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Preface

The components in wastewater treatment processes may be conveniently categorized
as physical, chemical and biochemical unit operations. A thorough understanding of
the principles governing their behavior is a prerequisite for successful process design.
This ““unit operations approach’” to the study of process engineering has been widely
accepted in the field of environmental engineering, just as in chemical engineering
where it was developed, and a number of books are now available presenting the
principles of physical and chemical operations and illustrating their applications. The
purpose of this book is to provide similar coverage for the biochemical unit opera-
tions, replacing Biological Wastewater Treatment: Theory and Applications, which
was published in 1980.

Much has happened in the field of biological wastewater treatment since 1980.
A particularly significant occurrence was recognition of the many events that can
happen simultaneously in biological processes and the role that the designer has in
determining which predominate. The impact on process design of this recognition
demanded that new environmental engineers be trained from the outset to think in
terms of multiple events, rather than compartmentalizing them as they had in the
past. In addition, because of the efforts of task groups within the International As-
sociation on Water Quality (IAWQ), process simulation has been widely adopted as
a tool by design engineers, allowing them to visualize how those events will interact
in a proposed design. There have been other significant changes in practice as well,
with the development or maturation of several new processes. Consequently, to in-
corporate all of these changes, it was necessary to completely rewrite—not just
revise, as is customary in second editions.

Another change that has occurred since the appearance of the first edition is
the background and preparation of environmental engineering students. Most have
much better preparation in microbiology and reactor engineering than their prede-
cessors. Consequently, the two sections dealing with these topics have been elimi-
nated. However, background information essential to an understanding of the text is
presented in the three chapters of Part I. Elimination of the two background sections
provided space for expansion of later sections to include many of the new devel-
opments in biological wastewater treatment that have evolved since 1980.

The book is organized into six parts: Part I, Introduction and Background; Part
11, Theory: Modeling of Ideal Suspended Growth Reactors; Part 111, Applications:
Suspended Growth Reactors; Part IV, Theory: Modeling of Ideal Attached Growth
Reactors; Part V, Applications: Attached Growth Reactors; and Part VI, Future
Challenges.

i



iv Preface

Part [ seeks to do three things. First, it describes the various ‘“‘named biochem-
ical operations’’ in terms of their treatment objectives, biochemical environment, and
reactor configuration. This helps to remove some of the confusion caused by the
somewhat peculiar names given to some biochemical operations early in their history.
Second, it introduces the format and notation that will be used to present the models
describing the biochemical operations. Finally, it presents the basic stoichiometry
and kinetics of the various microbial reactions that form the key for quantitative
description of biochemical operations. In Part I1, the stoichiometry and kinetics are
used in mass balance equations to investigate the theoretical performance of biolog-
ical reactors containing microorganisms growing suspended in the wastewater as it
moves through the system. Part Il is at the heart of the book because it provides the
reader with a fundamental understanding of why suspended growth reactors behave
as they do. In Part 111, the theory is applied to the various named suspended growth
biochemical operations introduced in Part 1. In that application, however, care is
taken to point out when practical constraints must be applied to ensure that the
system will function properly in the real world. In this way, the reader obtains a
rational basis for the design of biological wastewater treatment operations that in-
corporates knowledge that has been obtained through practice. In other words, we
have sought to make Part III as practical as possible. Parts IV and V parallel Parts
II and III in organization, but focus on biochemical operations in which the micro-
organisms grow attached to solid surfaces. This mode of growth adds complexity to
the analysis, even though the operations are sometimes simpler in application. Fi-
nally, Part VI looks briefly at the use of biochemical operations to remove xenobiotic
organic chemicals from wastewaters. The intention is to introduce this topic so the
reader can continue learning with the rest of us as we seek to solve the world’s
environmental problems.

Our plan in preparing this new edition was to provide a text for use in a
graduate-level environmental engineering course of three semester-hours credit. In
reality, the amount of information provided is more than can be covered comfortably.
This provides some latitude for the instructor, but also makes the book a resource
for the student interested in knowing more than the minimum. It is our hope, fur-
thermore, that our professional colleagues will find the book to be worthwhile as a
reference and as a resource for self-guided study.

