) and (10.67).
These equations have not been sufficiently validated and further investigations are

needed.

10.3.3

Results of a Batch Experiment

(10.66)

(10.67)

(10.68)

Figure 10.8 shows concentration profiles of S and S; in a batch experiment, pre-
senting a net elimination of phosphorus (Romanski 1999).

In the anaerobic period, the obligatorily aerobic poly-P bacteria (PAOs) take up
substrate (e.g. acetate) and store it as lipid reserve material (PHB). Simultaneous-
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Fig. 10.8 Concentration profiles of Ss and S, in a batch experiment (Romanski 1999).

l- anaerobic —«——— aerobic
pH7.5 | —*Sp mgL'P L]
\ T=20-24°C = Ss mgL'Ac-C
Sp
\\\0\.__* net elimination of P
v
Ss
0 60 120 180 240 300 360 420 . 480
; min
Time



10.3 Biological Phosphorus Removal

ly, the polyphosphate in the cells is partly utilized as an energy source and is re-
leased, resulting in an increase in Sp from 20 mg L™ to 60 mg L™' PO,-P, which is
closely correlated with the synthesis of PHB. The polyphosphate is released with a
high rate as long as the acetate exists. Afterwards, other substrates being formed by
lysis of bacteria are partly converted into lower fatty acids, resulting in a slower P-
release.

In the following aerobic phase, the orthophosphate is taken up into the bacterial
cells while the PHB is utilized for growth. The orthophosphate concentration Sp
decreases from the initial concentration of 20 mg L™ at the beginning of the anaer-
obic batch test down to 12 mg L' PO,-P. The difference of 8 mg L' PO,-P is the
net elimination of phosphorus. More phosphate is taken up aerobically than is re-
leased anaerobically because it is enriched in the biomass due to bacterial growth
which is removed with the excess sludge.

10.3.4
Parameters Affecting Biological Phosphorus Removal

An adequate supply of VFAs is one of the key factors for successful biological phos-
phorus removal, due to its very strong relation to polyphosphate release or phos-
phate uptake. VFAs either are a part of the readily biodegradable substrate in the
influent or are formed from it by fermentation in the anaerobic zone by facultative
aerobic bacteria. In comparison, methanogenic bacteria are not able to grow in a
system with changes from anaerobic to aerobic conditions.

If adequate dissolved oxygen is present, PAOs can grow in the aerobic zone at ad-
equate rates. But the introduction of O, or NO, and NO; to the anaerobic zone
should be minimized because it is used preferentially as a terminal electron accep-
tor, which reduces the amount of VFAs available for uptake by the PAOs (Hascoet
and Florentz 1985). As a result, phosphate uptake in the aerobic zone is reduced.

The solid retention time tgx must be adequate to allow PAOs to grow and can re-
markably affect the phosphorus removal rate. Increasing the anaerobic tgx will al-
low increased fermentation of organic matter, resulting in increased production of
VFAs and total removal rate. A low hydraulic retention time tg is beneficial in opti-
mizing the process. The main parameters affecting biological phosphorus remov-
al performance are summarized in Table 10.7.

Decreasing temperature in the anaerobic zone reduces the rate of fermentation.
PAOs are less affected by decreasing pH than nitrifying bacteria are (US EPA
1993). Overall phosphate removal may fall with decreasing pH values because
more energy is needed to take up acetates against a higher H* concentration, be-
cause the concentration of undissociated acetate decreases.

The phosphorus content of the bacteria npp may have a remarkable influence on
the phosphorus removal rate because it is very closely linked to the capacity of
PAOs for P release and uptake. The typical average npp value is 5-7% of the bacte-
rial mass and values as high as 12-15% are obtained in some cases, depending on
the process configuration. The n,p for conventional activated sludge will typically
range from 1.5% to 2.0% (Grady et al. 1999).
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Table 10.7 Parameters affecting BPR process.

Parameters Optimal range/value and comments

Concentration Adequate concentration of VFAs is beneficial. Low VFA

of VFAs® concentration reduces the P release in anaerobic zone resulting
in corresponding low P uptake in aerobic zone.

trx trx = 1.0-1.5 d is recommended for a growing of PAOs.

d ¢’ limits the formation of VFAs because VFAs are properly

formed under strictly anaerobic conditions.

Temperature Low temperatures can reduce the formation of VFAs and the
activity of PAOs.
pH PAOs are less sensitive to pH changes than nitrifying bacteria.

Decreasing pH adversely affects the P removal rate.

Presence of NO, NO; in anaerobic zone reduces P release resulting in decreasing
P uptake in aerobic zone.

P content of MLSS Very closely connected with capacity of PAOs for P-release and
uptake.

 Volatile fatty acids.

10.4
Biological Nutrient Removal Processes

10.4.1
Preliminary Remarks

Biological nutrient removal processes are modifications of the activated sludge
process that combine anoxic and/or anaerobic zones with aerobic zones to provide
nitrogen and/or phosphorus removal. Many configurations are possible, resulting
in a wide range of performance capabilities and operational characteristics, which
are presented in Table 10.8.

This section describes and discusses biological removal systems which provide
removal of either nitrogen or phosphorus, or both components.

10.4.2
Nitrogen Removal Processes

The primary process for biological nitrogen removal consists of an aerobic stage
for nitrification and an anoxic stage for denitrification. Figure 10.9a shows a two-
stage biological nitrogen removal system (Ludzack and Ettinger 1962) called a
modified Ludzak-Ettinger (MLE) process. They were the first to propose a single
sludge nitrification—denitrification process using biodegradable organics in the in-
fluent wastewater.
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Table 10.8 Characteristics of different zones in the biological nutrient removal process.

Zone Biochemical transformation Function Removed
component
Anaerobic Phosphorus release Enrichment of PAOs® Phosphorus
Formation of readily Carbon
biodegradable organic matter
by fermentation
Uptake and storage of volatile
fatty acids by PAOs
Anoxic Denitrification Reduction of NO;-N to N, Nitrogen
Metabolism of exogenous Selection of denitrifying Carbon
substrate by facultative bacteria
heterotrophs
Production of alkalinity Uptake of PO," Phosphorus
Aerobic Nitrification Oxidation of NH,-N to NO,-N  Nitrogen
and/or NO;-N
Consumption of alkalinity Nitrogen removal via gas
stripping
Phosphorus uptake Formation of polyphosphate Phosphorus
Metabolism of stored and Uptake of PO,?
exogenous substrate by PAOs
Metabolism of exogenous Carbon

substrate by heterotrophs

? Phosphate-accumulating organism.

") In the presence of easily biodegradable organics, nearly all the PO,-P is taken up.

9 If all the easily biodegradable organics are used in the anoxic stages without complete PO,-P
uptake, additional PO,-P is removed within the aerobic stage using organic lysis product.

Qo
b
anoxic aerobic settler >
nitrate recycle Qrn
a Y
) sludge return Qr -
F external carbon source
vy
Qo
- L
aerobic anoxic settler
Q
b) sludge return Qr 5

Fig. 10.9 Biological nitrogen removal process for (a) pre-denitrification and

(b) post-denitrification.
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The anoxic stage for denitrification is located in front of the aerobic stage where
NOj3 is formed. Both recycle streams Qgy and Qg have the target effluent amount of
nitrate which restrains the possible amount of the denitrification. The real effluent
nitrogen concentration is determined by the total nitrogen influent concentration to
the process and the relation of total recycle flow Qg, to the influent flow Q, as ngx.

It is advantageous that the organic matter contained in the wastewater is con-
sumed while no additional organic substrate is added. One drawback of this pro-
cess is the remaining NOj3 which is discharged after formation because a typical
maximum recycle flow rate is Qrn =5 (Qo+Qg). At higher Qgy, the energy con-
sumption for pumping is too high, resulting in high operational costs without a
noticeable increase in N removal. This process enables excellent nitrification and a
good degree of denitrification down to Sy =4-8 mg L™" N,. In order to increase re-
moval efficiency down to effluent levels of Sy <3.0 mg L™ N,, the MLE process was
developed further, yielding the four-stage Bardenpho process by Bardard (1973). It
involves the expansion of the process by a secondary anoxic and a small aerobic
reactor.

In contrast to the MLE process (Fig. 10.9a), the aerobic zone is located in front of
the anoxic zone (Fig. 10.9b). To use the biodegradable organic matter in the waste-
water, a part of the influent bypasses the first stage and is introduced to the anoxic
stage. Only the sludge is returned to the initial aerobic process. The energy con-
sumption for pumping Qgy is saved. If in some cases sufficient organic matter is
not present in the influent or in the effluent from the aerobic nitrifying stage, a
supplemental N-free carbon source, such as methanol or acetate, is added to the
anoxic stage. This configuration may be useful if the price of added supplemental
substrate is low and very low NH, concentrations are required. This configuration
can be expanded beyond the anoxic stage by a smaller aerobic zone to remove the
remaining carbon and NH, (in the case of a bypass of wastewater) from the anoxic
stage. The addition of a supplemental N-free carbon source results in an improve-
ment in the process efficiency, but increases chemical costs.

10.4.3
Chemical and Biological Phosphorus Removal

Before discussing the biological P removal process, we will briefly explain chemi-
cal P elimination by precipitation. The main part of phosphorus in domestic waste-
water is orthophosphate PO,-P (Fig. 10.1). It can be separated from wastewater by
precipitation with AI>* and Fe?** salts. Mostly two different processes are used: si-
multaneous precipitation occurs in the aerobic tank of an activated sludge plant,
where Fe’* is produced by the very fast oxidation of the cheaper Fe**. If FeSO, is
applied, we write:

PO} + FeSO, — FePO, | + SOZ + e~ (10.69)

The insoluble FePO, forms flocs mostly inside the activated sludge particles and
can be separated as excess sludge.
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In some northern countries, post-precipitation is preferred behind the secon-
dary clarifier, using a reactor for precipitation and a settler for floc separation.
The reactor is not aerated. Therefore instead of Fe** salts, AI’** and Fe** salts are
applied. If Fe,(SO,)s is used, we write:

2P0O; + Fe,(SO.); — 2FePO, | + 3502 (10.70)

To obtain larger flocs with higher settling rate, polymers as flocculation aids are
added.

As shown in Table 10.1, dissolved inorganic polyphosphates and organic phos-
phorus as well as particulate phosphorus are further components of municipal
wastewater. They can only be separated partly by adsorption and co-precipitation.

The anaerobic and aerobic (or oxic) process (AO process, also called Phoredox) is
a method for biological phosphorus removal (see Fig. 10.7). The placement of an
anaerobic reactor in front of the conventional activated sludge process leads to the
use of influent organic matter for the anaerobic formation of PHB. High rates of
phosphorus removal are obtained by minimizing nitrification and maximizing the
production of poly-P-storing bacteria. High solids production is beneficial if usage
in agriculture is planned because the production of high phosphorus content bio-
mass is maximized. The anaerobic zone is contained in the main process stream
and is thus regarded as a mainstream biological phosphorus removal process.

10.4.4
Processes for Nitrogen and Phosphorus Removal

10.4.4.1 Different Levels of Performance

Many configurations have been developed as combined processes for biological ni-
trogen and phosphorus removal, including anaerobic, anoxic and aerobic zones.
Due to the negative influence of nitrate on phosphorus removal, recycling of the
nitrate into the anaerobic zone should be minimized and controlled; it is a key con-
sideration in the selection and design of these processes.

The AAO process (Fig. 10.10a) is a combination of the anoxic and oxic MLE pro-
cess (Fig. 10.9a) for nitrogen removal and the anaerobic and oxic Phoredox process
(see Fig. 10.7) for phosphorus removal. The internal recycle flow rate is usually
Qrn = (2-4) - (Qo+Qg). The nitrogen removal rate is similar to that of the MLE pro-
cess, but the phosphorus removal is sometimes a little lower than that of the
AO Phoredox process.

Some nitrate is introduced with the return sludge into the anaerobic zone, re-
sulting in an adverse impact on the phosphorus removal if Qgy is too low. The
greatest influence on the phosphorus removal is the organics content of the influ-
ent. If the organics content is high enough for both phosphorus and nitrogen re-
moval, then the nitrate recycle will only have a slight impact on effluent quality, but
if it is low then there would be serious influence on the removal rate. Denitrifica-
tion for conversion of nitrate to N, can be also carried out in part within a sludge
blanket in the settler, which reduces the nitrate recycle to the anaerobic zone and
leads to bacterial flocs being washed out of the system. Improper design of the
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Fig. 10.10 Processes for removal of both nitrogen and phosphorus:
(a) the AAO process; (b) sludge return only into the anoxic stage,
partly return of O,- and AlO;-free activated sludge from the anoxic to
the anaerobic stage; (c) two anoxic stages.

sludge blanket can lead to bulking, clumping and floating sludge, which reduces
system effectiveness.

In order to eliminate the negative influences of the nitrate recycling to the phos-
phorus removal rate, a process was developed where the sludge was only returned
to the anoxic stage in order to avoid the input of some oxygen into the anaerobic
stage (Fig. 10.10b). Behind the anoxic stage a partial flow with NO;-free, non-thick-
ened sludge was recycled into the anaerobic stage.

In addition to that, the anoxic zone can be divided into two (up to four) reactors
(Fig. 10.10c). The first anoxic reactor receives and denitrifies the return sludge
stream and the second receives and denitrifies the nitrate recirculation stream. The
denitrified mixed liquor is recirculated from the effluent of the first anoxic reactor
to the anaerobic zonein order to provide the influent wastewater with bacteria. The
advantage is the protection of the second anoxic stage for influences of recycled
nitrate with sludge return.

Many other biological nutrient removal processes for both nitrogen and phos-
phorus have been developed (Randall et al. 1992; Grady et al. 1999). The kind of pro-
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cess and plant design used depends on the treatment goal, the legislation, the com-
position of the wastewater to be treated and the costs for operation as well as the
costs for the modification of the existing plant.

10.4.42 WWTP Wafdmannsdorf

The primary principle of the AAO process is applied in the Waflmannsdorf waste-
water treatment plant near Berlin, Germany (Schuchardt 2005). This WWTP elim-
inates organic substrate, nitrogen and phosphorus. Figure 10.11 presents the lay-
out and sampling points of the WWTP.

The influent wastewater has about 100 mg L™ DOC, 56 mg L™ NH,-N and
9.5 mg L' PO,-P (Fig. 10.12), which fluctuate according to a daily cycle.

In the anaerobic zone, approximately half of the DOC is removed when the
PAOs take up PHB into the bacterial cells (see Fig. 10.6). The PHF is used for
the reduction of nitrate in the anoxic zone. The measured DOC concentration of
16 mg L in the effluent from the aerobic stage corresponds to the inert organic
matter.

The change in the orthophosphate concentration shows the typical course of
biological P elimination. It increases in the anaerobic stage due to the PO,-P re-
lease from the Bio-P bacterial cells, the uptake of PO,-P begins in the anoxic zone
by denitrification with polyphosphate uptake and continues in the aerobic zone.
No PO,-P is detected in the aerobic effluent. Phosphorus precipitants are dosed as
needed at the beginning of the third aerobic zone to compensate for the extreme
daily fluctuations in phosphorus loads and also the high flows associated with
storm drainage.

First, in the aerobic zone, the NH,-N concentration is decreased in the course of
nitrification. Its effluent concentration is about 0.81 mg L™ NH,-N and a nearly
complete nitrification to nitrate is observed already in the first and/or second aero-
bic zone (Fig. 10.13).

The amount of aeration following the first and/or second aerobic zone can be re-
duced if, for example, precise measurement of the nitrogen fractions is used to
control ¢” exactly, depending on the time of day (see Problem 10.2).

1 Zone 1: 51 % of aeration
O +
k) 4)
| Aerobic $
| | Zone Zone 2: 29 % of aeration
. . 1
Anaerobic r Anoxic c} Zone 3: 20 % of aeration
Zone Zone ® p
1 I
© Online measurement of NH4-N, NO3-N, PO4-P @ 0; measurement

Fig. 10.11  Processes for removal of organics, nitrogen and phosphorus
by the AAO process in WWTP Wafdmannsdorf near Berlin (Schuchardt
2005).
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10.4.4.3 Membrane Bioreactors (MBR)

The process of biological removal of nitrogen and phosphorus has been adapted to
MBR technology. Modern membrane applications allow us to carry out the process
without secondary clarifiers and to increase the sludge concentration to values of
10-20 g L™" MLVSS, which cannot be attained by sedimentation, resulting in high
sludge ages, higher metabolic rates and better nutrient removal.

Although they have increased energy consumption, higher initial investment
costs and operating costs, various accounts of practical experience and data are
available on MBR processes and increasing numbers of full-scale plants are going
into operation. Recently, post-denitrification and enhanced biological phosphorus
removal have emerged in the form of MBR processes (Kraume et al. 2005). A MBR
bench-scale plant was successfully operated performing biological phosphorus re-
moval in both pre- and post-denitrification configurations without additional car-
bon and with different sludge retention time tgx values of 15 d and 26 d (Adam et
al. 2002; Lesjean et al. 2003).

Chapter 12 presents the principles and applications of membrane technology in
biological wastewater treatment.

10.5
Phosphorus and Nitrogen Recycle

10.5.1
Recycling of Phosphorus

High-grade deposits of phosphate rock are utilized as the main source for the pro-
duction of fertilizers and other industrial phosphates. Until now, phosphorus has
been utilized as a non-renewable resource. The end-products of the phosphate in-
dustry are introduced in the environment via sewage and manure with hardly any
of it being reused. It is clear that known reserves have a limited lifetime of about
50-100 years (Steen 1998). If the current practice does not change, we may face the
depletion of one of the most important elements of all living beings. This proble-
matic situation could be prevented by the recycling of phosphates into the agricul-
tural fertilizer industry and/or the phosphate industry. Closing the phosphorus
cycle is the answer.

With the focus on wastewater treatment, there are various methods to recycle
phosphorus, such as biological P removal and spreading sludge in agriculture, as
well as chemical P precipitation.

Bio-P-containing sludges have average phosphorus concentrations of 2.9%
(STOWA 2001), which can be increased by the incineration process (up to 8% P in
ash). In spite of the increase in P concentration achieved, the quality is still not suf-
ficient for use in the phosphorus industry because of the levels of impurities such
as copper and zinc (Lijmbach et al. 2002).
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The most widely developed techniques for recovering phosphorus are calcium
phosphate formation and precipitation of struvites (i.e. magnesium ammonium
phosphates, MAP, or potassium ammonium phosphates; CEEP 1998).

First, the formation of calcium phosphate can be induced with high calcium con-
centrations and elevated pH by the addition of lime. Up to 80% P recovery has been
achieved, but 50-60% may be more common. The calcium phosphate formed is
very similar to mined phosphate rock and can readily be used in the manufacture
of agricultural fertilizers or by the phosphate industry. But the main disadvantage
of this technique is the low efficiency of P formation compared to the calcium
input.

The MAP process is suitable for high-strength wastewater, like digester superna-
tant or manure wastewater (Lijmbach et al. 2002). Magnesium forms a relatively
insoluble complex together with ammonium and phosphate (MAP). The forma-
tion reaction is well known for analyzing magnesium:

Mg?>* + NH + PO}~ — MgNH,PO, (10.71)

Normally, struvites produced by precipitation can be used as an agricultural ferti-
lizer; and recycling is possible in certain phosphate industry processes, such as in
phosphorus furnaces (CEEP 1998). A number of full-scale struvite recovery plants
are operating in Japan, producing material that is sold to the local fertilizer indus-
try (Ueno and Fujii 2001).

The struvite technique is characterized not only by removing PO, and NH, from
the wastewater but also by its reuse.

10.5.2
Recycling of Nitrogen

Wastewater with high NH, concentration can be treated according to the reaction
in Eq. (10.71) (Schulze-Rettmer 1993). To reduce the consumption of magnesium
and phosphate, magnesium must be recycled. Struvite is treated by heat drying
and by injecting steam under basic conditions in the presence of NaOH:

MgNH,PO, + NaOH — MgNaPO, + NH, + H,0 (10.72)

The concentrated ammonia from Eq. (10.72) is separated and reused, while the
MgNaPO, can be used again for precipitation of the NH, in the MAP process:

NHI + MgNaPO, + OH™ — MgNH,PO, + NaOH (10.73)

The MAP process is suitable for high-strength ammonium-rich wastewater (see
Table 2.4) and operates at high efficiency of ammonium elimination (up to 99%;
Schulze-Rettmer 1993). Moreover, there are various possible techniques to recycle
ammonium nitrogen from wastewater, such as the application of biosolids (sludge
from WWTP) in agriculture, adsorption of ammonium by zeolites, stripping of
ammonia and chemical precipitation in the MAP process (Maurer et al. 2002). The
produced NH; in Eq. (10.72) can be further used for the synthesis of nitrate (see
Egs. 10.2 and 10.3).
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PROBLEM 10.1

Domestic wastewater containing ammonium is to be treated. An effluent to-
tal nitrogen concentration of Sy, . = 10 mg L™ is given. A pre-denitrification
step (Fig. 10.14) is available for the removal of ammonium.