At this point, we would like to add a note of caution to the students using this
book. It relies heavily upon modeling to provide a conceptual picture of how bio-
chemical operations function. Although these models are based on our best current
ideas, one must always remember that they are simply just someone’s way of trying
to describe in simple terms very complex phenomena. Their purpose is to help the
reader learn to think about the processes described by providing “experience.”” One
should not fall into the trap, however, of substituting the models and their simulated
experience for reality. Engineering requires the application of judgment in situations
lacking sufficient information. The reader can use the background provided by this
book to help gain sound judgment, but should not hesitate to discard concepts when
real-world experience indicates that they are incorrect or don’t apply. Theories are
constantly evolving, so be prepared to change your ideas as our knowledge advances.

As with any book, many people have had a hand in its preparation, either
directly or indirectly. First and foremost, we would like to thank Henry C. Lim,
coauthor of the first edition. Although his career has followed another path, his
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thoughts and ideas continue to permeate the work. For example, much of the material
on modeling of attached growth systems, written by him for the first edition, has
been retained in this edition. Second, CPLG owes a great deal to M. Henze of the
Technical University of Denmark, W. Gujer of the Swiss Federal Institute for En-
vironmental Science and Technology, G. v. R. Marais of the University of Cape
Town (now retired), and T. Matsuo of the University of Tokyo for all that he learned
through long discussions and arguments about the modeling of suspended growth
biological reactors as he studied with them on an IAWQ task group. Third, this book
would not have been possible had it not been for the hundreds of researchers who
generated the knowledge upon which it is based. In the first edition we asked the
forbearance of those we overlooked or neglected. This time, we must ask for that
tenfold because the information explosion since 1980 has been phenomenal! It sim-
ply is not possible for two individuals to have read every article of merit. Fourth,
we thank the thousands of practitioners (both designers and operators) who have had
the foresight and faith to use biological processes to treat such a wide variety of
wastewaters. Their observations and factual documentation of the performance and
operational characteristics of these processes have provided both a sound basis for
process design and operation and the development of new process options. It is the
combination of thoughtful and creative research and application that has provided
the factual basis for this book. Finally, we would like to express our appreciation to
the many people directly involved in the preparation of this book. The students in
ESE 804 at Clemson University, who suffered through early drafts of the manuscript,
did yeoman’s service in helping us write more clearly. Professorial colleagues at
other universities provided very constructive criticism. In particular we would like
to thank Nancy G. Love at Virginia Tech, Lutgarde Raskin at the University of
Illlinois, Barth F. Smets at the University of Connecticut, Timothy G. Ellis at Iowa
State University, Robert M. Cowan at Rutgers University, and Wen K. Shieh at the
University of Pennsylvania. And last, but far from least, we would like to recognize
the hard work of three wonderful people who provided valued assistance: Patsy A.
Phillips for her word-processing skills, Rebecca E. Laura for her artwork, and Joni
K. Grady for preparing the index.

C. P. Leslie Grady, Jr.
Glen T. Daigger
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Part |
Introduction and Background

As with any subject, the study of the biochemical operations used in wastewater
treatment systems requires an understanding of the terminology used. The purpose
of Chapter 1 is to provide that understanding by defining the nature of biochemical
operations in terms of the biochemical transformation being performed, the environ-
ment in which the transformation is occurring, and the reactor configuration em-
ployed. Engineering design is greatly facilitated by application of mathematical mod-
els to quantitatively describe system performance. Construction of such models for
biochemical operations must be based on a fundamental understanding of the mi-
crobiological events occurring in them. Chapter 2 provides that understanding, as
well as an appreciation of the complex interactions occurring among the microor-
ganisms that form the ecosystems in the operations. That appreciation is crucial to
recognition of the simplified nature of the models, thereby encouraging their appro-
priate usage. Finally, construction of the models requires knowledge of the stoichi-
ometry and kinetics of the major reactions occurring in biochemical operations.
Chapter 3 provides that knowledge.
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1