It is assumed that 99% of the ammonium is oxidized to nitrate without ni-
trite accumulation. Enough carbon is available to ensure complete denitrifi-
cation (100%). The anoxic and aerobic reactors are completely mixed and op-
erated in steady state.

The following conditions and data are given: no additional formation of
NH, during the anoxic and aerobic process, wastewater influent flow rate
Qo=Qr =100 m>d™", Qrn =4 Qo resulting in ngy = 4, Snu,n0 =50 mg L7}
before mixing point, Sno,.na = 1 mg L™'; and the bacterial concentration is
Xys = 0.05, respectively X, = 0.2 g L™ MLVSS.

Calculate the volumes of the anoxic and aerobic reactors.

nitrate recycle Qrn

Qo ;1 Qm Qum N Qum
> i 7 i
Sntanoh Snrgnm | ANOXIC ISy, n 2 aerobic SnH4N settler Sk
SNO3-N,M Vax | Shognax Ve Snoa-N SNO3Ne

v

&
«

sludge retum Qr, SNO,-Ne

Fig. 10.14 Configuration for post-denitrifification with internal recycle.

Solution

First, we obtain the following values from known data above:
Qrn=4Qo=4-100m*d " =400 m*d™*

Qu= Qo + Qr + Qrx = 100 + 100 + 400 m> d™" = 600 m* d™*

Qu = flow rate after mixing point

SN = Snrnne = 0.5 mg L due to the 99% degree of ammonium oxidation

SnosN = Snosne =9.5 mg L' based on Syye =10 mg L™ N = Sy, ne + Snosne

The following coefficients are valid:
Pmaxns = 0.48 d”!

Pmaxp =2.6d7"

Kypn=05mg L' N

Knoyn = 0.14 mg L' N
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Y%antan = 0.142 g MLVSS (g NH,-N)™
Y1/mosn = 1.2 g MLVSS (g NO,-N) ™

1. Calculation of the volume of the aerobic reactor.

The ammonium balance at the mixing point M (see Fig. 10.14) is:

Qo - Sniano + Qr - Sniren + Qrn - Snrrn = Qum - Snr N (10.74)
Snrenm =875mg L' N.

In the anoxic reactor there is no oxidation of ammonium, so we balance am-
monium on the aerobic reactor:

HPmax,ns Xns SNHN

0= QM : SNH4—N,M - QM : sNH,,—N -

V.. (10.75)

(e}
anNteN  Knren+ Snrnen

Applying the given coefficients, we obtain the aerobic reactor volume:

O
YXA/NH4—N Knrrn+ Snr,n

Vae = (QM : SNH4—N,M - QM : SNH4—N) N PmaxXNs SNHrN

(10.76)
0142  05+0.5

. =58.6 m’
0.48 - 0.05 0.5

= (600 - 0.00875—-600 - 0.0005) -

Equation (10.76) results in the hydraulic retention time tz of the aerobic
reactor related to the influent flow rate Qq:

Ve 586 m’
Q, 100 m*d’

-0.586d=14h (10.77)

R

2. Calculation of the volume of the anoxic reactor.

From the nitrate balance at the mixing point M:

Qo Snos—n0 + Qr * Snosne + Qri * Snosne = Qum * Snos—nm (10.78)
Snosnm=79mgL "N

We balance nitrate on the anoxic reactor:

]-lmax, X S 3—N,ax
0= (QM : SNO;—N,M_QM : SNO;—N,ax) ~ o S RO

%t/NosN  Knosn+Snos-nax

V. (10.79)

Applying the given coefficients, we obtain the anoxic reactor volume:

1.2 0.14+1
2.6-0.2 1

Vax = (600 - 0.0079-600 - 0.001) - =109 m? (10.80)

Equation (10.80) results in hydraulic retention time tg of the anoxic reactor:

Vi 109 m?
Q, 100 m*d™

R

=0.109d=2.61h (10.81)
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Note: In this system without aerobic C removal, the concentration of denitri-
fying bacteria is relativ low, resulting in a relative large denitrification hy-
draulic retention time.

PROBLEM 10.2

At the WWTP Waflmannsdorf (schematic in Fig. 10.11a), the ammonium
loads show a pronounced daily variation. In the morning, the load of ammo-
nium is lower than in the afternoon. For both cases, the ammonium is al-
ready completely oxidized to nitrate in the first or second aerobic zone with
only a very low amount of nitrite accumulation (Fig. 10.13). Now we consid-
er the aeration efficiency of the aerobic zone. As shown in Fig. 10.15, the dis-
solved oxygen concentration fluctuates in the aerobic zones.

There is potential to save energy consumed for aeration. What measures
could improve this? Discuss the possibilities to improve the efficiency and to
save operating costs.

Solution

There are four possible improvements:

1. Reducing energy costs for aeration. The cost of aeration is the main factor
determining the operating costs of a WWTP. At the concentrations occur-
ring in the morning, ammonium is completely oxidized to nitrate after
the first aerobic zone, which means that no aeration is necessary after this
point. A remarkable energy savings for aeration in the second and third
aerobic zones is be expected. This is also true for the afternoon.

5
mgL" 0,

controled

oxygen concentration
I:¢=2mgL" O,
IT:¢=1.5mgL" O,

* /Y\ 1 ¢'= 1 mgL" O
VRN
1 A

0 I 12 11 224 111 336

ES
o

Concentration of dissolved O, ¢’
~N

Length of aeration tank

Fig. 10.15  Oxygen concentration profiles in aerobic zones of BB-M (),
WWTP Wafdmannsdorf, 23.2.2000, 14°°-15%°, O, concentration is
automatically controlled at three points I, Il and Il (Schuchardt 2005).
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2. Online measurement of ammonium and nitrate is needed to control their
concentration profiles and to regulate the aeration accordingly.

3. Precise regulation of dissolved oxygen concentration ¢’ is necessary
(Fig. 10.15). The number of ¢’ control points should be increased through

all zones.

4. Higher ¢’ can not only cause high energy costs but also reduce the specific
oxygenation capacity described by the constant k; a (see Eq. 5.10).

Do you have further ideas to improve the process control and to optimize the

process?
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11
Modelling of the Activated Sludge Process

11.1
Why We Need Mathematical Models

We address the need for mathematical models in this chapter only in reference to
treatment processes in biological wastewater technology. The main compounds
which must be removed from water during treatment are:

e Organics, dissolved molecules, colloids and solid particles.
e Inorganic, dissolved compounds containing nitrogen (NHZ, NO3, NO3) and
phosphorus (POZF").

All these compounds are removable in the activated sludge process in different
parts of the reactor (see Chapters 6 and 10):

o The organics in the anaerobic, anoxic and aerobic sections.

e NH; and NOj in the aerobic section.

e NOj and NOj in the anoxic section.

e PO} in the anoxic and aerobic sections by the formation of polyphosphates or, if
chemical precipitation is used, by the formation of undissolved phosphatohy-
droxy compounds with iron or aluminium.

Flow rates and concentrations change over time, in the aerobic part air must be dis-
persed, oxygen dissolved and wastewater and also sludge must be recycled. The en-
tire process has to be controlled continously to ensure adherence with legal regula-
tions and to minimize costs, especially for energy.

A mathematical model describing the process in whole or in part provides some
of the following advantages for design and operation:

e To find the best construction for the basins, mixing and aeration system.
e To optimize the process design and the process controls.

e To develop automatic process controls.

e To use a program for training the staff.

In Chapters 5 and 6, some kinetic and reaction engineering fundamentals of mod-
elling are discussed. In this chapter various models of the activated sludge process,
their structure and their application are explained.

Fundamentals of Biological Wastewater Treatment. Udo Wiesmann, In Su Choi, Eva-Maria Dombrowski
Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31219-1
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11.2
Models Describing Carbon and Nitrogen Removal

11.2.1
Carbon Removal

The first model will be discussed in its simplest form, which is typified by the fol-
lowing assumptions:

e The reactor is completely mixed and operated in steady state.

e Oxygen is used only for carbon removal.

e The bacterial growth rate is high compared to its decay rate.

e The concentrations of HCOj3 and CO3~ do not change during CO, production.
o The oxygen/carbon content of bacteria yxo,xc is known and constant.

The balance of substrates takes the form of:
0=Qo(So—S)-15cV (11.1)

Substrate concentration is measured as dissolved organic carbon (DOC). From
Eq. (11.1) we obtain:
\%
S=S0—Tsc — =So0—TIsctr (11.2)

()

where rgc is the rate of carbon (DOC) removal and t is the retention time.
Is it possible to calculate S by measuring O, and CO, concentrations in the efflu-
ent air?

The following two equations must be valid:
T'sc =Txc *+ Tco,c (11.3)
To,=2Txo + 2Tco, 0 (11.4)

where rxc is the rate of carbon consumption for bacterial growth (mol L™ h™ C),
I'xo is the rate of oxygen consumption for bacterial growth (mol L™ h™" O), ro, is the
respiration rate (mol L™ h™ O,), rco,_c is the rate of carbon consumption for the
formation of CO, (mol L™ h™" C) and rco,_o is the rate of oxygen consumption for
the formation of CO, (mol L™ h™" O).

Our aim is to calculate rsc from the measured ro,. Therefore, we introduce:
Tco,c = 2Tco,0 (11.5)
inserting Eqgs. (11.4) and (11.5) into Eq. (11.3), one obtains:
Tse =TIxc +To,— 2Txo (11.6)
with the C/O yield of bacteria:

T
YXC/XO=LC (11.7)

I'xo
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and the true yield coefficient:

T
Yoesc = — (11.8)

Isc

Ixc and rxe can be replaced and rgc eliminated, giving:

To,

1-Yesse (1-2yxo/xc)

o (11.9)
If we know the values of the coefficients Y3c,sc (assumed constant) and yxo xc =
yxe/xo, We are able to calculate rgc from the measured rate ro,, assuming that bac-
terial decay, endogenous respiration and nitrification can be neglected.

11.2.2
Carbon Removal and Bacterial Decay

Starting again from the substrate balance in Eq. (11.1), we now have to consider a
carbon removal rate rgc which is different from that in Eq. (11.1) as a result of the
reduction of bacterial concentration by decay (bacterial death and mass reduction
by endogenous respiration). In addition, the oxygen consumption rate is higher
than that of Eq. (11.4) due to endogenous respiration. Instead of Egs. (11.3) and
(11.4), we must now write:

I'sc =TIxcx +Tco,cx (11.10)

To,x=2Txox + 2Tco,0x (11.11)
with:

I'xcx =TIxc + Ixcd (11.12)

Iox=To, +To,e (11.13)

where rycq is the decay rate of bacteria by bacterial death and endogenous respi-
ration and ro, . is the rate of endogenous respiration.

Defining a real yield coefficient:

r
Yxcysc = —= (11.14)
Isc
and using:
o kd
YXC/SC = YXC/SC |1-— (4~34)
ol
from Chapter 4 and assuming the same C/O yield of bacteria, the result is:
r
Toc= == (11.15)

k
1-Y%e/sc (1 - ;) (1-2yxo/xc)
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For the same measured 1o, 5 = 1o, compared with that of Section 11.2.1, rgc must
be lower compared to Eq. (11.9) as a result of bacterial decay k4 (death rate and en-
dogenous respiration). rsc can be quite low, particularly for low substrate concen-
trations (low specific growth rates p), in spite of relatively high oxygen uptake rates.

11.2.3
Carbon Removal and Nitrification Without Bacterial Decay

In addition to the balance of substrate (see Eq. 11.1), we now have to consider the
balance of ammonia:

0=Qo (SNH4—N,0 - SNH4—N) —I'nten V (11.16)

The aim of the following reflections is to replace rsc and rypy,.n With 1o, 5. We will
learn that we also need to measure r¢o,.c s in addition to ro, 5.

We start with the following equations:

Tsc =Ixc + Ico, c (11.3)
To,s = 2Tx0 + 2Tco,-0x + 2INt,—0, (11.17)
Tco,-cx = Fco,-c + 2Tco,-n (11.18)

o, 18 explained a little later. We will assume that there is complete nitrification
without enrichment of NO; (see Chapter 10):

NHi +20, - NO3+2H"+ H,0 (11.19)
resulting in:
InHeN = 2TNH,—0, (11.20)

The NH} needed for the nitrifiers’ anabolism is neglected. The pH is stabilized by
the addition of HCOg3:

2HCO; + 2H* — 2H,0 + 2CO, (11.21)

We can assume that CO, is completely degassed by aeration. Therefore, we can
consider:

2Tco,N = INtN (11.22)

In Egs. (11.5), (11.18) and (11.20), the following rates are used: ryu, o, is the rate of
oxygen consumption for the catabolism of nitrification (mol L™ h™ O,), rco,_n i8
the rate of CO, formation by neutralization of H* with HCO3 (mol L™ h™ C),
Tco,-o 18 the rate of oxygen use forming CO, (mol L™ h™ O) and rco,_c is the rate
of the carbon use forming CO, (mol L™ h™" C).

With the help of Eq. (11.7), we obtain rsc from Eq. (11.3) considering:

Tco,c

(11.23)

(o]
YCOZ—C/SC =
Tsc
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T'sc = I'xo Yxc/xo + I'sc Yo, c/sc (11.24)
s
or: rsc=m (11.25)
XC/sC

I'xo follows from Egs. (11.17) and (11.20):
1
xo =3 (To,x =~ Tco,cx — InHN) (11.26)
and after introduction into Eq. (11.25), we obtain:

Fee = (rOZ,Z_rCOz—C,i_rNH4—N) Yxc/xo (11.27)
2 Y% ¢/sc

I'nm_n 1S obtained using Egs. (11.17) and (11.20):

I'xc
InHenN = To, s — 2Tx0 — 2Tco,-cx = To,x — 2 = —Yco,cx= (11.28)
Yxc/xo
and with Eq. (11.3):
I'sc—Tco,-c
I'nbeN =To,s =2 —————— — Tco, cx (11.29)

Yxc/xo

By applying Egs. (11.17) and (11.20), Eq. (11.29) can be written as:

To, xYxc/xo— 21sc
NN = — +Tco,cs (11.30)
2 +Y¥Yxc/xo

Equations (11.27) and (11.30) are two equations with two unknown parameters rgc
and ryy,_n, Which can both be solved.

As such methods have only recently become known, balances and waste gas
analysis have seldom been used for the process control of activated sludge plants.
However, we are convinced that the importance of such methods will increase dur-
ing the next decades.

11.3
Models for Optimizing the Activated Sludge Process

11.3.1
Preface

The models discussed in Section 11.2 can only be used for process control via oft-
gas measurements. If we want to find the best process and equipment design with
the help of models, we further have to introduce a known formula available for the
specific growth rate of bacteria:

Iy = pX = p(S,¢’, T,pH) X (11.31)
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in bacterial balances and to couple it with the substrate removal rate:

I'sc = px (11.32)

and the oxygen consumption rate:

e

Io, =
Y?{C /O2

2

(11.33)

The next step is to find the best equation for Eq. (11.31) (see Chapters 6 and 10).

The construction of such models will be demonstrated in the next Sections
11.3.2 and 11.3.3, starting with a relative simple model consisting of only three bal-
ances and ending with the activated sludge model (ASM) 1 with 13 balances. Fur-
ther models will be mentioned briefly in Section 13.3.5.

11.3.2
Modelling the Influence of Aeration on Carbon Removal

The assumptions for this model are:

e CSTR in steady state.

Only carbon removal.

Monod kinetics (considering S and ¢’ as substrates).
No bacterial decay.

e Bacteria concentration is measured as g L' COD.

Three balances must be considered, the balance for substrate (as COD; Fig. 6.3):

0 _ C X (11.34)
A% Y% Ks+S K'+c
the balance for heterotrophic bacteria (here as COD; see Fig. 6.3):
Xpm—X S d
o Q=X S (11.35)
A% Ks+S K'+c
and the overall balance for oxygen (liquid and gas):
C O_C 2 max S C’
0 QelConomCol) 1 — (11.36)
A% %0, Ks+S K'+c

The three reaction rates on the right-hand part of the balances differ only in the
yield coefficients: in the substrate balance Y%/s, in the oxygen balance Y%, and the
factor 1 in the bacterial balance.

This fact can be written using a simple matrix (Henze et al. 1987a), considering
(see Table 11.1):

1 Yo _ 1-Yis (11.37)
Yo, Yis o Yis
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Table 11.1  Simple model matrix for an activated sludge reactor,
only carbon removal, see Eqs. (11.34) to (11.36).

Component X S c Kinetic formation
Process Bacteria Substrate Dissolved O, Growth rate
Aerobic growth 1 1 1-Ygs S I
—= Ponax ——
of heterotrophs Y5 Yes Ke+S K+¢
with:
1=Y23,s+ Y§/sl) (11.38)

Equation (11.38) means that the substrate is partly used for catabolism (Y9,,s) and
for anabolism (Y%/s)

We want to discuss some solutions to Egs. (11.34) to (11.36). We replace the oxy-
gen consumption rate Q¢ (Co,0—Co,)/V by the specific oxygen mass transfer rate
using an oxygen balance of the dispersed air:

Q¢ (Co,0—Co,)/V =k a(c*=C) (11.39)
With Egs. (11.36), (11.37) and (11.39), the balance of oxygen is:

. 1=Y%s S ol
0=kpa(c"~c) = ——— Pmax s Kac
X/ s C

(11.40)

It is possible to define dimensionless numbers which provide several advantages:
to minimize the number of parameters and to be free of units. We will use:

’

c

e The dimensionless concentration of dissolved O,, C"' = — (11.41)

e The dimensionless concentration of the substrate, S* = — (11.42)
S

e The dimensionless concentration of bacteria, X* = T (11.43)

Introducing Egs. (11.41) to (11.43) into Eq. (11.40), we obtain:

kia [c* 1-Y% S* c
Sl (o —— . _ X (11.44)
pmax K Y?(/S 1+ S 1+C
with:
kia
= Sm £ Semenow number (11.45)
pmax

S

c . . . .
and < as the dimensionless oxygen saturation concentration.

D Note: X is measured as g L' COD.
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For high Sm numbers, there is only a very low concentration gradient of dissolved
O, near the bubble surface and the reaction is controlled by growth kinetics of bac-
teria; for low Sm numbers, ¢’ is very low (c*—c’= c*) and the reaction is controlled
by the mass transfer rate. In a similar manner, the balances of substrate in
Eq. (11.34) and bacteria in Eq. (11.35) can be written in dimensionless form (see
Section 6.2), with Da = {1,,,,, tr as the Damkdhler number, ng = Qg /Q, as the recir-
culation of sludge, ng=Xp/X, as the thickening ratio and Mo=S,/Ks as the Monod
number (Mehring, 1979).

Figure 11.1 demonstrates some solutions as:

S/Ks =1f (Da, Sm = parameter) (11.46)

for Mo = 10 (Ks = 50 mg L™ COD, S, = 500 mg L™" COD). The other constant pa-
rameters are given in Figure 11.1.

For Da<0.2 (S*=Mo=10), the mean retention time is low and all bacteria are
washed out, even though the substrate concentration is high. Due to the low oxy-
gen consumption rate (low tg), no influence of Sm (or k.a) can be observed for
0.2 <Da<0.25.

For Da > 2.5, the oxygen consumption rate is again very low because of the very
low substrate concentration. Only in the middle region (0.25 < Da < 2.5) can a large
influence of Sm (or k;a) be observed. For Sm > 100, carbon removal and bacterial
growth are not dependent on aeration intensity.

For Sm = 25 and a substrate removal of 90% (S* =1 for Sg = Mo =10), a Da=0.5
is needed if an aeration system is to be used effectively (Fig. 11.1). The reaction is
limited by dissolved oxygen. Using pure oxygen (c*/K" = 475), the mean retention
time tg can be reduced by about a factor of 2 and oxygen limitation is avoided near-
ly completely (Fig. 11.2).

Mo =10

—

Fig. 11.1  Influence of dimen-
\ sionless mean retention time
Da = Ppmaxtr and dimensionless
specific mass transfer rate
Sm = ki a/Pmax ON dimensionless
effluent substrate concentration
S/Ks. Constant parameters:
Mo = So/K, = 10, ng = 0.45,
ng =3, c*/K’ =95 (aeration).

0 1 2 3
Da= I-lrnaxtR
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Mo =10

1
(Y _
\  \— c"/K'=95air)
s —* -
Ks \
* "/ \\
0.1 |c11K'=475(0;)
‘-._\_‘\-
0.01
(] 1 2 3
Da = pmaxtr

Fig. 11.2  Influence of dimensionless mean retention time Da = p.,tr
and dimensionless saturation concentration c*/K’ =95 (air) and 475
(pure oxygen) on dimensionless effluent substrate concentration S/Ks.
Constant parameters: Mo = So/Ks = 10, ng = 0.45, ng = 3, Sm = 25.

11.33
Activated Sludge Model 1 (ASM 1)

This model describes the relatively complex process of aerobic and anoxic C and N
removal from municipal wastewater. It is based on the post-doctoral work of Gujer
(1985) and the work of Henze et al. (1987a, b). In order to present the model in its
fundamental form, it is shown as a matrix which contains only reaction terms as
sources (positive) or sinks (negative). This matrix is normally published without
further explanations or is explained only briefly (Grady et al. 1999; Henze et al.
2000). In this section, we try to give an introduction to provide a better understand-
ing.

The model can be fit to:

e Primary models describing different kinds of reactor configurations
(anoxic/aerobic; aerobic/anoxic).

e Models describing different kinds of reactors (CSTR in one stage or as a cascade,
plug flow or flow with axial dispersion, see Chapter 6).

The very simple matrix in Table 11.1 consists of only three different substances
(bacteria, substrate and oxygen) and only one process (aerobic growth of hetero-
trophs and removal of organic substrates). ASM 1 consists of 13 different sub-
stances and eight different processes. At the beginning, we will give an overview of
these 13 substances (Table 11.2).
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Table 11.2  The 13 substance concentrations of ASM 1. Units for symbols 1-7:
mol L™' COD; units for symbol 8: —mol L™ COD; units for symbols 9-12:
mol L™' N; units for symbol 13: mol L™".

No. Symbol Substance
1 S Soluble inert organic matter
2 Ss Readily biodegradable substrate
3 X; Particulate inert organic matter
4 Xs Slowly biodegradable substrate
5 Xy Active heterotrophic biomass
6 Xa Active autotrophic biomass
7 Xp Particulate products from biomass decay
8 d Dissolved oxygen
9 Svo Nitrate and nitrite nitrogen
10 SNH, Ammonium and amonia nitrogen
11 Sns Soluble degradable organic nitrogen
12 Xxo Particulate degradable organic nitrogen
13 Salk Alkalinity

It should be emphasized that, besides the readily biodegradable substances S,
slowly biodegradable substances X are considered as solid particles, which must
first be hydrolyzed by exoenzymes. X; is the corresponding inert organic matter
which cannot be disregarded, as we will see below. Particulate products Xp result
from the lysis of bacteria or remain as insoluble solids.

The eight processes are summarized in Table 11.3.

The matrix of the ASM 1 model consists, therefore, of a 13 x8 matrix for the 13
substances in the columns and eight processes in the rows.

For a CSTR in non-steady condition, 13 balances must be taken into account,
each of which is written in the same way as Eq. (11.47):

% =% (Sm—S) +Ts (11.47)
eight for different dissolved components (7 S +¢’) and five for different undissolved
components X. Only the reaction terms rg; are arranged in the matrix.

The reaction terms should be discussed in some detail before the matrix is con-
structed (see Table 11.4).

We will begin with the reaction terms for soluble inert organic matter.

Table 11.3  The eight processes of ASM 1.

No. Process

Aerobic growth of heterotrophs

Anoxic growth of heterotrophs

Aerobic growth of autotrophs

Decay of heterotrophs

Decay of autotrophs

Ammonification of soluble organic nitrogen
Hydrolysis of particulate organics
Hydrolysis of particulate organic nitrogen

(oI N R
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i=1,S; - Soluble Inert Organic Matter
15;=0

This assumption is a simplification made by ASM 1. In reality, such dissolved inert
substances (non-biodegradable) can be formed by the hydrolysis or lysis of solid
particles or other dissolved substances or they can be adsorbed on solid surfaces.

i = 2, Ss — Readily Biodegradable Substrate

1 S I K Snos
I'ss =— ]‘lmax,H : ( + o = ) XH (1148)

n
XH/ss Ks+Ss \Ki;+¢ Kio+¢” Kno+Swos

I'ss is the rate of COD removal by aerobic and anoxic bacteria.
The measured COD is:

Ssz=S;+Ss (11.49)
and Sg can only be determined if S; is known. 1 is the ratio of ., 1 values for
anoxic and aerobic bacteria (Henze 1986).

i = 3, X; — Particulate Inert Organic Matter

Ix;i =0

Nearly the same remarks are valid as those above (see i = 1, S;). Nevertheless, X; is
needed for the definition of f; (see Eq. 11.52) and for the formation of the balance
describing non-steady state transport:

dX,  Qu

T v (Xim—Xi) (11.50)

i = 4, Xs — Slowly Biodegradable Substrate

Txs = (1-1£) kg Xis + (1-1£) kaaXa
. J -
formation from formation from
decay of heterotrophs decay of autotrophs
Xs/X ol K; Snos
gy X N — X, (11.51)
Ky +Xs/Xy \K+c Kio+<”  Kyo+Snos
N J
hydrolysis of entrapped organics by aerobic and anoxic bacteria
X;
- (11.52)
X+ Xa+X;+Xs
Xu+Xa+X
1-f= M 7ATS (11.53)
X+ Xa+ X+ X5
r hydrolysis by anoxic bacteria
_ Do VCROVIS Y (11.54)

a I'uae hydrolysis by aerobic bacteria
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i =5, Xy — Active Heterotrophic Biomass

SS I Kio SNO; X
T = Mmax +
K= Hmatt e\ v e T Kot KugtSuo)

N J
growth of aerobic and anoxic bacteria

—kan X (11.55)

decay of heterotrophs

i = 6, Xa — Active Autotrophic Biomass
SN d
I‘XA = pmax,A

T X, = X 11.56
Ksa+Snm, Katc KanXa ( )

N J J

growth of autotrophs decay of autotrophs

i =7, Xp — Particulate Products from Biomass Decay

Isp = Ipkap Xg + fokaa Xa (11.57)

. J

production rate by decay

X
foo T (11.58)
Xy +Xa
i =8, ¢’ — Dissolved Oxygen
v Ss It
r == max. = -~ ;7
2 Oopxt Hma it e g Rr e (11.59)

’

SN, C

- YO max,. - a

©2/%A Pmaxa Ksa+ Sy, Ki+d

reflects oxygen consumption (or COD removal) by aerobic heterotrophs and auto-
trophs. Therefore, the units of ro, are g m—> h™' COD.

Y2, /xu follows from:

Srss + 0 Youss o= 1Y (11.60)
- -
anabolism  catabolism

Youss  1=Yxuyss

and: Y2, s = = (11.61)

Y>O<H/ss Y?m/ss

D See remarks on Eq. (11.38).
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For autotrophic nitrifiers one can write:

YO
uxa = ot (11.62)
YXA/NH4
and:
Y(C))Z/NH4 = Y%Z/NH4—N,2 - Y())(A/NH4 (11.63)
- -
catabolism anabolism
as well as:
T 64 O
Ot = 457872 (11.64)7
I'nmens 14 g NH,—-N
4.57-Y%
and: Y9, xa = —— 2N (11.65)

o
YXA/NH4

Finally, Eqgs. (11.61) and (11.65) are introduced into the matrix of Table 11.4 (space
i=8forj=1,j=3).

i=9, Sno, — Nitrate Nitrogen
As already assumed for nitrifier growth (i = 6), where nearly no NO, is produced,
denitrification goes directly to nitrogen and the denitrification of NO, is not con-
sidered (Chapter 10).
S KiO S O3
I'nos = = YNOs/xH Hmaxn M : = Xu

Ks+Ss Kio+¢ Kyo+ Snos
I\ J

reduction of NO; by denitrification

’

SN, C

+ YR max A ————— X 11.66
NOa/xA HmaxA Ksa+ Sni, Ki+c " ( )

N J

formation of NO; by nitrification
Writing:

Y%z/XH

(11.67)
AY%z/Nos

(]
YNOg/XH =

AY2, o, is the oxygen savings by denitrification after nitrification and can be cal-
culated using:

AYR,/nos = Yo, nit, — Yo,/n0s (11.68)
Y2, nin s =4.57 g O, (g NH,-N)™" follows from Eq. (11.64).

%) Note: NH} + 20, = NO3 + H,0 + 2H" and

Yo, nma = Yo, xa - Ya/NH,
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For the calculation of Yg, no, We have to use the catabolic production of NOj3 by
nitrification:

6NH; +120, - 6NO; + 6H,O0 + 12H" (11.69a)

and the consumption of NO3 by denitrification using methanol as an energy
source:

6NO3 + 5CH;0H — 3N, + 5CO, + 7H,0 + 60OH"~ (11.69D)
in comparision with the aerobic oxydation of methanol:
7.50,+5CH;0H — 5CO, + 10H,0 (11.70)

For nitrification of 6 NHy (using 5CH;OH for denitrification), 24 moles O are
needed; for aerobic oxydation of the same amount of 5CH;O0H, 15 moles O must
be used. Therefore, the difference of both follows to:
24-15 g0 16 mol O mol O
=15 =15 — =171
6 g NO3 14 mol N mol N

Y%z/NO; =
Considering Eq. (11.68), one obtains:

AYS, 0, = Yo, it — Y3, im0, = 4.57 = 1.71 = 2.86 g O, (g NO; — N)™*
From Egs. (11.67) and (11.61), it follows (i=9, j=2):

1 _Y)O(I—[/SS
YRo,xu = ———— (11.71)
2.86 Y30 ss
i =10, Syn, — Ammonium Nitrogen
) Ss c
r = - 1 max, = < 17 7
N X8 Hmaxit Ks+Ss K+ "
. J
NH,, uptake by aerobic heterotrophs
_ 1 . ']’] SS I<i0 SN03
xe " B Ks+Ss Kio+¢” Kno+Snu, "
N J
NH, uptake by anoxic heterotrophs
1 Snta d
i+ ———— | e - X 11.72
(XB g(A/NPu) Honec Ksa+Snn, Ki+c " ( )
N _J

NH, uptake and NH, oxidation by autotrophs

+ k. Snp X
N J

NH, formation by anoxic
hydrolysis of heterotrophs
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i =11, Syp — Soluble Degradable Organic Nitrogen
I'no = — K SapXn + KenXnp/Xs (11.73)
. .

NH, + NH; formation of
uptake by organic nitrogen
heterotrophs by hydrolysis

i = 12, Xyp — Particulate Degradable Organic Nitrogen

Ino = (ixs — feixp) Kanr X + (ixp — foixe) kaaXa — KenXnn/Xs (11.74)
J \ J \ —
formation from formation from hydrolysis

decay of heterotrophs decay of autotrophs

) Xn nitrogen in bacteria (11.75)
ixp = = .

e Xu+Xa+Xs mass of bacteria + slowly biodegradable substrate

) Xy nitrogen in bacteria

ip = (11.76)

X particulate inert organic matter in bacteria

) ) biodegradable organic nitrogen
ixp — fpixp = - - (11.77)
particulate organic matter

fp see Eq. (11.58).

i = 13, Sy — Alkalinity
Saik = Stico; + Sco? + Snos + Sou™ (11.78)
San is the concentration of anions (alkalinity). The balance:

dSAlk _ %
dt \Y%

(Samo = San) * Tan (11.79)

describes the change of pH. For San® San.o the pH increases and vice versa. The
pH influences some equilibria (NH3/NH;, NO3/HNO;) and the activity of bacte-
ria. In wastewater with a low Sy and nitrification, .y cannot be neglected. The
balance of anions is written in moles.
ixp Ss d
YAk = ﬁ Pmax,H m m
N J
use of NOj3 for growth of aerobic heterotrophs

H

B ixp B 1-Y%uss " ™ Ss Kio Snos
14 14 - 2.86 Yxuss mat Ks+Ss Kip+¢” Kyno+Swo,
N )

use of NOj3 for growth of heterotrophs and production
of HCOj3 by denitrification
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i 1 SnH, I 1 X
= o Per e Xt — ke o (11.80)
14 7 Yoamm, Ksnt Snrr, Katc 14" X
u J . J
use of NOj3 for growth of autotrophs production of NO3
and use of HCOj; for H* uptake by hydrolysis of par-
during nitrification ticular orgaic nitrogen

The production of HCOj; during denitrification is described by the stoichiometry
for catabolism and anabolism using CH;OH as an energy source (see Egs. 10.43
and 10.44).

As follows from the catabolism of nitrification without NO; enrichment:

NH; +2 0, = NO;3 + H,0 + 2H* (10.6)
and with the use of HCO;™ as an electron acceptor:
2H* + 2HCO; — 2H,CO,4 (11.81)

12 HCOj5 are needed for 6 NHJ, these are 6 more moles anions than those recov-
ered by denitrification (see Eq. (11.69) and consider OH™ + CO, = HCO3).
Because: Y{ico;/nuy = 2, we write for the rate of HCOj3 consumption by nitrifica-
tion (Table 11.4, space i =13, j = 3 in the matrix):
Y?—[CO;/NHZ 1

14 Y%nss 7 Yaasss

i, (11.82)

The ASM 1 model makes it possible to simulate different loadings of municipal ac-
tivated sludge plants in steady and non-steady state without biological phosphor-
ous removal. It can be used as the basis for a training program for the staff of
wastewater treatment plants and for design calculation of the plant and optimiza-
tion of the processes.

After intensive study of the model, the reader of the matrix (see Table 11.4) will
see the advantage in using the matrix in combination with a computer program.

11.3.4
Application of ASM 1

Grady et al. (1999) published some examples for applications of the ASM 1. It is
necessary to first determine values for all 19 coefficients compiled in Table 11.5.

Some of them have been chosen from mean values from many kinetic measure-
ments; some of them are still unreliable. The processes 6 (ammonification of
soluble organic nitrogen) and 8 (hydrolysis of entrapped organic nitrogen) are
neglected.

In addition to the parameters in Table 11.5, some characteristics of a domestic
wastewater following primary sedimentation were considered (Table 11.6).

A large number of questions can be answered using this model. One interesting
question is: what is the oxygen requirement Q¢ Aco, in dependence on sludge
retention time tgx? The model was calculated for a steady-state condition and
Xa + Xy; and then Xy, and Q¢ Aco, were both plotted versus sludge age (Fig. 11.3).
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Table 11.5 Typical parameter values at neutral pH and 20 °C for domestic
wastewater (Grady et al. 1999, p. 199).

Symbol Units Value

Stoichiometric coefficients

Ysuyss mg biomass COD formed per mg COD removed 0.60
fr mg debris COD (mg biomass COD) ™’ 0.08
ixn mg N (mg COD)™ in active biomass 0.086
ixp mg N(mg COD) ™" in biomass debris 0.06
NENI mg biomass COD formed per mg N oxidized 0.24

Kinetic parameters

T h 0.25
Ks mg L™ COD 20
K, mg L 0, 0.10
Kyo mg L' N 0.20
kan h™ 0.017
n Dimensionless 0.8
Nh Dimensionless 0.4
k, L (mg biomass COD h)™ 0.0067
ke mg COD (mg biomass COD h)™ 0.092
Kx mg COD (mg biomass COD)™* 0.15
Honaxa h™ 0.032
Kno mg L' N 1.0
Ky mgL' O, 0.75
kaa h™ 0.004

Table 11.6 Characteristics of a domestic wastewater of the USA after
primary sedimentation (Grady et al. 1999, p. 214; Bidstrup and Grady 1988).

Symbol Component Concentration
(mgL™)
X; Inert particulate organic matter (COD) 35.0
Xs Slowly biodegradable substrate (COD) 150.0
Ss Readily biodegradable substrate (COD) 115.0
d Oxygen (O,) 0.0
Svo Soluble nitrate N 0.0
Snir Soluble ammonia N 25.0
Sxs Soluble biodegradable organic N 6.5

Xnp Particulate biodegradable organic N 8.5
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Fig. 11.3  Effect of sludge age tgx on bacterial concentration X,
and X, + X, as well as oxygen demand in a CSTR with tpx/tr = 20.
Parameter values given in Tables 11.5 and 11.6. ¢’ =4.0 mg L™
(Grady et al. 1999, p. 214).

The sludge age can be calculated using:

e = K+ %) (11.83)
QexXr
where Q. is the excess sludge flow rate (m* d™") and X, is the concentration of ex-
cess sludge (kg m™).

For a sludge age of tgx<35 h, the nitrifiers are washed out. Their growth rate is
too low compared with their dilution time in the system consisting of reactor and
secondary clarifier. For tgx>148 h =7 d, the oxygen demand increases mainly as a
result of endogenous respiration; nitrogen and carbon are removed to a greater
extent.

11.3.5
More Complicated Models and Conclusions

ASM 1 does not describe biological or chemical phosphorus removal. It was neces-
sary to expand it to 19 balances for 19 components and 12 processes. The reaction
terms consist of up to 7 Monod parts. The expanded model, called ASM 2 (Henze
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et al. 2000), will not be described here. ASM 2 models biological phosphorous ac-
cumulation by organisms of two fractions, one of which is able to nitrify.

ASM 3 was developed to correct some ASM 1 problems:

e Limitations of nitrogen and alkalinity on growth rate of heterotrophic organisms.

e Inclusion of soluble and particulate organic nitrogen.

e The elimination of a differentiation between inert organic material, inert parti-
cles, influent or biomass decay compared to ASM 1.

All together, ten points were mentioned (Henze et al. 2000), showing that the ASM
1 model is too simple to accurately describe the activated sludge process. There-
fore, a completely new model was generated, ASM 3, which will not be described
or discussed here.

There is no single model which describes all the qualities and properties of a
plant-scale activated sludge process. The power of modern computer systems
tempts us to construct more and more complex models. But we should not forget
that an activated sludge plant in non-steady operation is not only influenced by the
complicated reaction terms of the ASM models. The fluid dynamics and the mass
transfer in activated sludge plants influence the substrate removal and nitrification
just as much if not more than do the micro-kinetics. We model completely mixed
tanks and nothing else. Frequently, it is not easy to describe the measurements of
retention time distributions mathematically. But there are only a few plants that
have been studied with such measurements. For most basins, we do not have these
results and we are not able to conclude whether we need a cascade model with six
stages or only two. We should never forget such considerations when applying
simple models or one of the ASM models!

PROBLEM 11.1

In a completely mixed activated sludge reactor with an influent concentra-
tion of S, =200 g m~ DOC, a 95% DOC reduction should be realized within
tg = 6 h. Calculate the necessary oxygen uptake rate ro,.

Given:
20 g0 20 12 mol O mol O
YXOrE =559 C 750 16 molC | mol C
and:
Yoo s = 0.5 mol X-C
mol S—-C
Solution

The carbon removal rate 1 follows from the C balance in Eq. (11.2):

So—S 190



Problem
Using Eq. (11.9), we obtain the oxygen uptake rate:

Io, =TIsc (1 - Y)OCC/SC (1 -2 YXO/XC))

mol C mol O
=31.6711-0.5 C 1-2-0.3

mo mol C
10
~31.67-0.8 gm>h™' DOC ——
mol C
mol O 32g0
=25.34.05gm™>h™ DOC 2 _12.67 gm™h DOC -2 2
mol C 12gC

To2=3378gm>h™" O,

PROBLEM 11.2

The same wastewater described in Problem 11.1 is to be nitrified. The
NH,-N concentration of Syu, no = 50 mg L™ must be reduced down to
1 mg L™". Oxygen utilization in the airflow is about 20%, o, =0.232 kg m™
0,, V =5000 m*. We will assume that the nitrifiyers are not washed out.