Classification of
Biochemical Operations

The purpose of wastewater treatment is to remove pollutants that can harm the
aquatic environment if they are discharged into it. Because of the deleterious effects
of low dissolved oxygen (DO) concentrations on aquatic life, wastewater treatment
engineers historically focused on the removal of pollutants that would deplete the
DO in receiving waters. These so-called oxygen-demanding materials exert their
effects by serving as a food source for aquatic microorganisms, which use oxygen
in their metabolism and are capable of surviving at lower DO levels than higher life
forms. Most oxygen-demanding pollutants are organic compounds, but ammonia
nitrogen is an important inorganic one. Thus, early wastewater treatment systems
were designed to remove organic matter and sometimes to oxidize ammonia nitrogen
to nitrate nitrogen, and this is still the goal of many systems being built today. As
industrialization and population growth continued, another problem was recognized,
eutrophication, which is the accelerated aging of lakes and estuaries, etc., due to
excessive plant and algal growth. This is the result of the discharge of nutrients such
as nitrogen and phosphorus. Hence, engineers became concerned with the design of
wastewater treatment systems that could remove these pollutants in an efficient and
cost effective manner, and much research during the past two decades has focused
on processes for doing that. Most recently, we have become concerned about the
discharge of toxic organic chemicals to the environment. Many of them are organic,
and thus the processes used to remove oxygen-demanding materials are effective
against them as well. Consequently, much current research is directed toward a better
understanding of the fate and effects of toxic organic chemicals in those processes.
In addition to the categories listed above, pollutants in wastewaters may be
characterized in a number of ways. For example, they may be classified by their
physical characteristics (e.g., soluble or insoluble), by their chemical characteristics
(e.g., organic or inorganic), by their susceptibility to alteration by microorganisms
(e.g., biodegradable or nonbiodegradable), by their origin (e.g., biogenic or anthro-
pogenic), by their effects (e.g., toxic or nontoxic), etc. Obviously, these are not
exclusive classifications, but overlap. Thus, we may have soluble, biodegradabie
organic material; insoluble, biodegradable organic material; and so on. The job of
the wastewater treatment engineer is to design a process train that will remove all
of them in an efficient and economical manner. This requires a sound understanding
of process engineering, which must be built on a thorough knowledge of unit op-
erations. Unit operations, which are the components that are linked together to form
a process train, are commonly divided on the basis of the fundamental mechanisms

3



4 Chapter 1

acting within them, i.e., physical, chemical, and biochemical. Physical operations are
those, such as sedimentation, that are governed by the laws of physics. Chemical
operations, as the name suggests, arc those in which strictly chemical reactions occur,
such as precipitation. Biochemical operations, on the other hand, are those that use
living microorganisms to destroy or transform pollutants through enzymatically cat-
alyzed chemical reactions. In this book we will examine the role of biochemical
operations in wastewater treatment process trains and develop the methods for their
design.

1.1 THE ROLE OF BIOCHEMICAL OPERATIONS

The most effective way to define the role of biochemical operations in wastewater
treatment systems is to examine a typical process flow diagram, as shown in Figure
1.1. Four categories of pollutants are traced through the process, with the widths of
the arrows indicating their mass flow rates. They are soluble organic matter (SOM),
insoluble organic matter (IOM), soluble inorganic matter (SIM), and insoluble in-
organic matter (IIM). For the most part, the transformation rates of insoluble inor-
ganic matter by microorganisms are too low to be of practical importance. Thus,
insoluble inorganic matter is typically removed by preliminary physical unit opera-
tions and taken elsewhere for treatment and disposal. Wastewaters occur in large
volume, but the pollutants are relatively dilute. Thus, engineers attempt to remove
pollutants in the most efficient way, concentrating them where possible to reduce the
volumes that must be handled. For insoluble constituents this can be accomplished
by the physical operation of sedimentation, which is why it is often one of the first
unit operations in a treatment system. The effluent from a sedimentation basin (over-
flow) contains all of the soluble constituents in the influent, plus those insoluble ones
that were too small to be removed. The bulk of the insoluble material, however,
exits from the bottom of the vessel (underflow) as a thick suspension called a sludge.
Both the overflow and the underflow require further treatment, and that is where
biochemical operations come into play.

Most unit operations used for the destruction or transformation of soluble pol-
lutants in the overflow are biochemical ones. This is because biochemical operations
function more efficiently than chemical and physical ones when the concentrations
of reacting constituents are low. In biochemical operations, the soluble pollutants are
converted either into an innocuous form, such as carbon dioxide or nitrogen gas, or
into new microbial biomass, which can be removed by a physical operation because
it is particulate. In addition, as the microorganisms grow, they entrap insoluble or-
ganic matter that escaped removal upstream, thereby allowing it to be removed from
the wastewater by the physical operation as well. Consequently, the effluent from
the physical operation is relatively clean and can often be discharged with little or
no additional treatment. A portion of the insoluble materials removed by the physical
operation may be returned to the upstream biochemical operation while the remainder
is transferred to another portion of the process train for further treatment.

The other major use of biochemical operations is in the treatment of sludges,
as shown in Figure 1.1. Primary sludges are those resulting from sedimentation of
the wastewater prior to application of any biochemical operations. Secondary sludges
are those produced by biomass growth in the biochemical operations and by entrap-
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é Chapter 1

ment of insoluble organic matter by that biomass. The nature of the materials in
primary sludges tend to be very diverse because of the multitude of sources trom
which they arise, whereas secondary sludges are more uniform, being mainly micro-
bial biomass. Sometimes the two sludges are blended and treated together as shown
in the figure, but at other times they are treated separately. This is because the efficacy
of a biochemical operation in treating a sludge depends strongly on the nature of the
materials in it.

In spite of the major role of biochemical operations in the treatment of waste-
waters, if a visitor to a treatment facility were to ask the name of the particular
biochemical operation being used, the answer generally would give little indication
of its nature. In fact, the most common operation, activated sludge, was named before
its biochemical nature was e¢ven recognized. Consequently, before starting the study
of the various biochemical operations it would be beneficial to establish what they
are and what they do.

1.2 CRITERIA FOR CLASSIFICATION

The classification of biochemical operations may be approached from threc points
of view: (1) the biochemical transformation, (2) the biochemical environment. and
(3) the bioreactor configuration. If all are considered together, the result is a detailed
classification system that will aid the engineer in choosing the operation most ap-
propriate for a given need.

1.2.1 The Biochemical Transformation

Removal of Soluble Organic Matter. The major application of biochemical
operations to the main wastewater stream is the removal of SOM. This occurs as the
microorganisms use it as a food source, converting a portion of the carbon in it into
new biomass and the remainder into carbon dioxide. The carbon dioxide is evolved
as a gas and the biomass is removed by sedimentation, leaving the wastewater free
of the original organic matter. Because a large portion of the carbon in the original
organic matter is oxidized to carbon dioxide, removal of SOM is also often referred
to as carbon oxidation.

Acrobic cultures of microorganisms are particularly suitable for the removal of
organic matter in the concentration range between 50 and 4000 mg/L as biodegrad-
able chemical oxygen demand (COD). At lower concentrations, carbon adsorption is
often more cconomical, although biochemical operations are being used for treatment
of contaminated groundwaters that contain less than 50 mg/L of COD. Although they
must often be followed by acrobic cultures to provide an effluent suitable for dis-
charge, anaerobic cultures are frequently used for high strength wastewaters because
they do not require oxygen, give less excess biomass, and produce methane gas as
a usable product. If the COD concentration to be removed is above 50,000 mg/L,
however, then evaporation and incineration may be more economical. Anacrobic
cultures are also used to treat wastewaters of moderate strength (down to -~ 1000
mg/L as COD), and have been proposed for use with dilute wastewaters as well. It
should be emphasized that the concentrations given are for soluble organic matter.
Suspended or colloidal organic matter is often removed more easily from the main
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wastewater stream by physical or chemical means, and then treated in a concentrated
form. However, mixtures of soluble, colloidal, and suspended organic matter are
often treated by biochemical means.

Stabilization of Insoluble Organic Matter. Many wastewaters contain appre-
ciable quantities of colloidal organic matter which are not removed by sedimentation.
When they are treated in a biochemical operation for removal of the SOM, much of
the colloidal organic matter is entrapped with the biomass and ultimately converted
to stable end products that are resistant to further biological activity. The formation
of such stable end products is referred to as stabilization. Some stabilization will
occur in the biochemical operation removing the soluble organic matter, but most
will occur in operations designed specifically for that purpose.

Insoluble organic matter comes from the wastewater itself and from the growth
of microorganisms as they remove soluble organic matter. Because these solids can
be removed from the wastewater by settling, they are normally concentrated by
sedimentation before being subjected to stabilization by biochemical means. Stabi-
lization is accomplished both aerobically and anaerobically, although anaerobic sta-
bilization is more energy efficient. The end products of stabilization are carbon di-
oxide, inorganic solids, and insoluble organic residues that are relatively resistant to
further biological activity and have characteristics similar to humus. In addition,
methane gas is a product from anaerobic operations.