1. Calculate the oxygen uptake rate and the required air flow rate.
2. Calculate the needed specific mass transfer coefficients with
(¢ =2 mg L") and without nitrification (¢"=1mgL™).

Solution

1. To calculate the required air flow rate, we start with an oxygen balance:
Qc (Co,0~Co,) =To,= V

Io, s V

Qc = >

Co,,0~Co,

with 20% oxygen utilization co, o — Co, = 0.046 kg m™. Starting from an NH,
balance:

(SNH4—N,O_ SNH4—N) 49

8.17
VR 0.584 mmol L' h™ NH,-N

can be calculated.
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As NHi +20, — NOj + 2H" + H,0, the oxygen consumption rate of nitrifi-
cation is:

To,n=2-0.584=117 mmol L' h™
~1.17-32=37.44mgL"h' O,

To,x =To,N t+To,c
= 37.44 + 33.78 (see: problem 11.1)
=7122gm>h' 0,

For the flow rate we obtain:
71.22-5000 gm?®m®
Q=006 -

- =7741 m* h™'
m’ hkg 774 m

2. The concentration of dissolved oxygen must be increased from ¢’ = 1 mg
L' (only carbon removal) to 2 mg L™ (carbon removal with nitrification).

What is the old and what do we select for the new specific mass transfer co-
efficient k,a of the aeration system? Saturation concentration c* = 9 mg L

0,.
(a) Only C-removal
kia(c*—c) =r1o,

33.78
kia= 5 - 42h

(b) C-removal with nitrification

kia(c"=c) =r1o,x

71.22
kia= = 10.2h™!

The aeration system must be selected according to these requirements.
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12
Membrane Technology in Biological Wastewater Treatment

12.1
Introduction

The high performance of membrane technology has been proven in recent years in
a wide range of fields, such as chemical industry, medical technology, drinking wa-
ter treatment, biotechnology and environmental technology. The German work
groups of the DWA (ATV-DVWK 2000a, b, 2002a, b; DWA 2005) have provided ex-
cellent reports on the application of membranes in the field of wastewater treat-
ment. Also, the Chemical Engineering School at the RWTH Aachen has provided
important knowledge of fundamentals and applications in the whole area of mem-
brane technology (Rautenbach and Albrecht 1981, 1989; Melin and Rautenbach
2004).

The continuous development of membrane materials and membrane design on
the one hand and the knowledge of operational management on the other hand
have fostered the growth of membrane technology in wastewater treatment. Many
questions have yet to be answered, however, especially in activated sludge systems:

e How can we best implement membranes in activated sludge systems?

e Do we need primary settlers if we use a membrane activated sludge process?

e Which membrane modules and operating modes are effective and energy effi-
cient?

e [s it possible to perform nitrification and phosphate elimination in combination
with membrane processes?

The number of membrane processes installed for the treatment of municipal
wastewater is rather low but steadily increasing. In Germany, several large mem-
brane processes for wastewater treatment plants (>11000 inhabitants) are in oper-
ation or being planned (MUNLV 2003). The largest one (for 80000 inhabitants;
about 1900 m* h™') has been in operation since 2004 in the wastewater treatment
plant (WWTP) at Nordkanal (DWA 2005). The biggest industrial membrane pro-
cess in biological wastewater treatment for a flow rate of about 200 m* h™" has been
in operation near Dortmund since 2004 for the treatment of wastewater from the
pharmaceutical production plant of Schering AG (Achtabowski and Neuhaus
2005).

Fundamentals of Biological Wastewater Treatment. Udo Wiesmann, In Su Choi, Eva-Maria Dombrowski
Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31219-1
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Industrial wastewater treatment plants are often characterized by low flow rates
and high pollutant concentrations. The benefit of using membranes is the possibil-
ity to reuse water in different qualities and the gain of reusable material as well as
environmental aspects integrated in the production process. Examples for treat-
ment of water and wastewater with membranes are given in Table 12.1.

Membrane processes have different targets, such as meeting the guidelines of
wastewater quality standards, the recovery of components or the reuse of the treat-
ed water. In the field of municipal wastewater treatment, micro- and ultrafiltration
processes are predominantly applied with the target of avoiding the need for a sec-
ondary clarifier, increasing the bacterial concentration in activated sludge process
or producing an effluent free from suspended solids. In industrial wastewater
treatment and water reuse, nanofiltration and reverse osmosis are preferentially
used.

Table 12.1 Examples of membrane processes in wastewater and polluted
river water treatment (MUNLV 2003).

Municipal, commercial and industrial applications

Micro- and MBR for treatment of:
ultrafiltration - municipal, pharmaceutical
- rendering plant
— food industry wastewater
— landfill leachate
Tertiary filtration of treated wastewater
Treatment of distillery wastewater
Treatment of electro dip coating water, oil-in-water emulsions and
degreasing-processes in metal industries
Reuse of concentrated water-soluble lacquers
Pretreatment for production of boiler feed water
Treatment of polluted river water with integrated precipitation
Elimination of phosphate, iron and manganese

Nanofiltration  Elimination of specific compounds like EDS in wastewater
Desalination of wastewater
Discoloring of wastewater in textile and cellulose industries
Concentration of landfill leachate

Reverse Concentration of CaSO, from mine-drainage water
osmosis Recycling of silver from washing water in photo industry
Treatment of wastewater in textile-dye industry
Concentration of washing water in cellulose industries
Reuse of phosphor acid
Treatment of chlorine water
Treatment of landfill leachate
Desalination
Reuse of water
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12.2
Mass Transport Mechanism

12.2.1
Membrane Characteristics and Definitions

Membranes are flat, semi-permeable structures that are permeable for at least one
component and are impermeable for others. According to the nomenclature of
membrane technology, various membrane processes are characterized according
to the molar mass or diameter of the transported component, the aggregate state
on the two sides of the membrane as well as the separation principle. The transport
can be caused by gradients of concentration or pressure. Pressure-driven mem-
brane processes like micro-, ultra- and nanofiltration as well as reverse osmosis are
used in wastewater treatment.

Figure 12.1 shows the classification of membrane processes based on the aver-
age particle diameter or molar mass, with a few examples of wastewater compo-
nents. Note that the ranges of the separation processes overlap with respect to the
particle diameter and the driving pressure.

The functional principle behind membrane processes used in wastewater treat-
ment are filtration or sorption and diffusion, whereby the wastewater feed is divid-
ed into a cleaned part, i.e. the filtrate or permeate, and a concentrated part, i.e. the
concentrate or retentate (Fig. 12.2).

I
. ions | reactive dyes paint dy?s
15}
EL saltsl cryptosporidia
g surfactants | grease, oil legionella bacteria
viruses bacteria activated sludge
_ endocrirle substances |
endotoxines pyrogens sewage sludge

transmembrane pressure bar

ultra-
filtration
1 iTLE D conventional
| | EEster filtration
0.1 T T T T
0.0001  0.001 0.01 0.1 1 10 Hm
average particle size
— 100 10 000 100 000 ————— gmol’
mole mass

Fig. 12.1 Classification of membrane processes used in wastewater
treatment (MUNLV 2003; Rautenbach 1997).
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membrane process

feed
wastewater

permeateffiltrate
purified water

Ca P2

concentrate/retentate
concentrated wastewater

Cys Py

Fig. 12.2  Scheme showing the principle of the membrane process.

The performance of a membrane filtration unit is determined by the following
main parameters:

e The selectivity of the membrane is the capability to separate between compo-
nents like oil and water or salt and water. Low selectivity can only be compensat-
ed with an expensive multi-stage process. For aqueous systems of a solvent and
a solute the retention coefficient or retention R is a measure of the selectivity.
The solute is retained while the solvent, most often water, passes through the
membrane; the retention R is given by:

Co—C; C

=1-— (12.1)
Co Co

R

where ¢, is the concentration of the pollutant in the feed and c, is the concentra-
tion of the pollutant in the permeate.

The true retention achieved with the membrane is higher because the concentra-
tion of the retained component increases at the surface of membrane c; as a re-
sult of concentration polarization (Section 12.3).

C
R=1-=2 (12.2)
C3
In the field of biological wastewater treatment, one main component often has
to be eliminated; and the feed and permeate concentrations are given, for exam-
ple, as suspended solids in g L™ MLSS.

o The relative volume flux ], characterizes the hydrodynamic permeability:

Qp

A m’>m>h™" bar™ (12.3)
pTM m

]pO

where Q, is the permeate volume flow rate, Apry is the transmembrane pres-
sure and A,, is the membrane area.



12.2 Mass Transport Mechanism
e The gradient of trans-membrane pressure, i.e. the driving force, is given by:

_ DPotPu

A 4
P 2

-p> (12.4)

which takes into account the pressure drop along the cross-section of the mem-
brane p, — pi.

e Mechanical stability and resistance to fouling and scaling must be considered as
other important factors.

Low permeability of a given membrane can be compensated by increasing the mem-
brane surface area. The permeate flux J, or the permeate velocity w,, is given by:

Jo=Wp,= i3 m’m~?h™ (12.5)

The flux and the retention coefficients R and R, are not constant along the surface
area of a membrane, even if there is no variability in the quality of the membrane
material. The concentration of the retained component increases continuously and
affects the flux and retention coefficients.

In wastewater treatment, transmembrane pressure Apry varies from 0.1 bar up
to 120 bar. The characteristic cut-off of a membrane corresponds either to the par-
ticle diameter (in microns) or to the molar mass (measured in Dalton) of the larg-
est retained substance.

N\ | — active layer
c \ —"supporting layer
0 \
ch \
W, P
- EO___}____ Wpcz
Ap-Amr
Ap G,
At \
S 2 L Pe .
N
— AZ g—

z

Fig. 12.3  Concentration and pressure gradients through a solution-diffusion
membrane. We have to distinguish Ap” of Eq. (12.4) from Ap of Figure 12.3.
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The cut-off of a membrane is determined as the molar mass of macro-molecules
and dissolved substances with a retention coefficient of 90% or 95%. It is deter-
mined experimentally by the fractional separation curves for ultrafiltration mem-
branes with different substances (Rautenbach 1997) and is often used for the char-
acterization of membrane processes with the exception of microfiltration.

Various transport models are employed when studying the selectivity of differ-
ent membranes and their transport mechanisms (Rautenbach 1997):

¢ A black-box model resulting from a large base of experimental results from real
systems of combinations of treated fluids and membranes.

¢ Semi-empirical models for the real system with regard to physical and chemical
parameters (solution-diffusion and pore model).

e Structural models in fundamental research.

Here we use semi-empirical models because it is common engineering practice to
utilize the understanding of physical properties together with results of investigat-
ing process parameters. The solution—diffusion model (reverse osmosis and partly
nanofiltration) and the pore model (ultra- and microfiltration) can be used with the
physical and chemical background information to reduce the required number of
experiments for studies and to quantitatively optimize membrane filtration opera-
tion in the area of wastewater treatment.

The design and layout of biological wastewater treatment plants with membrane
bioreactor (MBR) technology has to focus on the requirements of the activated
sludge process. The first guidelines were formulated by ATV-DVWK (2000b) with
special regard to reactor volume, oxygen transfer rate, pre-treatment of wastewater,
sludge disposal and, of course, membrane performance and cleaning (Section
12.3).

First we will focus on the most common mechanistic models of mass transport
through membranes. They are based on diffusion and convection. Then we will
consider resistances to mass transfer, like concentration polarization as well as the
combination of transport mechanisms and resistances. A further combination of
models, e.g. the solution—diffusion model and the pore model, is necessary when
using membranes with an active, deep layer, a porous carrier layer or if a gel-layer
is formed.

12.2.2
Mass Transport Through Non-porous Membranes

The solution—diffusion model describes reverse osmosis in ideal membranes as
well as nanofiltration processes in non-porous membranes.

The transport of a component through a non-porous membrane is only possible
by dissolution and diffusion. In this idealized model of mass transport, the mem-
brane is treated like a liquid. Figure 12.3 shows the concentration and pressure
gradients for an asymmetric membrane, where the active layer is responsible for
separation and the supporting layer for mechanical stability.
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The specific mass transfer rate of diffusion is described by Fick’s first law:
Jb=—DVc (12.6)

where ¢’ is the concentration of the dissolved component and D is the diffusion co-
efficient.

The diffusion coefficient D is idealized to be independent of concentration. That
means D is constant and not affected by location in the membrane or by concen-
tration. For one-dimensional diffusion, the diffusive flux follows as:

d ’
]D=—Dd—cz gm2ht (12.7)
or (see Fig. 12.3):
co—C
Jp=— "AZ > (12.8)

This is a solution for the steady-state mass balance for diffusion across two planes
(e.g. through a thin plate membrane at the points z and z + dz):

d
0=- % (12.9)
and considering Eq. (12.7):
d dc’ d*c
0=— (D |=D— (12.10)

According to Henry’s law, we obtain for ideal systems with linear sorption charac-
teristics with respect to the dissolved impurity concentration in the membrane ¢”:

c=HCc (5.6)
D
Jo = T (co—C2) =B (co—C3) (12.11)
with:
D
B= — (12.12)
AzH

The membrane constant for the dissolved impurity B is independent of pressure
but is a function of temperature because H and D vary with temperature.

The diffusive water flux follows in analogy to (12.8):

7 ’
Cow —Cow

12.13
A, (12.13)

]DW =Dw
Because of the water surplus, the absorption equilibrium can be described via (par-
tial) pressure:

oo = Hiyp (12.14)

and the water flux follows taken together with Eq. (12.13):
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Dw Hy
Az

(Po—P2) (12.15)

]DW =

Usually, the water flux is written as a function of the pressure difference:

Jow =pA(Po—P2) (12.16)
with:
Dy H
A=Y (12.17)
pAz

as the membrane constant A and p as the density of water. Note that, in contrast to
the dimensionless H (see Eq. 5.6), Hf, has the dimension g (m? bar)™ (Eq. 12.14).
The membrane constant A for the solvent (here water) is a function of tempera-
ture as well as a function of membrane properties [D,, (T), H, (T)] and the thick-
ness of the active layer Az.
Equation (12.16) is valid if the osmotic pressure IT is negligible. Otherwise the
diffusive flux is:

Jow = pA (po—p.—All) (12.18)
with:
RTIlna;
g (12.19)
Vi
it follows:
RT
All =— (lna;, —Ina;,) (12.20)
a3 =viX = Vi (1-x) (12.21)

where a; is the solvent activity, y; is the activity coefficient, x; is the mole fraction, x;
is the mole fraction of the solute, V; is the molar volume of the solvent and R is the
gas constant.

For ideal mixtures or for very low solute concentrations (x;<<1) the activity coef-
ficient y; is unity (Mulder 2000) and the activity becomes:

Ina;=Inx;=In(1-x) = -x;

(12.22)

Thus, using the equation for the state of ideal gases for diluted solutions the molar
concentration follows according to the amount of moles N; and Ny:

N; xN:  x
. <5 (12.23)
vV oV
At least the osmotic pressure difference between membranes follows:
ATT = RT (¢o—c,) (12.24a)

respectively for dissociating compounds, including the osmotic coefficient B:

AIT = BRT (co—C,) (12.24D)
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where ¢, is the feed molar concentration of the solute, ¢, is the permeate molar
concentration of the solute and f is the osmotic coefficient for the change in num-
bers of moles by dissociation, depending on the degree and stoichiometrics of the
dissociation reaction (Rautenbach and Albrecht 1981).

From Egs. (12.23) and (12.24) it follows that AIT is high for high values of ¢, and
for low values of c,. Considering concentration polarization, the solute concentra-
tion at the membrane surface is ¢;> ¢, (Section 12.3).

The membrane constants A and B depend on temperature according to expo-
nential functions (Rautenbach 1997) because of its influence on D and H (B in
Eq. 12.12) and on Dy, and H [A in Eq. (12.17)]. Yet the temperature dependency
of B is often neglected for practical purpose. A and B have to be determined experi-
mentally. They characterize the permeability of the membrane; the quotient A/B is
a degree for the selectivity of the system. For a low A/B the selectivity is high.

Often the designer’s aim is to calculate:

o The flow rate of the water through membrane w,.
¢ The permeate concentration c,.

With the flow rate of permeate w, (Fig. 12.3), we obtain the mass flux ], for the
solute with ¢;:

Jo=w,C (12.25)
and for water:

Jow = Wy p (12.26)
From Egs. (12.18) and (12.26), the permeate flow rate can be calculated:

_ ]DW

Wy = = A (po—p,— Al (12.27)
From Egs. (12.25) and (12.11), considering the flow rate according to Eq. (12.27),
we obtain:

_ ]_D B(co—¢y)

c A e (12.28)
W, A(po—p,—All)

and finally the result for the permeate concentration c,:

Bc,
Q= (12.29)
A (po—p.—AIl)+B
For po—p,=AIl, no water is transported through the reverse osmosis membrane
but the dissolved compound is transported, giving finally c,=c.

At the membrane surface, some important effects may occur, e.g. concentration
polarization and fouling processes that have to be taken into consideration (Section
12.3). In reverse osmosis and nanofiltration processes osmotic pressure is impor-
tant, but even in ultrafiltration processes osmotic pressure can have an effect. At
high fluxes and high retention values, the concentration of macromolecules at
membrane surface becomes quite high (see Problem 12.1).
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12.2.3
Mass Transport Through Porous Membranes

The pore model is based on the assumption that the membrane pores are much
smaller than the diameter of the retained particles but are permeable to water. In
contrast to the solution—diffusion model, water does not diffuse through the pores;
rather it flows under the influence of pressure and frictional forces. The pore sys-
tem is ideally straight and parallel; and each pore has the same circular size. As a
result of the small capillary diameter, laminar flow conditions are given and
Hagen-Poiseuille’s law is valid. For pores with diameter d and length L, one can
write in dimensionless notation:

£ 64 (12.30)
- .
with Reynolds number:
Wpod
Re =2~ (12.31)
v
and resistance number &:
A d
N (12.32)
apwho L

with w,, as the flow rate in a capillary pore.
In reality, the length of pores L is greater than the membrane thickness Az.
Therefore, a mean tortousity p is defined:

L

- 12.33
A, (12.33)

n
The flow rate of permeate w, is now given by Hagen—Poiseuille’s law (using
Eqgs. 12.30 to 12.33) with porosity €:

Ap d’¢

Wp =Wpo €= ——

32 7 (12.34)

Carman and Kozeny’s pore model (Carman 1956) assumes a pore system formed
of equally sized spheres in a packed bed. With permeate flux:

Ape’
Jp=Wp=—r (12.35)
2n(l-¢)? aipAz
A,
a, = (12.36)
\%

the hydraulic diameter d,, for packed beds is introduced (Rautenbach and Albrecht
1981):
4
dp= —5 (12.37)
(I-¢)a,

where a, is the volume-specific surface area.
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Equation (12.35) is known as the Carman-Kozeny equation. For sphere-packed
beds, the tortousity is given as p=25/12 (Rautenbach and Albrecht 1989). With the
membrane constant A™:

3
A& (12.38)
2n(1-¢)* afpAz

the equation shows the linear dependence of permeate flux on the driving force,
i.e. the pressure gradient across the membrane:

J,=A"Ap (12.39)

Comparing the diffusive water flux according to Eq. (12.16), A* corresponds to the
product of the density and the membrane constant A used in the solution—diffu-
sion model.

The linear behavior of |, in relation to Ap depends only on the membrane con-
stant A* of a given membrane. A* must be determined experimentally because it
depends on viscosity, which is a function of temperature. Figure 12.4 shows the
membrane-controlled flux.

This model fits micro- and ultrafiltration processes, but in practice a gel layer at
the surface of the membrane and a depositing of particles also affects mass trans-
port (see Section 12.3).

123
Mass Transfer Resistance Mechanisms

12.3.1
Preface

In pressure-controlled membrane filtration (e.g. in the field of wastewater treat-
ment), mass transfer across the membrane is affected by multiple resistances be-
fore and behind the membrane surface. In the case of asymmetric membranes
used in ultrafiltration and reverse osmosis, one has a combination of local trans-
port resistances. The resistance of the active layer is mostly rate-limiting. In reverse
osmosis and in some cases of ultrafiltration, permeate fluxes are low and concen-
tration polarization is insignificant because of the high diffusive back-flow of the
small molecules. All components, even those at the surface of the membrane, re-
main soluble; here the membrane itself controls the mass transfer.

In every case where a concentration polarization profile can occur the effect can
be controlled more or less by the flow conditions along the surface of membrane
and it is therefore influenced by membrane module design (Section 12.4).

We will now discuss resistances to mass transfer and the most common model
for the calculation of the concentration c; at the membrane surface in combination
with mass transport mechanisms for solution—diffusion and the pore model.
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12.3.2
Mass Transfer Resistances

Membrane-controlled mass transfer provides the simplest operational condition
for porous membrane systems with pressure as the driving force. Equation (12.39)
is often written in the form of Darcy’s Law (Darcy 1856):

Ap
i - (12.40)
NRy,
with:
_o\2 42
R - 2(1-¢)*alpAz Cq- A mt (12.41)

83

for laminar flow as resistance of membrane R,,. ], is only controlled by the clean,
non-blocked membrane and shows linear behavior (Fig 12.4). A further hydraulic
resistance due to pore blocking and adsorption R¢ can be considered:

= _ % (12.42)

N(Rn+Ry

During a membrane filtration process, the solute concentration at the membrane
surface rises; and when the concentration c; exceeds the solubility limit crystalliza-
tion occurs. A gel layer, also known as a sludge cake, is formed by the deposit of
solids as well as by the growth of bacteria (see Fig. 12.5 in the next section and
Fig. 12.9 in Section 12.4.3). Practice normally shows non-linear behavior because
the gel layer controls mass transport (Fig. 12.4).

Gel layer or sludge cake formation is often found above a so-called critical flux
(see Section 12.5). The accumulated material simply adds a further resistance R,
for the sludge cake to the resistance of the free or blocked membrane:

clean water membrane controlled
d flux Eq. (12.42) mass transfer Eq. (12.42)
resistence R, resistence R;

gel-layer controlled
mass transfer Eq. (12.43)
resistence R,

Ap

Fig. 124 Permeate flux plot as a function of pressure difference.
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Ap
Jp=——— (12.43)
N(Rm+Re+RY)
respectively:
A
Jp= P (12.44)
nRx
1233

Concentration Polarization Model

The classic concentration polarization model describes the fluxes according to con-
vective flow and retransfer of the solute, i.e. back diffusion through concentration
boundary layer dependent on the concentration gradient between the bulk region
and the surface of the membrane (Fig. 12.5).

One solution to the mass balance in the boundary layer with thickness 6 is ob-
tained at steady state conditions, dJxz/dz = 0. There are two parts of the total flux:
the flux of the solute counter to the z-direction, —w, ¢, and the back diffusion of
the solute, —-Ddc/dz. Assuming that the permeate velocity is independent of the
z-coordinate it follows that:

dc
Je=-w,c—D— (12.45)
dz
After differentiation of Eq. (12.45), we obtain at steady-state conditions:
dc d*c
0=w,—+D (12.46)
dz dz?
\‘/ l—active layer
¢ | supporting layer
° % gel-layer

ch

N

S5\

W,C,
G 000 w,
_Dg—g,: Qe | g / c,
W, ———>% ///
z c
. & ; A
5 —>| Az [«—

Fig. 12.5 Concentration polarization on the feed side and boundary layer.
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A possible solution of Eq. (12.46) is the exponential function:

c=a; +a,exp(asz) (12.47)
and after differentiating Eq. (12.47):

dc
— =asa, exp(asz) (12.48)
dz
2
e a%a, exp (a;2) (12.49)

Three boundary conditions are necessary to determine the constants a,, a, and a,.
According to Fig. 12.5: (1) at the boundary layer with thickness §, the concentration
is the same as in the bulk flow c,, (2) the highest concentration c; is attained at the
surface of membrane at z = 0, and finally, (3) the condition for the permeate flux of
the solute is the equality of the sum of convective flux and the back diffusive flux at
the membrane surface:

z=0, Cc=¢ (12.50)

z=0, c=¢ (12.51)
dc

z=0, -W,G;=-W,C;—D— (12.52)
dZ z=0

From Egs. (12.48) and (12.49) in Eq. (12.46) we obtain:
0=w,a;a, exp(asz) + D aja, exp (a;2) (12.53)

and finally for the constant a;:

a3 = —Fp (12.54)

From Egs. (12.52) and (12.51) we obtain:
- W,C=—W,C;—Dasa, (12.55)

or with Eq. (12.54):

A, =C—C (12.56)
Finally, considering condition Eq. (12.50), then Eq. (12.47) gives:
WP
Co=a; + (c3—¢y) exp | — o (12.57)
respectively:
WP
a; =Co— (C3—Cy) exp | — o (12.58)

Now, all three integration constants are known and the concentration profile near
membrane (0=<z=<3) follows to:
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WP WP
C=0Co— (C3—Cy) exp (— 0y ) + (c3—C,) exp (— o z) (12.59)

Considering Eq. (12.51), a simple result describes the dimensionless concentration
polarization as a function of velocity w, and diffusion coefficient D of the retained
component at the membrane surface z = 0 according to Eq. (12.59):

S7% _exp (% ) (12.60)

Co—C

The permeate flow rate w, is then given by:

w, =k, In <C3_C2> (12.61)

Co—Cs

with the mass transfer coefficient:

ki=s (12.62)

The mass transfer coefficient can be expressed by dimensionless numbers with w.¢
as the cross-flow rate:

Sherwood number:  Sh= 5 (12.63)
Schmidt number: Sc=Y (12.64)
D
Wer d
Reynolds number: Re = (12.65)
v

These numbers and L/d result from a dimensional analysis of the problem. The
determination of the relation between the Sherwood, Schmidt and Reynolds num-
bers as well as L/d is based on the analogy between heat and mass transport
(Table 12.2). For laminar flow and simple geometric conditions, they can be calcu-
lated by solving mass and momentum balances. The relations presented are

Table 12.2  Sherwood number for different flow conditions experimentally
proved for mass transport by Linton and Sherwood (1950) and Rautenbach
and Albrecht (1981).

Sherwood number Flow condition
Tube Sh=1.62 (Re Scd/L)'”? Laminar

Sh =0.023 Re”/® Sc'/* Turbulent

Sh = 0.04 Re*/* Sc'/? Turbulent
Canal with rectangular Sh =1.85 (Re Sc dy,/L)"? Laminar
cross-section Sh = Shype Turbulent

Re Scdy,/L>10?
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proven experimentally for mass transport by convection and diffusion in tubes for
laminar and turbulent flow conditions (Linton and Sherwood 1950) and in chan-
nels for laminar flow conditions (Rautenbach and Albrecht 1981).

From steady-state laminar flow in tubes of diameter d and length L as well as
d/L<1:

1/3
Sh=1.62 (Re Sc I) (12.66)

is valid. After calculation of k; from Eq. (12.66) and introduction into Eq. (12.61),
the permeate rate follows:

) 1/3 B
w, = 1.62 ( Ddivcf> In <C3 CZ) (12.67)

Co—C

We must determine not only the concentrations but also the diffusive coefficient
D. A possible approximation for D is given by the Stokes Einstein equation in
Eq. (5.4) as a function of absolute temperature T, solute radius R, dynamic viscos-
ity n and with the Boltzmann constant K (Section 5.1; Mulder 2000):

KT
D=
67mnR

(5.4)

Deviations arise if D and v become dependant on concentration, as observed in the
ultrafiltration of macromolecules, or when the cross flow rate rises for small values
of d/L (Rautenbach 1997). This occurs particularly in ultrafiltration processes in
the field of wastewater treatment if suspended solids are present which accumu-
late at the boundary layer.

12.3.4
Solution—diffusion Model and Concentration Polarization

The aim is now to calculate w,, and ¢, as well as AII. Thus, we need three indepen-
dent equations. Considering the increasing concentration c; at the membrane sur-
face for the calculation of AIT and ], we obtain Egs. (12.68) and (12.69) from
Eq. (12.24D), respectively Eq. (12.11) and (12.12).

AT = BRT (c3—c,) (12.68)
Jo=B(c;—C) (12.69)

For the solution diffusion model (reverse osmosis and nanofiltration) w, follows
according to Egs. (12.27) and (12.68):

Wy, = A (po—P>—BRT (c3-C5)) (12.70)

Equations for the concentration of the retained component c; and the permeate c,
are given for ¢, according to Egs. (12.29) and (12.27):

Bcs
=

= (12.71)
w,+B
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The third independent equation is given by elimination of ¢; from Eq. (12.61):
WP
C3=0Cy + (Co—C,) €Xp — (12.72)
ke
After introducing Eq. (12.72) in Eq. (12.71), c; and ¢, can be eliminated:
W,
B ¢ exp —
o Xp ke B¢,

= = (12.73)
WP WP
Wp+Bexpk— W, eXp . +B

L L

c; follows from Eq. (12.72).

With Egs. (12.72) and (12.73) in Eq. (12.70), we finally obtain an implicit equation
for wy,:

w,=A|Ap-BRT — (12.74)

Equation (12.74) can only be solved by graphical or numerical methods after deter-
mination of k, using one of the empirical equations in Table 12.3 (see Section
12.4.1). With these solutions, ¢; and ¢, can be calculated using Egs. (12.72) and
(12.73).

There is, however, a correlation between the true retention coefficient R, and c;,
the concentration at the surface of the membrane according to Eq. (12.2). With
Egs. (12.70) and (12.71), we obtain the true retention coefficient R, which can be
calculated using Eqs. (12.72) and (12.73):

B

R=1- (12.75)
A(po—p.—BRT(c;-¢,)) + B

Explicit solutions of Eq. (12.74) are possible for some specific cases:

1. If concentration polarization does not occur, ¢;=co, exp (w,/k;)=1 follows from
Egs. (12.60) and (12.62). Solving the quadratic equation we obtain:

W, Co
w,=A[Ap-BRT (12.706)
w,+B

2. Furthermore, if the membrane is not permeable for the solute (B = 0), the per-
meate specific flow rate is:

w, =A(Ap - PRTcy) (12.77)
3. In the case of low feed concentration c,, then AIT can be neglected:

w, =AAp (12.78)
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12.3.5
The Pore Model and Concentration Polarization

The permeate flow rate is determined with the pore model via the resistance in se-
ries models, as described in Sections 12.3.2.

Different authors use the resistance in a series of models and describe mathemat-
ical approaches as well as experimental investigations for estimation of the resis-
tances used in Eq. (12.43) (Fu and Dempsey 1998; Melin et al. 2001; Geissler et al.
2003; Wintgens et al. 2003). For example, resistances were summarized by Chang et
al. (2002) for microfiltration in MBR with R,,=3-22-10"" m™, R.=3-48 - 10" m™"
and R,=10""m™ for different membrane materials. In ultrafiltration processes
for the reuse of surfactants R,,=5-10"m™" and R¢=5-9.1-10"” m™" was experi-
mentally determined for PES membranes for various surfactants (Goers 2000).

The resistance of the sludge cake R, is a function of the concentration at the
membrane surface. It follows from Eq. (12.43) according to the concentration po-
larization model.

Chang and Fane (2000) describe the shear stress on micro and ultrafiltration
membrane surfaces from air bubbling of submerged hollow fibers by slug flow
conditions, i.e. based on two-phase flow conditions influenced by the formation of
Taylor bubbles. Melin et al. (2001) and Wintgens et al. (2003) use the same model
of slug flow conditions, considering concentration polarization and hydrodynamic
effects. They use experimental data from the full-scale wastewater treatment plant
Rédingen in Germany to obtain coefficients for their model. Further investigations
are summarized by Stephenson et al. (2000).

12.4
Performance and Module Design

12.4.1
Membrane Materials

The efficiency of membrane filtration processes in wastewater treatment is deci-
sively influenced by the selection of the membrane material for the wastewater to
be treated with regard to the particles and dissolved compounds it contains. There-
fore, the membrane material has to be chosen carefully by the supplier in cooper-
ation with the plant engineers. It is usually necessary to perform investigations in
laboratory or pilot scale and to test different membrane materials and modules.
Table 12.3 presents an overview of common membrane materials.

Depending on the composition and properties of the wastewater to be treated as
well as on the membrane’s mechanical stability, it is possible to use either organic
or inorganic solid materials. Once commonly used, cellulose membranes are now
used less often in recent times compared to polymer membranes, like polysulfone
PS, polyacrylonitrile PAN and polyethersulfone PES. Because of their resistance to
high temperatures and chemical stress, the use of inorganic materials like ceram-
ics, aluminum, refined steel and glass is becoming more important (MUNLYV 2003).
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Table 12.3 Common membrane materials and membrane structures

used in membrane processes (according to ATV-DVWK 2002a).

Membrane Membrane Active layer
structure material material
Microfiltration Symmetric, Polymer and Polypropylene PP
porous ceramic Polyvinylidenfluoride PVDF
Polysulphone PSU
Aluminium oxide
Refined steel
Titanium dioxide
Zirconium dioxide
Ultrafiltration Asymmetric,  Polymer phase inversion,  Polysulphone PSU
porous composite membrane Reg. cellulose
and ceramic Polyacrylnitrile PAN
Polyethersulphone PES
Titanium dioxide
Zirconium dioxide
Polyvinylidenfluoride PVDF
Nanofiltration Asymmetric,  Polymer phase inversion,  Polyamide PA
dense composite membrane (Zirconium dioxide)
Polyethersulphone PES
Cellulose acetate CA
Reverse osmosis ~ Asymmetric, ~ Polymer phase inversion,  Polyamide PA 95%
dense composite membrane Cellulose acetate AC 5%

Membranes are either symmetric or asymmetric in structure. That means they
exhibit a homogenous or inhomogeneous dispersion of material. An asymmetric
membrane is constructed by two layers of one material with different porosities
(a phase inversion membrane), or by two layers of different materials (a composite
membrane).

The very thin and dense active layer of about 1 pm on the feed side is responsible
for the membrane’s performance and permeability. The porous second layer is the
supporting structure. Higher fluxes are attainable, especially for solution diffusion
membrane processes, with asymmetric membranes. Both composite and phase
inversion membranes can be constructed as porous or non-porous membranes
(Rautenbach 1997).

12.4.2
Design and Configuration of Membrane Modules

12.4.2.1 Preliminary Remarks

The following informations are valid generally for all possible applications. There
are several very different ways to construct membrane modules by the arrange-
ment of the inlet and outlet streams. For example, a three-end module for cross-
flow configuration consists of a frame construction for the selected membrane
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b)

Fig. 12.6 Membrane modules in submerged mode. (a) Kubota flat panel,
submerged in an unit with bubble diffusor. (b) Zenon hollow fiber
module, with air bubbling and a hollow fiber in detail.

material with connections to one inlet (feed) and two outlet streams (permeate and
concentrate) and a pump providing the driving pressure. Modules with tubular or
plate membranes are described in Table 12.4.

Five principle configurations are commonly found (Stephenson et al. 2000):

e Plate-and-frame modules, commonly known from electrolysis stacks, are often
used for micro- and ultrafiltration and less often for reverse osmosis (e.g.
Kubota flat panel; Fig. 12.6a). Similarly, there are membrane cushions with per-
meate spacers and support plates welded together with the plate membranes.

e Spiral-wound modules are the standard configuration for reverse osmosis and
nanofiltration modules.
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e Membrane cushions are although used in ultra- and nanofiltration modules.

¢ Hollow fine fiber (Zenon; Fig. 12.6b) and capillary membranes are self-support-
ing membranes with out-to-in flow direction for hollow fibers and in-to-out flow
direction for capillary ones.

e Tubular membranes are used for high turbulence and good cleaning character-
istics (Berghof 2005; Fig. 12.7a). An example for a complete process is the Wehr-
le ultrafiltration plant in Fig. 12.7b.

Module design has to fulfil the following requirements:

High ratio of membrane area to module bulk volume.

e Low pressure drop, low energy demand.

o High degree of turbulence on the feed side to promote mass transfer.
e Low costs per unit membrane area.

Good cleaning management.

Fig. 12.7  Membrane modules in cross-flow mode. (a) Berghof tubular module
and membranes. (b) Wehrle, MBR, ultrafiltration plant for the food industry.
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For the treatment of a feed with a high suspended solids concentration, the de-
mands for a high membrane area:volume ratio together with a design that facili-
tates cleaning is inconsistent and a compromise is necessary. Furthermore, hydro-
philic behavior, attainable permeate volume flux, cut-off and operational life of the
membrane have to be taken into account. Configurations such as dead-end, sub-
merged and cross-flow mode are used for ultra- and microfiltration.

12.4.2.2 Dead-end Configuration

In the dead-end filtration process, the flow of the wastewater stream is orthogonal
to the membrane and no retentate stream is produced. A two-end module is
needed (Fig. 12.8a).

As a consequence, the retained colloids and macromolecules build a layer on the
membrane surface which has to be removed periodically. This configuration re-
sults in an unsteady process which demands a two-end module and is only suitable
if the feed suspended solids concentration is low.

a) JA opera_tiongl interval 5
¢ filtration ______ "1
P |
feed | gel-layer Pol__Jo Prame |
P -~" I
/ - -7 : :
g !
// i :

A /

{} time t At,
permeateV membrane operational mode J,=const

b) A operatignal interval
J fittration

P\

R)

—————
cross flow y, gel-layer

- |
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& timet At, Af, At,
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{} time t At At,
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Fig. 12.8 Configuration of membrane filtration modules:
(a) dead-end mode, (b) submerged mode, (c) cross-flow mode.
At, = backwashing period; At, = chemical enhanced cleaning period.
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12.4.2.3 Submerged Configuration

A special configuration of a two-end module is the submerged mode because a
cross flow near membrane surface is applied without producing an additional
stream (Fig. 12.8b). To minimize the building of a sludge cake layer and to avoid
the high energy cost for high turbulence cross flow, a submerged system is used.
The membranes are immersed directly in the activated sludge tank, where intensi-
fied aeration produces cross flow at the membrane surface (see Fig. 12.6b). Inves-
tigations have been performed on the influence of shear stress induced by bubbles
(see Section 12.3.5). Permeate is removed by vacuum at transmembrane pressures
of about 0.05 bar to 0.6 bar (Giinder 1999; ATV-DVWK 2002b).

Transmembrane pressure is remarkably lower than 1 bar because of the drop in
pressure which results from the water column above the submerged membrane.
The rejected biomass remains in the bioreactor and the purified water passes
through the membranes, usually from the outside in. Hollow fibers are flexible
and move slightly to reduce gel layer formation because they are slightly longer
than the module length and are therefore free to move (see Fig. 12.8D).

One significant characteristic of the submerged system is its operation in quasi
steady state, in contrast to dead-end mode, and its higher frequency of back washing.
Compared to the cross-flow configuration, there is less energy used (per m> per-
meate) but a greater membrane surface area is needed because of the low attainable
fluxes in submerged systems. Recently, submerged systems have become highly sig-
nificant in the field of aerobic biological wastewater treatment. The advantages and
disadvantages of dead-end and submerged mode are summarized in Table 12.5.

Enhanced permeate flux was proven to be a result of two-phase flow. Gas-
sparged ultrafiltration with tubular membranes has been investigated experimen-
tally with different suspensions as well as with river water (Chang and Fane 2000;
Cabbasud et al. 2001) although computational fluid dynamics (CFD) were used to
model this two-phase flow conditions (Taha and Cui 2002).

12.4.2.4 Cross-flow Configuration

In cross-flow filtration, the wastewater flow is parallel to the membrane (Fig.
12.8c). There is a continuous retentate stream in addition to the feed and permeate
stream; and a three-end module is necessary. The retained material builds a layer
on the surface of the membrane which can be influenced by the cross-flow rate.
Thus the process is in continuous operation (see Table 12.5).

The reversible gel layer can be controlled by cross-flow conditions, while an irre-
versible gel layer has to be removed by a cleaning procedure. Gel layer-controlled
filtration helps to protect microfiltration membranes from pore blockage. In gen-
eral, there are two methods to control the severity of the reversible gel layer. When
high turbulence at the membrane surface is realized by higher cross-flow rate with
or without air injection, it leads to high energy costs. Higher turbulence can be ob-
tained, though, by the use of smaller hydraulic diameters of membrane canals in
tubular or flat membranes. This, however, increases the risk of blockage. Some ex-
amples of alternative methods to produce higher turbulence are the modules with
rotor and stator system, e.g. VRM-Modul in WWTP Knautnaundorf (Stein 2003).
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Table 12.5 Advantages and disadvantages of dead-end (unsteady and
submerged mode) and cross-flow mode in membrane filtration of
wastewater (Chang and Fane, 2000; ATV-DVWK 2002b; Melin and
Rautenbach 2004).