Conversion of Soluble Inorganic Matter. Since the discovery, during the
1960s, of the effects of eutrophication, engineers have been concerned about the
removal of inorganic nutrients from wastewater. Two of the prime causes of eutro-
phication are nitrogen and phosphorus, and a number of biological nutrient removal
processes have been developed to remove them. Phosphorus is present in domestic
wastewater in inorganic form as orthophosphate, condensed phosphates (e.g., pyro-
phosphate, tripolyphosphate, and trimetaphosphate), and organic phosphate (e.g.,
sugar phosphates, phospholipids, and nucleotides). Both condensed phosphates and
organic phosphate are converted to orthophosphate through microbial activity. Or-
thophosphate, in turn, is removed through its uptake by specialized bacteria pos-
sessing unique growth characteristics that allow them to store large quantities of it
in granules within the cell. Nitrogen is present in domestic wastewater as ammonia
and organic nitrogen (e.g., amino acids, protein, and nucleotides), which is converted
to ammonia as the organic matter is biodegraded. Two groups of bacteria are required
to convert the ammonia into an innocuous form. First, nitrifying bacteria oxidize the
ammonia to nitrate in a process called nitrification. Then denitrifying bacteria convert
the nitrate to nitrogen gas in a process called denitrification. The nitrogen gas escapes
to the atmosphere. Other inorganic transformations occur in nature, but few are
exploited on a large scale in biochemical operations.

1.2.2 The Biochemical Environment

The most important characteristic of the environment in which microorganisms grow
is the terminal acceptor of the electrons they remove as they oxidize chemicals to
obtain energy. There are three major types of electron acceptors: oxygen, inorganic
compounds, and organic compounds. If dissolved oxygen is present or supplied in
sufficient quantity so as to not be rate limiting, the environment is considered to be
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aerobic. Growth is generally most efficient in this environment and the amount of
biomass formed per unit of waste destroyed is high. Strictly speaking, any environ-
ment that is not acrobic is anaerobic. Within the wastewater treatment field, however,
the term anaerobic is normally reserved for the situation in which organic com-
pounds, carbon dioxide, and sulfate serve as the major terminal electron acceptor
and in which the electrode potential is very negative. Growth is less efficient under
this condition. When nitrate and/or nitrite are present and serve as the primary elec-
tron acceptor in the absence of oxygen, the environment is called anoxic. The pres-
ence of nitrate and/or nitrite causes the electrode potential to be higher and growth
to be more efficient than under anaerobic conditions, although not as high or as
efficient as when oxygen is present.

The biochemical environment has a profound effect on the ecology of the
microbial community. Aerobic operations tend to support complete food chains from
bacteria at the bottom to rotifers at the top. Anoxic environments are more limited,
and anaerobic are most limited, being predominantly bacterial. The biochemical en-
vironment influences the outcome of the treatment process because the microorgan-
isms growing in the three environments may have very different metabolic pathways.
This becomes important during the treatment of industrial wastewaters because some
transformations can be carried out aerobically but not anacrobically, and vice versa.

1.2.3 Bioreactor Configuration

The importance of classifying biochemical operations according to bioreactor type
follows from the fact that the completeness of a given biochemical transformation
will be strongly influenced by the physical configuration of the bioreactor in which
it is being carried out. Therefore, it is important to get a clear picture of the many
bioreactor types available.

Wastewater treatment bioreactors fall into two major categories, depending on
the way in which microorganisms grow in them: suspended in the liquid under
treatment or attached to a solid support. When suspended growth cultures are used,
mixing is required to keep the biomass in suspension, and some form of physical
unit operation, such as sedimentation, is used to remove the biomass from the treated
etfluent prior to discharge. In contrast, attached growth cultures grow as a biofilm
on a solid support and the liquid being treated flows past them. However, because
organisms can slough from the support, a physical unit operation is usually required
before the treated effluent may be discharged.

Suspended Growth Bioreactors. The simplest possible continuous flow sus-
pended growth bioreactor is the continuous stirred tank reactor (CSTR), which con-
sists of a well mixed vessel with a pollutant-rich influent stream and a treated effluent
stream containing microorganisms. The liquid volume is constant and the mixing is
sufficient to make the concentrations of all constituents uniform throughout the re-
actor and equal to the concentrations in the effluent. Consequently, these reactors are
also called completely mixed reactors. The uniform conditions maintain the biomass
in a constant average physiological state. Considerable operational flexibility may be
gained by the addition of a physical unit operation, such as a sedimentation basin,
which captures the biomass, as shown in Figure 1.1. As discussed previously, the
overflow from the sedimentation basin is relatively free of biomass, while the un-
derflow contains a concentrated slurry. Most of that concentrated slurry is recycled
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to the bioreactor, but a portion is wasted. Because the wasted biomass is organic, it
must be treated in an appropriate process before release to the environment.