Configuration of MBR  Advantages and disadvantages

Dead-end mode Unsteady state process
Requires low suspended solids in feed stream
Low specific energy costs of 0.1-0.5 kWh m™
Module and membrane blocking
Back-washing if stable versus compression
Long filtration intervals
Periodic cleaning management
Final filtration of wastewater

Submerged mode Quasi-steady state

High suspended solids in the feed treatable

Low specific energy costs of 0.3-0.7 kWh m™

Low fluxes of about 10-30 Lm > h™"

Less stress for biomass

Two-phase flow pattern for hydrodynamical influence on deposits,
permanent bubbling

High investment, low operational costs

Back-washing with and without air

Short filtration intervals

Periodic cleaning management

Cross-flow mode Requires reversible gel layer for steady state process
in steady state High suspended solids treatable
Highest specific energy costs of 2.5-6.0 kWh m™
High fluxes of about 100 Lm™=>h™!
With cross-flow of we 3-6 m s™*
High stress for biomass
Low investment but high operational costs
Back-washing with and without air
Periodic cleaning management

Another way to control gel layer formation is to use interval back flushing but
with the disadvantage of a poor water recovery rate in the range of 80-90% of the
feed flow. Intervals for back-flushing and chemically enhanced cleaning depend
greatly on water quality and are often necessary in the case of river water process-
ing (Dietze 2004).

12.4.3
Membrane Fouling and Cleaning Management

12.4.3.1 Types of Fouling Processes

The major symptoms of fouling are a decline in flux over operating time, increas-
ing transmembrane pressure, sludge cake formation and changes to the retention
coefficient R, (see Eq. 12.75). Stationary filtration behavior is not possible. Fouling
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occurs if a critical flux is exceeded. Chang et al. (2002) defined the critical flux as
the highest flux for which the transmembrane pressure remains constant based on
data from a step-by-step increase in flux, depending on the type of membrane ma-
terial, MLSS and cross-flow velocity. However, there is a transition between con-
centration polarization and stagnant cake formation (Chen et al. 1997). For a rela-
tively high c;, polymerization and precipitation can occur, resulting in solid cakes.
To a certain extent, nearly every feed component leads to membrane fouling.

The formation of surface deposits on membranes is influenced by feed compo-
sition, flow conditions, the chemical nature of the membrane and interactions
between components and the membrane. The type of fouling depends on the na-
ture of deposit components (Fleming 1995). We distinguish:

o Scaling or mineral fouling is the deposit of inorganic material with crystal struc-
tures like salts.

e Organic fouling is the deposit of organic material like grease, oil, surfactants,
proteins and humic substances.

¢ Colloidal fouling is the deposit of particles like clay and metal-oxides or hydrox-
ides.

¢ Bio-fouling is the formation of bio-films by microorganisms captured and grow-
ing at the surface. A secondary phenomenon is the excretion of enzymes and ex-
tracellular polymeric substances (EPS) which influence the gel layer.

Deposits which can be detached by cleaning processes, like back-flushing and
mechanical cleaning, are called reversible fouling and cause a reversible gel layer
formation. Deposits which lead to an irreversible gel layer formation can only be
removed by chemical cleaning procedures and are called irreversible fouling
(Rautenbach and Albrecht 1989). Therefore, fouling can be controlled only to a
certain degree by hydrodynamics.

Different fouling mechanisms are shown in Fig. 12.9. An irreversible sludge
cake layer is formed by particles, contaminants and agglomerates of contaminants
which are bigger than the pore size of the membrane.

Due to the heterogeneous nature of bioreactors, mixed liquor fouling is difficult
to predict and control in a MBR. Factors affecting fouling are (Chang et al. 2002;
Lee et al. 2003; Rosenberger 2003; Shon et al. 2004):

e The membrane material hydrophobicity, porosity and pore size and distribution.

e The mass of microorganism MLSS and of extra-cellular polymeric substances
EPS, floc structure, dissolved matter and floc size.

e The operating conditions e.g. configuration, cross flow velocity, aeration, hy-
draulic and solid retention time and trans-membrane pressure.

12.4.3.2 Membrane Cleaning Strategies

To reduce the two negative influences of concentration polarization and decreas-
ing flux rates which result from fouling, a cleaning strategy has to be developed to-
gether with the membrane suppliers which is adapted to the wastewater character-
istics, the membrane material and the configuration of the membrane filtration
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irreversible fouling layer
adsorption, particle and contaminant
deposit, accumulation, R,

blockage of pores
particle diameter ~ pore diameter, R,

adsorption in the inner pore structure
small substances with attraction to the
membrane material, R,

biofouling
microorganism layer, R,

Fig. 12.9 Fouling mechanisms, adapted from Melin and Rautenbach (2004).

process. In general, process integrated back-flushing during the filtration process
is used to maintain a constant flux. Periodically in situ cleaning with chemicals and
intensive washing with chemicals ex situ are necessary to remove irreversible de-
posits.

MBR processes in submerged or cross-flow mode often use fixed-interval back-
washing or back-flushing with permeate, whereby reverse flow is used to wash-out
reversible fouling. Usually, a filtration process cycle of about 10 min is followed by
a back-washing time of 1 min, resulting in a water recovery of at least 90% as
shown in Fig. 12.8. Experiments are necessary to optimize two factors: (a) per-
meate loss by back-washing and (b) the slight decrease in permeate flux which re-
quires maintenance cleaning to recover 100% flux. In submerged systems, inten-
sified aeration in a range of 0.21-3.0 m* m™ h™" is also used to prevent fouling
(Benedek and C6té 2003; Cornel et al. 2001).

Maintenance cleaning is done at longer intervals with various chemicals. The
chemicals used and the interval chosen must be specifically adapted to the range of
application to avoid membrane damage or the formation of harmful substances
(ATV-DVWK 2002b). Chemical cleaning usually restores the permeate flux but
produces a certain amount of contaminated water.

In situ chemically enhanced cleaning procedures (intermediate cleaning) are
used in MBR processes if the flux decreases by about 20% down to 100 L m™> h™*
bar™, or as dictated by a cleaning management time table.
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Acidic solutions are used particularly for the elimination of inorganic fouling
causing substances and alkaline solutions for the oxidation of organic foulants.
Disinfectants may be used to eliminate microorganisms. Commonly used com-
mercial purifiers contain active chlorine concentrations between 300 mg L'
(Wehrle Umwelt 2005) and 2000 mg L™ (MUNLV 2003), or may contain special
mixtures of acids, leaching agents, surfactants, active enzymes (Berghof 2005) or
hydrogen peroxide (AV Aggerwasser 2005). Tests are also often performed with cit-
ric acid, NaOH, HCL, oxalic acid (Wozniak 2003) and nitro-hydrochloric acid. So-
dium hypochlorite is known to recover total permeability, but its use is decreasing
because of the damage caused to microorganisms at high concentrations (MUNLV
2003). Heating of the purifiers, sometimes in a separate tank, may be necessary to
reach the required cleaning temperature of 35-40°C.

An intensive ex situ cleaning (main cleaning) is necessary at least twice a year.
The typical cleaning management program combines alternating chemical clean-
ing and clean water rinsing for neutralization and a reaction procedure enhanced
with chemicals.

12.5
Membrane Bioreactors

12.5.1
Final Treatment (Behind the Secondary Clarifier)

The methods of industrial and municipal wastewater treatment have already
achieved a high standard by combining biological and mechanical processes and
additional treatment steps for the elimination of phosphorus and nitrogen (see
Chapter 10). However, the microbiological quality of effluents is still a burden for
surface waters. Pathogens like bacteria, viruses and parasites are a problem, partic-
ularly for bathing waters in summer, or in areas with drinking water reservoirs.
There are different standards in effect, such as the EU Water Framework Directive
(EU 2000) with the aim to reach a high ecological water quality by 2015, or the EEC
Council Directive 76/160/EEC of 8 December 1975 concerning the quality of bath-
ing waters (EEC 1991; Table 12.6).

Ultra- and microfiltration are of high interest as a post-treatment method after
sedimentation, and recently, as an alternative to the traditional gravity settlers used
in municipal wastewater treatment to meet the quality standards mentioned above.

The high efficiency of membrane systems as a final treatment in municipal
WWTP was investigated and proven by Altmann et al. (1995) in Berlin—Ruhleben.
In pilot-scale experiments, five different membrane systems were investigated
in combination with phosphate precipitation. Microorganisms were found to be
eliminated by a factor of several orders of magnitude and viruses were typically
adsorbed on suspended solids, which were eliminated (see Fig. 12.10 in Section
12.5.2). An alternative is to couple biological treatment with sand filtration.
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Table 12.6 Requirements for post treatment of effluents from WWTP
Microbiological Standard in EEC Council Directive 76/160/EEC of
8 December 1975 concerning the quality of bathing water (EEC 1991).

Parameter Imperative value Guide value

Total coliform bacteria 500 10000
(cells/100 mL)

Fecal coliform bacteria 100 2000
(cells/100 mL)

Streptococcus faecalis 100 -
(cells/100 mL)

Salmonella - 0
(cells/1 L)

Bowel viruses - 0
(PFU/10 1)

12.5.2
Membrane Bioreactors in Aerobic Wastewater Treatment

The combination of biological and membrane filtration processes is known as a
membrane bioreactor (MBR) system. The benefits of MBR systems in submerged
or external cross-flow mode are (ATV-DVWK, 2000b; DWA 2005):

e High microbiological quality of effluent water resulting from the high removal
efficiency of suspended solids, microorganisms and viruses.

e Greater freedom to vary process parameters, like the reduction of excess sludge
or the concentration of slowly growing organisms because MBR systems are in-
dependent on the sedimentation behavior of sludge.

e Volume reduction of the activated sludge tank because of higher biomass con-
centration and elimination of the sedimentation tank, both resulting in a reduc-
tion of the total plant footprint (C6té and Liu 2003).

The financial success of MBR is largely determined by the processes used to re-
store decreased flux caused by fouling. The resulting disadvantages of MBR are the
high investment cost for the needed membrane surface area and/or high operating
costs for cleaning management and the energy demand for cross-flow mode on top
of the cost for supplying oxygen to microorganisms (Choi 2005; DWA 2005).

The discharge of harmful substances, like endocrine-disrupting substances
(EDS) into municipal and industrial wastewater and their passage through WWTP
has also been investigated (Filali-Meknassi et al. 2004). Reverse osmosis and nano-
filtration processes are able to reject EDS (Fig. 12.1), but sorption was found to be
the main elimination process in sewage and industrial wastewater treatment,
hence the elimination efficiency was high for MBR (Kunst 2002; Gallenkemper et
al. 2003; Schifer et al. 2003; Oschmann et al. 2005).
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Recently, submerged membranes have been applied in large-scale activated
sludge plants more and more often because of the economical advantages of low
pressure processes. By 2004, several commercial municipal WWTP in Germany
had been built with submerged MBR systems for more than 100000 inhabitants;
and common permeate fluxes are 8-30 L (m? h)™". The percentage of submerged
systems is still increasing, evidently for small-scale systems (Bischof et al. 2005;
Brinkmeyer et al. 2005).

Figure 12.10 gives an overview of the membrane filtration process in compari-
son with conventional wastewater treatment.

In cross-flow mode (Fig. 12.10c), the higher operational pressure of about 3 bar
is provided by pressure pumps and a loop or recycling stream is used to increase
shear at the membrane surface to attain high fluxes (e.g. BIOMEMBRAT used in
activated sludge plants of food industries). Air bubbling and periodic back-flushing
is possible. To date, no application of cross-flow mode in municipal WWTPs has
been realized.

a)
influent | effluent
° > —
o]
0.0 0
O o
0o
activated sludge tank settler
» excess sludge
b)
influent | effluent
—>0—> > —> —>
oo ooo
o0 membrane module
activated sludge tank settler
» excess sludge
c) ) i
. recirculation stream
influent |
—>0—>
Lo +—> effluent
O
0o
activated sludge tank external membrane module
» excess sludge
d
) I—» effluent
influent ] i
—>] o submerged membrane module
00 o0
©o0
0o
» excess sludge

activated sludge tank

Fig. 12.10 MBR systems, external and submerged mode in comparison
with a conventional activated sludge system.
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Table 12.7 Performance characteristic of conventional activated sludge
process and MBR (Giinder 1999; ATV-DVWK 2000b; Cornel et al. 2007;
Cété and Liu 2003; MUNLYV 2003).

Parameter Conventional MBR
WWTP

X g L' MLSS <5 8.0-16.0

trx d 15 15.0

tr h 23 3.6-8.0

Bx kg BSB; kg™ d! MLSS <0.08 <0.08

o, O, transfer ratio - 0.6 0.6

Effluent data

S mg L' COD 40-50 <30.0

Niges mg L' <13 <13.0

Pges mg L' 0.8-1.0 <0.3

Xe mg L' MLSS 10-15 0

Microbiological - Hygienically Bathing

quality critical water quality

In the submerged mode (Fig. 12.10d), the membrane modules are directly in-
stalled in the activated sludge bioreactor or immersed in an aerated separate con-
tainer (e.g. ZeeWeed-Cassettes; Cornel et al. 2001). Air bubbling plays a significant
role in attaining high fluxes (Section 12.4.3) and periodic back-flushing is used to
reduce fouling.

The retention efficiency of the separation process is not influenced by gas bub-
bles, floating sludge or bulky flocs with lower density. Performance characteristics
of MBR systems are given in Table 12.7 in comparison with conventional WWTP.
The minimum solid retention time with nitrification is 15 d for both systems, ac-
cording to ATV-DVWK (2000a).

In the case of a MBR, the retention time of the sludge is unaffected by sedimen-
tation behavior (Fig. 12.10c, d) and very high sludge ages (see Section 6.2.3) can be
reached; but for municipal WWTP sludge ages of 15 d and sludge concentration of
8-16 g L™" MLSS are common (Table 12.8). Activated sludge with such high con-
centration exhibits non-Newtonian behavior, the apparent viscosity is a function of
g L™ MLSS as well as shear gradient and affects both oxygen mass transfer and the
degree of mixing (Rosenberger 2003; Kubin 2004; Choi 2005). The relative oxygen
transfer ratio o, (see Eq. 5.12) for different WWTP under operational conditions is
found to be in the range of 0.25 to 0.8 for X and the range of 1-17 g L' MLSS
(Cornel et al. 2001; Drews and Kraume 2005; DWA 2005).

Removal efficiency rises with increasing MLSS concentration, but a maximum
removal of 96-97% cannot be exceeded. COD removal efficiency was summarized
by Kubin (2004) and Drews and Kraume (2005).

We summarize data for some German MBRs in the field of municipal wastewa-
ter treatment in Table 12.8. These all operate with submerged membrane mod-
ules. The positive experience gained over several years of operation has led to fur-
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Table 12.8 Membrane bioreactors in municipal wastewater treatment

plants, submerged mode (Engelhardt 2003; Stein 2003; Vof3enkaul
et al. 2003; MUNLV 2003; Wozniak 2003; De Wilde et al. 2005; Roest et al.
2005; Rondi and Montagnoli 2005).

Year WWTP operator Company, membrane, Q Au
configuration, m*h™) (10° m?)
submerged mode
1999  Rédingen Zenon, hollow fiber 135 4.846
Erftverband

2004 Nordkanal Zenon, hollow fiber 1881 85
Erftverband

1999  Biichel Kubota, plate membrane 40 0.96
Aggerverband

2004 Seelscheid Kubota, plate membrane 356 12.48
Aggerverband

2000 Markranstidt Zenon, hollow fiber 180 8.8
kommunale Wasserwerke
Leipzig

2002 Knautnaundorf Martin System AG, 23 0.756
kommunale Wasserwerke rotating plate membrane
Leipzig

2004  Markkleeberg Zenon, hollow fiber 710 28.4
kommunale Wasserwerke
Leipzig

2003 Simmerath Puron, hollow fiber Bypass 1.0
Wasserverbd. Eifel-Ruhr

2003 Monheim Zenon, hollow fiber 288 12.32
Stadt Monheim

2004 Waldmdossingen Zenon, hollow fiber 90 5.3
Stadtwerke Schramberg

2003 Schilde Zenon, hollow fiber 355 10.56
(Belgium)

2003 Brescia Zenon, hollow fiber 1750 -
(Italy)

2004 Varsseveld Zenon, hollow fiber 755 20.16
(The Netherlands)

ther applications. For example, in WWTP Markranstidt (Stein 2003) the hollow
fiber membrane filtration modules are located in the upper part of the nitrification
tank. Mixing units are installed together with aeration to reduce fouling. An ex
situ cleaning shaft located between the nitrification lines is in place to take up the
modules for the cleaning procedures. Another concept is followed with separated
membrane filtration containers in WWTP Biichel (Wozniak 2003) and WWTP
Rédingen (Engelhardt 2003). These filtration containers are aerated and the waste-
water is recycled between the nitrification and denitrification tanks and the filtra-
tion containers, where nitrification also takes place.
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Experience with the WWTPs mentioned above has shown the importance of an
intensive pre-treatment of wastewater by filtration. To reduce membrane fouling
by the deposit of particles, it is necessary to perform additional pre-treatment of
wastewater with a grid or a sieve <1 mm (Engelhardt 2003; Stein 2003; DWA 2005).
Especially the fibrous components of the untreated wastewater leave deposits in
the upper part of hollow fiber modules.

The costs associated with MBR systems operating in cross-flow and submerged
mode have been analyzed by Melin and Rautenbach (2004), who showed in esti-
mated overall operating cost of 0.57 € m™ for cross-flow mode and 0.56 € m™
for submerged mode in sewage WWTP at small scales with volume rates of
100 m* h™". Overall operational costs for existing MBRs in wastewater treatment in
the food industries were found to be 0.90 € m~ (Wienands and Streif 2005), while
the highest costs of cross-flow mode come from the energy consumption and the
highest costs for submerged mode result from the investment in the membrane.
The energy consumption of submerged systems has been measured between
0.8 kWh m™ and 4 kWh m™. Optimization of the aeration management leads to a
reduction of energy consumption by about 35% and a consumption of less than
1 kWh m™ has been predicted (Engelhardt 2003).

12.5.3
Membrane Bioreactors and Nutrient Removal

To achieve nitrogen removal with a MBR system, aerobic—anoxic operation condi-
tions are necessary as in the conventional process (see Section 10.4.2). A MBR of-
fers good nitrification conditions because of the high retention of sludge allowed.
Therefore, even slowly growing nitrifying bacteria have an excellent chance to es-
tablish themselves in the aerated tank. Nitrogen removal with preliminary denit-
rification (see Fig. 10.9a) and with post-denitrification (see Fig. 12.11D) is in oper-
ation with MBRs (Brepols et al. 2005). Investigations have also been performed in
small-scale applications with post-denitrification without dosage of a carbon
source (Gnirf8 2005; Maas 2005).

The high oxygen transfer associated with submerged membranes creates a need
for a larger denitrification zone (Engelhardt 2003; Gnirf3 et al. 2003; MUNLV
2003). In the case of post-denitrification, the membrane modules are located in a
separate container behind the anoxic zone with optiomal aeration to avoid sludge
cake formation (Adam 2004; Drews et al. 2005).

Phosphorus elimination by simultaneous precipitation is a well known tech-
nique in conventional wastewater treatment and is also used in MBR. The high
MLSS retention efficiency of the membrane process significantly reduces the
discharge of coagulant chemicals and leads, therefore, to less loading of rivers. In
surface water processing, Dietze (2004) achieved low phosphate concentrations
(<15 pg L' PO,-P) in permeate using phosphorus flocculation and membrane fil-
tration while reducing the coagulant and salts discharge, compared to traditional
flocculation and sand filtration.
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Fig. 1211 MBR and nutrient removal with submerged membranes with:
(a) preliminary denitrification, (b) post-denitrification without substrate
dosage and with biological phosphorus removel.

Investigations have been conducted to combine biological phosphorus elimina-
tion with an anaerobic zone, not only in WWTP (Section 10.4.3, Fig. 10.9a) but al-
so in the MBR process to reduce the use of chemicals like FeCl;. The question re-
mains whether the high sludge ages used in MBR yield higher phosphorus elimi-
nation capacities. The high retention of MLSS and the prevention of phosphorus
release caused by the high oxygen concentration in the MBR system lead to a high
efficiency (Gnirf8 et al. 2003). Orthophosphates from release cannot be retained by

ultrafiltration membranes (Adam 2004).

PROBLEM 12.1

When do we have to consider the impact of osmotic pressure?

Calculate the osmotic pressure for two aqueous solutions, considering com-
plete retention (c,=0 mg L") and neglecting concentration polarization. The
feed contains 15 g L' NaCl and 15 g L' glucose (T =288.2 K, R=8.31] mol™

K.

Solution

NaCl, molar mass M = 58 g mol™", the osmotic pressure increases as a result
of dissociation as the number of moles increases (Rautenbach and Albrecht
1981). For complete dissociation of NaCl p = 2 follows, we obtain from

Eq. (12.24b):

2.15-8.31-288.2 gJmol K
AT =

58

L g mol K

=124

m3




Problem

Glucose, molar mass M = 181 g mol™". At the cut-off of nanofiltration mem-
branes, we obtain from Eq. (12.24a):

15-8.31-288.2 1 K > >
_ g ] mo —1981=210]=210N

ATl =
181 L g mol K L m? m?

=2 bar

Considering concentration polarization and increasing concentration of the
feed in the direction of flow, the osmotic pressure increases. For particles
like bacteria or colloids >10000 g mol™, the influence of osmotic pressure is
negligible.

PROBLEM 12.2

What membrane surface area is required for a WWTP for 100000 inhabi-
tants, considering permeate fluxes J,,0 at 10°C? (J,s =25 Lm>h™")

The common design method of a WWTP is based on ATV-DVWK-Arbeits-
blatt A 131 (ATV-DVWK 2000a). The maximum flow rate Q,, is determined
by the dry-weather flow Q, and the average wastewater from other areas Q.
According to ATV-DVWK-Arbeitsblatt A 198 (ATV-DVWK 1992), the flow
rate is given by:

Qum=2Q,+Q;Ls™ (12.79)
To determine the maximum inlet flow rate Q,,, we choose:
Qm=35Q.+Qr (12.80)

Q. is the average sewage flow rate according to the median discharge per
household, commercial and industrial wastewater, here for 100000 inhabi-
tants, with a specific volume rate of inhabitants (inh.) of 130 L (inh. d)™".

Qr is annual average extrameous wastewater from other areas, here we
choose 6000 m* d".

Solution

For 100000 inhabitants, Q,, is given by:

_3.5-130-100000 - 103+6000 Linh.d m3d

: : =2146 m*h™!
24 inh.dh dh

Qm

while the average daily flow rate Qq (dry-weather flow) is:

Qu=Qs+Qr (12.81)

The required permeate flow rate of a membrane module has to equal the
maximum volume rate Q,,,; and the required membrane surface area Ay, can
be determined from permeate flux of common membrane modules. At 8°C,
aflux of J,g =25 L m > h™"is given. For higher temperatures (here 10°C) the
flux is about 15% higher than at 8°C (MUNLV 2003), resulting in:

Joio=115-25Lm>h'=2875L m~>h™’
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According to Eq. (12.5), the required membrane surface area Ay, follows:

2146 m’m?
e I A6 mImIh g e
Jow 2875 Lh

For maintenance cleaning twice a year, the complete membrane area is tak-
en out of operation. Each cleaning procedure lasts about 1 day; the effective
membrane area is in operation, therefore, only 363 days year™ or about 99%
of the time. To realize the required flux, the total membrane surface area A,
must be 1019% of Ay,.

A=Ay +0.01 Ay =75.4-10° m?

PROBLEM 12.3

How different are the volumes of a MBR and an activated sludge tank, for the
same treatment task with nitrification?

Conditions with full nitrification require sludge ages of more than 15 days
(ATV-DVWK 2000). The common method for a single-step activated sludge
process is based on the sludge loading rate By (Giinder 1999):

SQd
VX

By = kg BOD; (kg MLSS d)! (12.82)
where By is the sludge loading rate, Qq is the dry-weather flow rate according
to Eq. (12.81) = 19000 m* d™', X is the concentration of bacteria and S is the
concentration of substrate (we choose 400 mg L' BODs). For the MBR we
choose Bx = 0.03 kg BODs (kg MLSS - d)™" and for a conventional plant a
higher loading rate of 0.06 kg BOD; (kg MLSS - d)™".

Solution

Under the assumptions of no oxygen limitation and identical percentage of
living bacteria, an approach for processes with and without membrane is
given by:

1. With the membrane, the concentration of microorganisms is in the range
of 8-16 g L' MLSS. We choose X =12 g L' MLSS (Table 12.7). The vol-
ume of the aerated sludge tank for MBR follows from Eq. (12.82):

SQa 0.4-19000 m*kgm’kgd

- - -21.1-10° m?
XBx 12-003 kgm’dkg

2. In the conventional activated sludge process under the same conditions of
S and Q,, the attainable concentration of microorganisms is X = 3 g L™
MLSS and a higher sludge loading rate of 0.06 kg BODs (kg MLSS d)™" (Ta-
ble 12.7) is possible. The volume of the single-step activated sludge tank is:
y_SQa_04:19000 m'kgm’'kgd

- - = 422-10° m?
XBx  3-006 kgm’dkg
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13
Production Integrated Water Management and
Decentralized Effluent Treatment

13.1
Introduction

Until now, the main point of interest in this book has been biological wastewater
treatment. In this chapter we want to expand our perspective to the development of
new production processes with reduced consumption levels of water and raw ma-
terials and with reduced production of wastewater. For this purpose, we have to di-
rect our interest towards an entire production process and we have to consider new
methods to save water and different, mostly non-biological ways to treat water.

Figure 13.1 provides a systematic view to make the following discussions in this
chapter more readily understood.

It is necessary to limit the problem to a single state and it is also prudent to dis-
cuss the problem with respect to water while keeping in mind that water as well as
all impurities may change their state.

Water pollution and wastewater treatment are typically divided into the two differ-
ent fields of application, i.e. industrial and municipal wastewater. In this chapter,
we will consider the production and treatment of industrial wastewater (Fig. 13.1).

Process integrated water management is characterized by three management pro-
cedures:

1. Minimization of water use may already be an important aim, but it may be that
water reuse is not possible or the cases are restricted and the advantages are too
small. Only if two or three processes have coupled, multiple use of water can of-
fer a chance for considerable saving. Therefore, a separate discussion of point 1
is necessary.

2. The development of new processes and the optimization of existing or new ones
with the aim of saving water, materials and energy must be the first step of wa-
ter management. The price for fresh water, the costs for wastewater treatment
and the charges for discharging into surface waters must be considered to find
the best way for a sustainable development which is a balance of economical suc-
cess, environmental protection and social acceptance (Fig. 13.2)

3.The regeneration and recycling of water should be taken into account where
there is a short supply of fresh water, which makes it necessary to close water
cycles at least partly. Point 3 should be discussed together with point 1.
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Fig. 13.2 Sustainability (Christ 1996, 1999).



13.2 Production Integrated Water Management in the Chemical Industry

Decentralized effluent treatment systems can be divided in those with and those
without reuse. There are two motivations to treat effluents in a decentralized man-
ner:

e The water is only loaded by components which can be separated easily at low
cost, which makes it possible to discharge the treated water directly into a river
at no additional cost. The costs may be significantly lower than the amount
which would have to be paid to the central WWTP. Another case may be appli-
cable for a highly loaded effluent which can be treated anaerobically without sig-
nificant sludge production and without aeration costs. It may be cheaper to treat
this effluent anaerobically together with several similarly loaded effluents in
comparison to a single aerobic stage.

¢ Following decentralized treatment, the water may be reused in further process-
es which do not need water with freshwater quality or it can be sent to a larger
aerobic industrial or municipal WWTP.

In this chapter, we will explain what process integrated water management and de-
centralized effluent pretreatment are and how they can be applied in specific in-
dustries such as the chemical, pharmaceutical, food, textile, drinks, paper and cel-
lulose, iron and steel industries. To these topics anual meetings take place at Uni-
versity Bremen, Germany (Ribiger 1999). We find the most examples for process
integrated water management within the chemical industry. Therefore, this indus-
try is suitable to give examples for the following discussion.

13.2
Production Integrated Water Management in the Chemical Industry

13.2.1
Sustainable Development and Process Optimization

13.2.1.1  Primary Points of View

For a simple and clear overview, we want to discuss the following problems arising
during technical-scale chemical synthesis, using an example of a one-step reaction
in water:

A+B—>C+D (13.1)

It may be possible to produce a mixture of the main product C and the byproduct
D in water under laboratory conditions. Additionally, we are often left with remain-
ing educts A and B as a result of an incomplete reaction and/or a non-stoichiomet-
ric addition. For a homogeneously catalyzed reaction:
surfactants
A+B 2, C4D (13.2)
catalysts

the catalyst is a part of the effluent which also contains an auxiliary, such as a sur-
factant.

333



334

13 Production Integrated Water Management and Decentralized Effluent Treatment

Furthermore, the target or byproduct can be converted during a subsequent re-
action, producing a further byproduct E:

C+D>E (13.3)

In a technical-scale synthesis large amounts of raw materials are used which fre-
quently contain impurities that can also be transformed by reactions (N; — N7, N,
inert). The wastewater produced contains all these materials; and the product C
must therefore be separated. Complete separation of C is not economical and thus
the target product also contributes additional pollution left in the wastewater.
Chemical companies are often interested in changing this situation by developing
new processes or by optimizing existing ones, particularly if they were developed
several decades ago.

It may be possible to use:

e New ways of chemical synthesis.

e Enzymatic methods or conversions by microorganisms.

e New raw materials with lower impurities content.

o New catalysts with higher selectivity.

e New conditions for the reaction (T, p, pH).

e New methods for saving water (Sections 13.2.2 and 13.2.3) as well as relieving
end-of-pipe treatment.

e More effective methods of product seperation from all other materials.

Modernization of existing processes or development of new ones along these lines
is not only done to lower the cost of production and waste management but also to
obtain products of higher purity and to reduce side-effects of pharmacological
products.

13.2.1.2 Material Flow Management

The aims described in Section 13.2.1.1 can only be reached if material and energy
balances are studied for existing processes and for new concepts. We restrict the
following discussion, thus, to a material (or mass) flow analysis. Some fundamen-
tals of mass balances were already explained in the section above. This analysis can
be divided into several steps:

1. All influent and effluent flow rates in the liquid, solid and gas state must be de-
termined.

2. The concentration of all important components must be measured in these dif-
ferent streams: the influent raw materials A and B and the effluent components
C and D (Eq. 13.1), the catalysts and auxiliaries (Eq. 13.2), the byproduct E
(Eq- 13.3) and all important impurities N;, N, and N7.

3. Do these components change their state by crystallization, condensation or evap-
oration?

4. Write mass balances for all components and test them by using measurements.
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primary
materials product
A B C,D C
— Reactor Separator —»

N, N, N., N, N;
impurities —l

non converted primary material
non seperated primary product
by-product N,, N,, N;
impurities

Fig. 13.3  General schematic of a production process.

After successful tests, the calculation of some characteristic parameters can start.
In order to achieve a simpler analysis

o All flow rates are summarized Qs = 2Q;.

e We assume there is no change of state.

e Mean concentrations are calculated from mass balances at mixing points, i.e. for
the influent:

,i Qi
Q

Figure 13.3 presents a simple scheme describing this situation.
The following considerations follow explanations by Christ (1999), who used
masses m; = ¢ V.

Coi (13.4)

Stoichiometric Yields

In taking the discussion further, we will introduce stoichiometric coefficients into
Eq. (13.1). Normalized to 1 mol A, we obtain:

A+Y3aB > Y2, C+Y3.D (13.5)

Y2,» mol C/mol A is the stoichiometric yield of the target product C relative to the
educt A. It can be calculated from measured values for the converted mass of A m,
and the mass of C formed mc. Using the molar masses of A and C we have:

. mcM, mol C
eam—— ——— (13.6)
maMc mol A

The stoichiometric yield has some disadvantages. It gives no information about:

e Other educts contained in Eq. (13.5).

e Other raw materials which may be contained in the total influent mass.
e Subsequent products which may be produced by further reactions.

o Auxiliary materials present, e.g. solvents, surfactants, etc.

Thus, further yield coefficients must be defined.
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Consideration of Secondary Materials

B, the second educt in Eq. (13.5), gives:

v _ me/Mc mol C 13.7)
c/ave mu . my mol A+mol B '
M, Mg

Y2/ g is smaller than Y2, and is decreased remarkably if a larger number of pri-

mary raw materials is used:
mc/Mc

o —_—
C/SPM =

(13.8)

T ™M=
SE

i=1

With Eq. (13.7)
be considered.

Further definitions regarding the kind and amount of the secondary materials
N, and N, will be introduced which frequently can only be measured using the
units of mass instead of moles. Some of these components are often unknown and
their number may be high.

i

(e}

r Eq. (13.8), only the first of the four points mentioned above can

For the real balance yield, the result is:

mc g C

(13.9)

Y +B+ = -
CrATBEN Ma+Mp+My+Mys g (A+B+ZN)

For higher masses of N, and N,, the result is remarkably low compared to Y24 . .
The relation of both is given by the specific real balance yield:

Ye/aspisn g C (mol A+mol B)
Yea:s g(A+B+XN)mol C

Yopee = (13.10)
and indicates the influences of all secondary materials. For ZN > A + B, the specif-
ic real balance yield may be for example Y,,.. = 0.15, influenced by the high
amount of secondary raw materials present. From an economical and ecological
point of view, a different raw material with a lower amount of secondary substanc-
es should be used.

Altogether, there are three important points which should be considered when
assessing raw materials: the quality, the price and the cost for environmental pro-
tection.

13.2.1.3  Production of Naphthalenedisufonic Acid

Aromatic sulfonic acids are produced in large scale plants and are used as surfac-
tants. Naphthalenedisulfonic acids are important intermediate substances for the
production of azo dyes (see Section 9.5). Most can only be biodegraded with great
difficulty and naphthalene-1,5-disulfonic acid is not biodegradable at all (Krull and
Hempel 1994). Only after chemical oxidation with ozone can mineralization by a
subsequent aerobic biological treatment be successful (Breithaupt et al. 2003).
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SOzH
SO;H
H,S0, Fig. 13.4 Formation of 4,8-naphthalene-
CigHg + 2803 ——» C1gHgO06S» disulfonic acid.

Some fundamental microbiological studies were published by Nértemann and
Knackmus (1988) and some important biotechnological research by Krull et al.
(1991). The following example is discussed in detail by Christ (1999). During the
technical synthesis of a desired naphthalenedisulfonic acid (i.e. 4-8-NDSA; Fig.
13.4), temperature, concentration of H,SO, and SO; as well as mean retention
time are optimized to obtain the target product at a concentration as high as pos-
sible. Nevertheless, some other undesired derivates of NDSA are formed and in-
crease the wastewater load after separation of the desired product.

This process is presented by Fig. 13.5a. Naphthalene is treated with H,SO, and
SO; at 50-60°C. After addition of NaOH and Na,SO,, NSA precipitates as a sodi-
um salt and can be filtered out.

Besides the target product, several other sodium salts of NSA remain in the fil-
trate as byproducts. Yet a large amount of different derivates from NSA and NDSA

Naphthal -
_I Naphthalene [ e cids_ ]
Oleum + . .
sulphuric acid Production :ﬁlt? Sv;?ts;?]\;ater
Water, caustic byproducts
solution, salt
a)
Recovery

Solvent Contaminated solvent
[_Naphthalene P> Nephihalone
Oleum + Production disulphonic acids

Iphuric acid

Spent acid
Workup of ‘
spent acid Wastewater(condensate) >
b) CO; (waste air from workup)

Fig. 13.5 Bayer AG processes for naphthalenedisulfonic acid production:
(a) old process (before 1989, 3000t a~' COD); (b) new process
(after 1989, 3 t a' COD; Christ 1999).
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remained in the filtrate and increased the COD load of the wastewater remarkably,
to levels of 3000 ta™* COD.

Only a small amount of this COD could be mineralized in the biological end-of-
pipe treatment plant. A modification of the process was absolutely necessary.

The first step for developing a new process was to find a catalyst with a higher se-
lectivity in favor of the product 4-8-DNSA (Bueb et al. 1990). A team from Bayer AG
succeeded by replacing the formerly used iron chloride—sulfur catalyst with an iron
chloride catalyst. The result was the production of fewer byproducts. But the use of
this new catalyst was only possible if sulphuric acid was no longer used as the re-
action medium.

The new solvent for naphthalene and SO, a chlorinated hydrocarbon, allowed a
reduction of the reaction temperature. The dehydrating action of SO; led to the for-
mation of higher molecular structures. The anhydride bridges must be hydrolyzed
in the next step by adding the reaction mixture to water. This results in an aqueous
sulfonic acid solution, the organic solvent can be separated, and the free sulfuric
acid is precipitated by addition of sulfonic acid followed by cooling. After filtration
of the precipitated product, the remaining "mother liquor” is regenerated as spent
sulfuric acid and recycled.

In the old process, wastewater was produced which contained:

o A high concentration of nafthalene disulfonic acids as byproducts,

o Excess sulfonic acid,

e Inorganic salts for the salting out of the product with subsequent filtration, re-
suspension and spray drying.

In the new process:

e The portion of the desired product is increased by using a new catalyst with a
higher selectivity.

¢ An organic solvent for naphthalene and SO, replaces the sulfonic acid which can
be regenerated and recycled.

e A portion of the acid used is cleaned by distillation and recycled.

e The salting-out is replaced by a membrane, yielding a dye-free permeate and a
concentrate which is spray-dried.

The permeate can be reused as feed water; and its COD is reduced about 80% in
comparison to the filtrate of the former process. The condensed vapor of this dis-
tillation process is the only wastewater, with a COD load of only 3 t a™". The costs
of production are reduced because of the reduced costs for wastewater treatment;
and the yield and product quality are somewhat higher than before.

13.2.1.4 Methodology of Process Improvement

A systematic approach is necessary if an old process is to be changed to reduce its
high costs, such as the costs of wastewater treatment, exhaust gas handling and
solid waste disposal. This will be explained using Table 13.1.
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Table 13.1 Different points which must be considered when a new process is to be developed.

Point Consideration

1 New biotechnological process?
1.1 Catalyzed by an immobilized enzyme?

1.2 Converted by suspended or immobilized microorganisms?

2 New chemical process?

2.1 New method of synthesis
Different raw materials
Different catalyst with reduced amount of by-products
Different reaction conditions (T, p, pH)
Other solvent (organics instead of water)

2.2 New methods of product recovery
e Precipitation, filtration
e Distillation, condensation
e Concentration, spray drying
o Ultrafiltration, reverse osmosis

2.3 Recycling of solvent (water, organics) after removal of impurities
Recycling of concentrates with remaining product, primary materials,
and catalysts

2.4 Recovery of a by-product to use as a starting material in a
further process
Recovery of an auxiliary for reuse

For a high wastewater flow rate and a high COD concentration, an estimation of
the treatment costs lets us know whether it is better to treat it in an end-of-pipe
plant or in a decentralized effluent treatment system.

13.2.2
Minimization of Fresh Water Use

13.2.2.1 Description of the Problem
A number of different processes must be supplied with water. This water may be
used

o for heat transfer processes (cooling, evaporation, condensation, etc.),
e for mass transfer processes (washing, absorption/desorption, distillation/con-
densation, reaction, etc.).

The rising costs of energy, fresh water and wastewater treatment make it necessary
to save both energy and water (Pauli 1997). The following considerations are to be
made for water management.

The problem is presented by Fig. 13.6, showing four different water-using pro-
cesses in parallel, each of them using water for mass transfer processes.
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20
min
Fresh water | m°h” Wastewater
-
3p-1 31
112.5 m°h 375 112.5 m>h
s
m~h”
5
m

Fig. 13.6 Fresh water use in each of the four processes leading to a
fresh water flow rate of 112.5 m* h™".

Following the discussion of Wang and Smith (1995), Smith et al. (1994) and
Baetens (2002), we will at first assume that 112.5 t h™" fresh water are used for all
four processes. The mass transfer data are given in Table 13.2.

Table 13.2  Example for process data of the process of Fig. 13.7.