Connecting several CSTRs in series offers additional flexibility as feed may be
added to any or all of them. Furthermore, biomass recycle may be employed about
the entire chain or any portion of it. The behavior of such systems is complex because
the physiological state of the biomass changes as it passes from bioreactor to bio-
reactor. Nevertheless, many common wastewater treatment systems use bioreactors
with split influent and recycle streams. One advantage of multistage systems is that
different environments may be imposed upon different stages, thereby allowing mul-
tiple objectives to be accomplished. This is very common in biological nutrient
removal processes.

A batch reactor is a completely mixed reactor without continuous flow through
it. Instead, a “batch’ of material is placed into the vessel with the appropriate
biomass and allowed to react to completion as the microorganisms grow on the
pollutants present. As growth proceeds, reaction conditions change and consequently,
so does the growth environment. Batch processes can be very flexible and are par-
ticularly well suited for situations with low or highly variable flows. Furthermore,
by changing the nature of the electron acceptor temporally, it is also possible to
accomplish nutrient removal in a single bioreactor. Because their operation follows
a sequence of events, they are commonly called scquencing batch reactors (SBRs).

A perfect plug—flow reactor (PFR) is one in which fluid elements move through
in the same order that they enter, without intermixing. Thus, the perfect PFR and
the CSTR represent the two extreme ends of the continuum representing all possible
degrees of mixing. Because of the lack of intermixing, perfect PFRs may be consid-
ered to contain an infinite number of moving batch cultures wherein changes occur
spatially as well as temporally. Both, however, cause the biomass to go through
cycles of physiological change that can have strong impacts on both community
structure and activity. Because perfect PFRs are difficult to achieve in practice,
plug—flow conditions are generally approximated with a number of CSTRs in series.
In Chapter 4, we will examine ways of characterizing the mixing conditions in
suspended growth bioreactors.

Attached Growth Bioreactors. There are three major types of attached growth
bioreactors: (1) packed towers, (2) rotating discs, and (3) fluidized beds. The micro-
organisms in a packed tower grow as a film on an immobile support, such as plastic
media. In aerobic btoreactors, the wastewater flows down the media in a thin film.
If no recirculation of effluent is practiced, there is considerable change in reaction
environment from top to bottom of the tower as the bacteria remove the pollutants.
Recirculation of effluent tends to reduce the severity of that change, and the larger
the recirculation flow, the more homogeneous the environment becomes. The per-
formance of this bioreactor type is strongly influenced by the manner in which
effluent is recirculated. Organisms are continually stoughed from the support surface
as a result of fluid shear. If they are removed from the effluent prior to recirculation,
pollutant removal is caused primarily by the activity of the attached biomass. On
the other hand, if flow is recirculated prior to the removal of the sloughed-off mi-
croorganisms, the fluid stream will resemble that of a suspended growth bioreactor
and pollutant removal will be by both attached and suspended biomass. In anaerobic
packed towers, the media is submerged and flow may be either upward or downward.
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Microorganisms in a rotating disc reactor (RDR) grow attached to plastic discs
that are rotated in the liquid. In most situations, the horizontal shaft on which the
discs are mounted is oriented perpendicularly to the direction of flow and several
reactors in series are used to achieve the desired effluent quality. Consequently,
environmental conditions are uniform within a given reactor, but change from reactor
to reactor down the chain. This means that both the microbial community structure
and the physiological state change from reactor to reactor.

In fluidized bed bioreactors (FBBRs), the microorganisms grow attached to
small particles, such as sand grains, which are maintained in a fluidized state by the
upward velocity of the wastewater undergoing treatment. The effluent from such
bioreactors generally contains little suspended biomass, but particles must be contin-
ually removed and cleaned to maintain a constant mass of microorganisms in the
system. The cleaned particles are continually returned to the bioreactor while the
wasted biomass is sent to an appropriate treatment process. Recirculation of effluent
around the bioreactor is usually needed to achieve the required fluidization velocity
and thus the system tends to behave as if it were completely mixed.