Process No. Mass load of contaminant Concentrations Water flow rate
j Q Cout Cin Cout Q
(kg h™) (kg m™) (kg m™) (m*h™)
1 2 0 0.1 20
2 5 0 0.1 50
3 30 0 0.8 37.5
4 4 0 0.8 5
241 > 1125

For process 1 with a given contaminant mass load of Q; ¢y o = 2 kg h™" impur-
ities and a given concentration of ¢; 4, = 0.1 kg m™>, a flow rate of Q; =20 m> h™*
results. Correspondingly for the mass loads of processes 2, 3 and 4 (Table 13.2),
given as 5, 30 and 4 kg h™", flow rates of 50, 37.5 and 5 m* h™" can be calculated,
which yields a sum of:

_il Q=1125m*h™" (13.11)
=

How much water do we need if we do not operate the four processes in parallel and
look for a more economical water use?

13.2.2.2 The Concentration/Mass Flow Rate Diagram and the Graphical Solution

In a water-using mass transfer process, different components are transported to
the water (Fig. 13.7a). In the following, we will study only one component. The in-
dex i for different compounds can now be omitted.
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The concentration of this component (the impurity) decreases inside the process
system and increases in the water. This can be demonstrated using a concentra-
tion/mass flow rate diagram (Fig. 13.7b). The slopes of the straight lines are the re-
verse of the flow rate Q. The water flow rate is very high, resulting in a low increase
in the concentration ¢;. In Fig. 13.7¢, the water flow rate Q is reduced down to the
lowest possible value which is still sufficient to meet the required reduction of ¢,
to Cour- The lower straight lines are called water supply lines and the limiting line in
Fig. 13.7c is the limiting water supply line. Any water supply line which is below the
limiting water supply line will satisfy the process requirements. However, there
are also possibilities to save water. How we can find a method to save the greatest
possible amount of fresh water without reducing the transferred impurities if there
are four processes with different c;,, and flow rates Q;?

We want to approach the solution step by step. The first step is to construct a
concentration/mass flow rate diagram as in Fig. 13.7, one for each of the four pro-
cesses presented by Fig. 13.6 and Table 13.2.

All four water supply lines start at the point (¢; = 0, Q;¢; = 0), but they end at dif-
ferent points ¢; .., showing different slopes Q; (Fig. 13.8 and Table 13.2). The total
water flow rate is 2Q; = 112.5m* h™".

The next step is a discussion with the process operators which may result in
higher permissible ¢, values for processes 2, 3 and 4 (Table 13.3).

If such a system of process water management is to be realized, the total water
flow rate would have to be increased to 170 m?> h™" (Table 13.3), much more than if
using fresh water for each process (112.5 m* h™", Table 13.2). However, the follow-
ing considerations will show a way to reduce this water flow rate remarkably.
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Fig. 13.8 The four processes j connected in parallel with a fresh water use
of 112.5 m®> h™' presented in a concentration/mass flow rate diagram.

Table 13.3 Example for limiting process data (see Fig. 13.9a).

Process No. Mass load of contaminant Concentrations Water flow rate
i Q; Cout Cin Cout Qj
(kg h™") (kgm™)  (kgm™) (m* h)
1 2 0 0.1 20
2 5 0.05 0.1 100
3 30 0.05 0.8 40
4 4 0.4 0.8 10
241 X170

As a part of the analysis we constructed one concentration/mass flow rate dia-
gram for the four processes, but there are still no connections between the straight
lines (Fig. 13.9a).

The discontinuities in concentrations can be avoided by connecting the points as
follows (Fig. 13.9b, based on Table 13.3).

The water for process 1 must be clean (c; ;, = 0 kg m™). So the first straight line
will not be changed but the second straight line for process 2, starting at ¢,;, =
0.05 kg m™, meets the first line at Qc,;, = 1.0 kg h™". The straight line for process
3 follows from Table 13.3, by calculating the slope using Ac;=0.4-0.1=0.3 kg m™
and AQi¢; =21-9=12kgh™, giving slope = 0.3/12 h m™ and thus Q = 1/slope =
40 m® h™". Figure 13.9b presents the concentration/mass flow rate diagram for a
system of four processes characterized by requirements presented by Table 13.3.
This curve is called the limiting composite curve.
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Fig. 13.9 Limiting composite curve. (a) Limiting water profile.
(b) Limiting composite curve with water supply line defining the
minimum water flow rate.

In analogy to Fig. 13.7, which presents the concentration/mass flow rate dia-
gram for only one process, it is very interesting to find the limiting water supply
line. The straight line with the lower slope plotted in Fig. 13.9b shows a water sup-
ply with a relatively high flow rate Q. The lowest possible flow rate Q,.;, can be cal-
culated from the limiting water supply line which touches the limiting composite
curve without crossing the line. This point is called a pinch (Wang and Smith
1994).

The slope of this limiting water supply line can be calculated using c;, =
0 kg m™ and Couemay = (41:0.1)/9 = 0.455 kg m™.

Cout,max_cin 0'455
= m

5 T m°h (13.12)
min ° Cout,max

Qunin = 90 m* h™"
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If we compare this optimized water demand with that of processes connected in
parallel we would save:

112.5-90

=20% if using clean water and
112.5

170-90
170

But what network of processes do we have to build in order to save this amount of
water?

=47% if using partly polluted water

13.2.3
The Network Design Method

The inlet and outlet concentrations of the impurity ¢;,, and ¢, and the concentra-
tion/mass flow rate diagram with the pinch point form the basis of the recommen-
dations for the network design (see Table 13.3), which yields a minimum wastewa-
ter flow rate of 90 m* h™" (Fig. 13.9D). This form of data is used for the construction
of a network (Fig. 13.10). Note that there may be more than one way to design a

network.
90 m3h!
A
0.8 N
-3
kgm 10/0.8 44.3/0.1 35.7/0.8
limiting
composite
Ci curve Caout™ o
] 0.455kg m/
0.4 /
|Process 4
A
10104, 57/0.1
23008 A
30 @ ~—50/0.1
T A 40/0.8
Pinch limiting water GE) : :
\A supply line b= 100/0.1
0%; 7 2 [Process 2] [Process 3]
o L 1 [Process 1] | 70/0.1 100/0.05 40/0.05
0 10 20 kght 4 le PR 140/0.05
Qi Q/c = 20/0 "\@)
a) ™ b) Tgo meh-"

Fig. 13.10 The design of the water management system. (a) Limiting composite
curve with limited water supply line for Q =90 m?® h™'. (b) Final design of the
wastewater network with four processes for Q =90 m* h™'.
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We distinguish three intervals. For the following considerations, we must con-
form to Table 13.3 and Fig. 13.10.

Interval 1 (0-0.05 kg m™)

Only process 1 is considered within interval 1. As follows from Table 13.3, the con-
centration increases from ¢; i, = 0 t0 ¢; oy = 0.1 kg m™, giving a water flow rate Q,
=20 m?>h™, with 70 m* h™" flowing directly to segment 2.

Interval 2 (0.05-0.1 kg m™)

There are two processes located in interval 2. As follows from Table 13.3, the influ-
ent concentration of both processes 2 and 3 should be ¢, ;, = ¢3;, = 0.05 kg m™.
However, the concentration coming from interval 1 is 0 kg m~ and the flow rate is
70 m> h™". In order to get 0.05 kg m~>, the same flow rate of 70 m*> h™" and an efflu-
ent concentration of process 1 and 2 of 0.1 kg m~ must be recycled. After mixing
70/0 with 70/0.1, 140/0.05 is obtained, which is then divided into 100/0.05 for pro-
cess 2 and 40/0.05 for process 3. Fundamentally, at each of the mixing points 1, 2,
3 and 4, the balances for water (the equation of continuity) and for the impurity
(mass balance) can be formulated and solved to calculate the unknown flow rate or
concentration. The relatively simple example presented in Fig. 13.10 makes a sim-
pler solution possible.

Interval 3 (0.1-0.4 kg m™)

Only process 4 is located in interval 3. The water flow rate for this process is
10 m® h™" and the influent concentration is 0.4 kg m™ (Table 13.3). We only get
these conditions after mixing portions of the effluents from process 2 and process
3. For this purpose, we need two balances for water and for the impurity, as men-
tioned above:

Q:+Q5=Qs (13.13)
Impurity:
Q% Ca0ut + Q3C3 00 = QaCain (13.14)

where ¢, o =0.1kg m™, ¢; o = 0.8 kg m™>, ¢, i, = 0.4 kg m™>. Q, follows to:

Q4Cain—Q3C30u

Q, - . (13.15)
Q=Q-Q (13.16)
Q.- Q4 (Cain—C3,0ut) (13_17)

CZ,out_C3,out
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13.3
Decentralized Effluent Treatment

13.3.1
Minimization of Treated Wastewater

13.3.1.1 Description of the Problem

We assume that a production unit of a factory generates four wastewater streams
which are polluted by nearly the same components, giving a COD which can be re-
moved by the same method or type of treatment. The treatment must take place be-
fore discharging the treated water into an end-of-pipe treatment plant (WWTP).
The COD must be removed down to c.. An example of such a situation is given in
Fig. 13.11, showing WWTP 1, 2, 3 and 4 as a situation of a development for a de-
centralized treatment system. It is assumed that the costs of the pretreatment are
proportional to the flow rate. Therefore, the aim of the optimization is to minimize
the treated flow rate. This assumption is only one of several possible objectives.
However, it makes it easier to explain the procedure. In Fig. 13.11, four different
ways to reach the objective are discussed.

— [T}
=

» WWT | -

— — [ wwrs}—
—

a) b)
s —
o Cwrs Hyy
— ]
c) d)

Fig. 13.11 Decentralized effluent pretreatment systems. (a) One treatment
process. (b) Four parallel treatment processes. (c) Four parallel treatment
processes with bypasses. (d) Four treatment processes partly connected in
parallel, partly in series with bypasses.
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In Fig. 13.11a, the streams flow into one treatment plant, where they are mixed
and treated together. This method is problematic because a stream with a high
flow rate and a low concentration may be mixed with a stream with a low flow rate
and a very high concentration.

A Dbetter way may be to treat the four streams separately (Fig. 13.11b). The reten-
tion time in treatment plant 1 (TP 1) can now be lower because of the low COD and
the high flow rate. In contrast, it may be possible to treat another stream in TP 2 or
TP 3 using a higher retention time. But there are several reasons to be dissatisfied
with this treatment concept and we have not decreased the reactor volume.

This is possible if we reduce the COD in each TP below c., pumping only part of
the four streams each in parallel to the TPs and mixing them all together to obtain
the required c. (Fig. 11.13c).

A further way to reduce the reactor volume is presented by Fig. 13.11d. The TPs
are connected in parallel and in series. The part of the wastewater which is treated
in parallel can be decreased by increasing the part being treated in series. Several
possibilities are given to optimize this treatment process. The part of the recycled
wastewater in WWT 1 can influence that of the following WWTs. A strategy is nec-
essary to find an optimized solution to a given problem. The method described in
the next section was published by Wang and Smith (1994).

13.3.1.2 Representation of Treatment Processes in a Concentration/

Mass Flow Rate Diagram
Initially, we want to discuss the influence of a bypass on only one treatment plant.
The lower line in Fig. 13.12 shows the wastewater stream with an influent concen-
tration ¢, for example, in g L' COD and a lower flow rate Q.

pr
A
Ce Cout Cin
& v Cou WWT 4
Cin
kg m3
wastewater stream
C treatment line
=
¥
Ce ®
@
00
Coutmax | &
Cout Fig. 13.12 Concentration/
1 mass flow rate diagram for one
Qc kgh™ Qg ;
out Qc g n treatment plant with bypass.
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An effluent concentration c. is given. The rest of the flow rate flows through the
bypass. The concentration ¢, before mixing with the bypass wastewater is relative
low owing to the relative high mean retention time inside the reactor. With
decreasing bypass, ¢, increases and finally reaches C,umax the highest allowed
effluent concentration, which should not be exceeded. Couimax can be calculated
using a mass balance and the given concentration c..

In the next step, several treatment plants either without bypass (Fig. 13.11b) or
with bypass (Fig. 13.11c) are connected in parallel. The concentration/mass flow
rate diagrams for four plants are presented in Fig. 13.13. In Fig. 13.13a, the efflu-
ent concentrations are lower than c. in three of the four plants because all the
wastewater goes directly through the treatment plants. By adjusting bypass flow
rates, the situation presented in Fig. 13.13b can be obtained: the effluent concen-
trations in all four treatment systems agree at c..

Co
C1
Ci
C2
i 7] 7
& A A— 77
7 / /
a) b)
Co
Cq
] wastewater stream line Cin
C2
3 / /fi/r
ca <2 " |CinCout
1
Cout .
_’1 bi: 2 ES out
c) Qg d) Qg;

Fig. 13.13 Decentralized effluent pretreatment process in the concentra-
tion/mass flow rate diagram. (a) (Treatment in) parallel plants, partly with
lower effluent concentration than the required c.. (b) (Treatment in) parallel
plants, all with the required effluent concentrations c.. (c) (Treatment by)
using the parallel/series portion and the bypasses of all four plants.

(d) Construction of the treatment lines for higher flow rates (curve 1 and
curve 2) and for the lowest possible flow rate Q (curve 3).
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Up to here, all WWTs have been connected in parallel. Now, we wish to combine
the lowest points in Fig. 13.13b by connecting the highest point of the first plant
with the lowest point of the second plant. To do this, we will change: (a) the par-
allel/series portion and (b) the bypass of all four plants. This changes the flow rates
in each of the plants as well as the concentrations of the influent wastewater, giv-
ing ¢, ¢,, ¢; and ¢, (Fig. 13.13c).

13.3.1.3 The Lowest Wastewater Flow Rate to Treat
Now we search for the treatment line with the lowest flow rate. To achieve this, we
have to know the desired degree of removal:

Cin - Cout

o= (13.18)
Cin

The highest removal a. follows from curve 3:

Cin—Cout a 131

C—m—m—a—const (13.19)
it characterises the three triangle in Fig. 13.13d. The lowest treatment line 1 and
the middle line 2 are possible solutions of the wastewater treatment, but the flow
rates Q; and Q,, the reciprocal inclinations, are relatively high. Only treatment line
3, which touches the wastewater stream line, represents a solution of the problem
using the lowest possible flow rate Qs (Fig. 13.13d). A straight line with a larger
slope crosses the wastewater stream line at two points (not plotted here). It repre-
sents an impossible solution because mass balances are not fulfilled (Wang and
Smith 1994).

After obtaining the fundamental solution for Q iy, Cin, and ¢, a study of the de-
sign of the treatment system must follow. We will not go further into details here
and will take up this question in Problem 13.2. We are convinced that there is a
need to use this type of method to save water in industry.

13.3.2
Processes for Decentralized Effluent Treatment

The target of this optimization procedure is to reduce the amount of wastewater to
the lowest possible level. This can be performed

e for continuous production processes and
e for batch processes with large storage tanks which can be employed to realize
nearly constant flow rates during filling.

Often, discontinuous treatment processes must be used and other optimization
methods are needed. Physico-chemical processes are especially suited (Bueb et al.
1990, Kollatsch 1990), e.g.:
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e stripping

o distillation, rectification
e extraction

e adsorption, absorption

e precipitation, flocculation
e wet oxidation

e evaporation

e incineration, etc.

In future, some membrane technology processes will become useful alone or in
combination with a bioreactor (Chapter 12) or with one of the processes mentioned
above. Fundamentally, all biological treatment processes discussed in detail in
Chapters 5 to 11 may be interesting, if the cost is low compared with other treat-
ment processes.

PROBLEM 13.1
For a reaction given by Eq. (13.5), the masses and molar masses of the educts
A and B and the product C are:

ms =50kg, My= 70 gmol™
mp =22 kg, My = 140 g mol™
me=45kg, Mc= 74 g mol™

The masses of the secondary materials N, and N, are:
my; =25 kg and my, =17 kg

Calculate the stoichiometric yields, Y2 5 and Y2 a. s, the real balance yield
Y, a.n.xn and the specific real balance yield Yopec.

Solution

mcM,  45-70 mol C
/A= = =0.942294.2%
maMc  74-50 mol A

mc/M
/asn = meMe ) 698.2.69.8%
m, mg
Ma Mg
mec 45
Ye/a+Bizn = =0.395239.5%

My +Mp+ My + My, - 50+22+25+17

Yememozn  0.395
C/A+B+EN _ =0.566256.6%
Yea.5  0.698

<

spec —



Problem

Results:

e 69.8% of the moles from both educts are obtained as product C;

® 39.4% of the mass from all primary and secondary materials are obtained
as product C;

e the specific real balance yield Y,,.. can be increased by using better raw
materials from 56.6% up to 100%.

PROBLEM 13.2

The calculation of stoichiometric relations is surely a very simple example for
the first part of material flow management. The next part is the study of the
main mass balances, i.e. the foundation for process optimization.

For this problem, the flow rates and inlet concentrations for three effluent
streams are given in Table 13.4 (Wang and Smith 1994). The total flow rate
is90m*h™.

The limit effluent concentration must be c. = 20 mg L™ DOC. Only a part of
this wastewater is to be treated to a removal degree of o. = 0.99 and as low a

flow rate as possible should be treated. The composite curve with the three
wastewater streams is shown in Fig. 13.14.

The total mass flow rate in the influent is Qc;, = 17.8 kg h™' DOC. The limit-
ing wastewater stream line goes through the pinch (0.1/5.8) and forms two
similar triangles with the ordinate and abscissa of Fig. 13.14.

Calculate the limit flow rate of the treated water and design a network for the
water system.

Table 13.4 Wastewater streams for Problem 13.2 (Wang and Smith 1994).

Stream No. Flow rate Concentration
j Qi S
(m*h™) (kg m™)
1 40 0.4
30 0.1
3 20 0.03
Solution

Comparing the largest and the smallest triangle in Fig. 13.14 and using
Cour = 0.01 - ¢, it follows that:

Cin Cout 0'01 Cin
178+a a  a

and it can be calculated that: a=0.18 kg h™" COD.
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Fig. 13.14 Construction of the limiting water supply line for a given
removal o = 0.99 (and three processes).
From the upper smaller and the largest triangles:

Ccin—0.1 Cin
17.8-5.8 17.8+0.18

Cin = 0.300 kg m™ COD is obtained as the allowed influent concentration for
the flow rate of:

17.8
Q=—-=5933m’h
0.3

Only 59.33 = 60 m> h™", respectively ~ 66.6% must be treated.

An obvious solution would be to treat the effluent from process 1. But the
flow rate is too low and the concentration is too high. A better strategy is
to use a part of the effluent from process 2 for mixing with the effluent of
process 1 and a second part for mixing with the effluent from process 3
(Fig. 13.15).

Starting with ¢;, = 0.3 kg m~ DOC and o = 0.99, ¢, is obtained from:

Cin—C
0= o= Cin (1 = @), Cour = 0.003 kg m™
Cin
To obtain Q, ,, the flow rate from process 2 is mixed with that of process 1;
and a further mass balance at mixing point M1 is:



Problem 13.2

Q=40 @ Qu1,in = 60

1 c1=04 cn =03
Q1/2 =20
cy, = 0.1
2 Q2 =30
Cy = 0.1
=10
Qz/i 0.1 Qum1,in = 60
G2 =9 Cout = 0.003
3 Qs =20 v Qumaims = 30 Qe =90

c3 = 0.03 @ Cin2 = 0.053 @ Co = 0.02

All concentrations as kg m™ DOC and
all flow rate as m® h™'!

Fig. 13.15 Construction of a water network considering the results of Fig. 13.14

Qici + QI/ZCZ = Qm1,inCin

giving:
Qm1inCin—QiCy

Ql/z = %

with:

¢, =0.1kg m~ DOC.
It then follows that: Q,,, =20 m> h™".

With two further mass balances, we are able to test whether the limit of ¢, =
0.020 kg m~ DOC is upheld:

1. The concentration after mixing effluent from processes 2 and 3 at mixing
point M2 is:
20-0.03+10-0.1=30"Cin,

20-0.03+10- 0.1
Cinp = ——— 5 =0.053 kg m> DOC

2. The concentration after mixing at mixing point M3 is:
30-0.053 + 60-0.003 =90-c,

30-0.053+60-0.003

Ce
90

=0.019 = 0.020 kg m~ DOC
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The proposed network for the treatment of three wastewater streams is suit-
able to undercut the required limit of:

C.=0.020 kg m™ DOC > 19 mg L' DOC

Thus, 30 m? of the wastewater must not be treated.
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