1.3 COMMON NAMES OF BIOCHEMICAL OPERATIONS

In almost all fields, certain operations have gained common names through years of
use and development. Although such names are not always logical, they are recog-
nized and accepted because of their historical significance. Such is the case in en-
vironmental engineering. In fact, some of the names bear little resemblance to the
process objectives and are even applied to more than one reactor configuration. For
purposes of discussion, twelve common names have been chosen and are listed in
Table 1.1. To relate those names to the classification scheme presented above, Table
1.2 was prepared. It defines each name in terms of the bioreactor configuration, the
treatment objective, and the reaction environment. Many other named biochemical
operations are used, but they can all be related to those described in Table 1.2.

1.3.1 Suspended Growth Bioreactors

Activated Sludge. Eight different types of activated sludge systems are listed
in Table 1.2, suggesting that the name is not very descriptive. The common char-

Table 1.1 Common Biochemical Operations

Suspended growth reactors Attached growth reactors
Activated sludge Fluidized bed

Biological nutrient removal Rotating biological contactor
Aerobic digestion Trickling filter

Anaerobic contact Packed bed

Upflow anaerobic sludge blanket Anaerobic filter

Anacrobic digestion
Lagoon
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acteristic of all of them, however, is that they use a flocculent suspended growth
culture of microorganisms in an aerobic bioreactor and employ some means of bio-
mass recycle. Further examination of the table reveals that the primary treatment
objective is the removal of soluble organic matter and oxidation of the carbon con-
tained in it. Under appropriate conditions, nitrification will also occur, and thus it is
listed as an objective for those systems in which it is most likely. Extended aeration
activated sludge (EAAS) systems are often used on wastewaters that have not been
treated in a physical operation to remove suspended organic matter. In that case, the
insoluble organic matter becomes trapped in the biofloc and undergoes some oxi-
dation and stabilization. Thus, that objective is marked for it. Most other activated
sludge types are used on wastewaters from which settleable solids have been re-
moved. As discussed earlier, however, those wastewaters still contain colloidal or-
ganic matter, most of which will be removed along with the soluble organic matter.
Even though the colloidal material is insoluble and will be partially stabilized during
treatment, the main event governing system performance is removal of the soluble
organic matter, which is listed as the main treatment objective.

The first uses of activated sludge were on a batch basis. At the end of each
aeration period suspended solids (referred to as sludge) were present and they were
left in the bioreactor when the clear wastewater was withdrawn after settling. As this
batch procedure was repeated the quantity of suspended solids increased, giving more
complete removal of organic matter within the allotted reaction time. Although this
increase in suspended solids with the associated improvement in removal activity
was due to the growth of a viable microbial culture, the reason was unknown to the
early researchers, who characterized the sludge as being “activated,”’ thereby giving
the process its name.” Use of the batch process waned as larger facilities were re-
quired, but during the 1970s there was a resurgence of interest in the use of batch
reactors because of the flexibility offered small installations. Now referred to as
sequencing batch reactor activated sludge (SBRAS), many are in use treating both
municipal and industrial wastewaters,

As the need to treat larger flows increased, the early batch operation was con-
verted to continuous flow through the use of long aeration chambers similar to
plug—flow reactors, followed by sedimentation and biomass recycle. Such systems
are called conventional activated sludge (CAS). Various modifications of the plug—
flow reactor were tried, among them introduction of the wastewater at various points
along the tank, in what has been called step feed activated sludge (SFAS). In the
mid-50s, various engineers began advocating the CSTR with cell recycle as an al-
ternative to the CAS reactor because of its inherent stability. That stability, plus the
advantages regarding the maintenance of the microbial community in a relatively
constant physiological state, caused wide adoption of the completely mixed activated
sludge (CMAS) process, particularly for the treatment of industrial wastewaters. The
process, however, tended to produce sludges which did not settle as well as sludges
from systems containing concentration gradients, so that today many bioreactor sys-
tems in use employ several small CSTRs in series before a large one, thereby achiev-
ing desired environmental conditions. Such systems are referred to as selector acti-
vated sludge (SAS) systems. Other innovations that require CSTRs in series, such
as the use of high purity oxygen (HPOAS), have also been adopted. The history of
the activated sludge process is very interesting and the reader is encouraged to learn
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Table 1.2 Classification of “Named™™ Biochemical Operations

Objective
Removal Stabilization Conversion
of soluble of insoluble of soluble
. organic matter organic matter fnorganic matter
Bioreactor
Name Acronym configuration Acrob. Anaerob. Anoxic Acrob. Anaerob. Anoxic Acrob. Anacrob. Anoxic
Suspended growth reactors
Activated sludge All with biomass recycle
Completely mixed CMAS CSTR X N*
Contact stabilization CSAS CSTRs in series X
Conventional CAS CSTRs in series or plug—flow X N
with dispersion
Extended acration EAAS CSTR, CSTRs in series, or X X N
plug—flow with dispersion
High purity oxygen = HPOAS CSTRs in scries X N
Selector SAS CSTRs in series X N
Sequencing batch SBRAS Completely mixed batch X N
reactors
Step feed SFAS CSTRs 1n series or plug—flow X N
with dispersion, both with
multiple feed points
Biological nutricnt BNR All with biomass recycle
removal
Biological CSTRs in series X X P’
phosphorus
removal
Separate stage CSTR X D
denitrification
Separate stage CSTR N

nitrification



Sequencing batch

reactors
Single sludge
systems
Acrobic digestion
Conventional
Anoxic/aerobic
Anaerobic contact
Upflow anaerobic
sludge blanket
Anacrobic digestion
Lagoon
Completely mixed
aerated
Facultative/aerated
Anaerobic

Fluidized bed
bioreactors
Aerobic

Anaerobic

Anoxic
Rotating biological

contactor
Trickling filter
Packed bed

Anaerobic filter

CAD
A/AD
AC
UASB
AD
CMAL
F/AL
ANL

FBBR

RBC

TF

AF

Completely mixed batch X X X

CSTRs in series with internal X X X
recirculation streams

CSTR

CSTRs in series

CSTR with biomass recycle
Upflow sludge blanket reactor

X

CSTR
All without biomass recycle
CSTR X

Large shallow basins in series X X
Large deep basins X

Attached growth reactors

Fluidized bed with X

oxygenation cell
Fluidized bed X
Fluidized bed X
Rotating disc X

Packed tower with large media X

Submerged packed tower with X X
small media

Submerged packed tower with X
large media

KX

P

P

zz

ZzZZ
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"Nitrification.

"Phosphorus uptake or release. Requires both acrobic and anaerobic zones,

‘Denitrification.
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more about it by referring to Refs. 1 and 3. Activated sludge systems are discussed
in detail in Chapter 10, which includes flow diagrams for several of the variations.

Biological Nutrient Removal. Biological nutrient removal (BNR) systems are
among the most complicated biochemical operations devised for wastewater treat-
ment, and like the activated sludge systems from which they were derived, they
come in a number of configurations, as shown in Table 1.2. A biological phosphorus
removal system is essentially an activated sludge system employing CSTRs in series,
in which the first bioreactor is anaerobic to encourage the growth of specialized
phosphorus-storing bacteria. Separate stage nitrification and denitrification systems
usually employ single CSTRs with cell recycle for the purpose of converting am-
monia to nitrate, and nitrate to nitrogen gas, respectively. They are usually used as
downstream treatment additions to existing systems. Sequencing batch reactors can
be made to remove phosphorus and nitrogen while they are achieving carbon oxi-
dation by imposing anaerobic and anoxic periods during their cycles, but otherwise
are similar to the SBRAS used exclusively for removal of soluble organic matter.
The most complex BNR systems are the single-sludge systems which accomplish
carbon oxidation, nitrification, denitrification, and phosphorus removal with a single
biomass by recycling it through CSTRs in series in which some are acrobic, some
anoxic, and some anaerobic. A key characteristic of single sludge BNR systems is
their use of internal recirculation streams from downstream reactors to upstream ones.
There is currently strong interest in the United States in the removal of inorganic
nutrients and much of the construction for municipal wastewater treatment in the
next decade will be to convert existing activated sludge systems to BNR systems.
BNR systems are covered in Chapter 11, where several flow diagrams are given.

Aerobic Digestion.  Acrobic digestion is the name given to the acrobic destruc-
tion of insoluble organic matter in a suspended growth bioreactor. Generally. acrobic
digesters employ a CSTR with a long retention time, allowing ample time for the
conversion of much of the organic matter to carbon dioxide. Although not the pri-
mary objective, nitrification also occurs. Aerobic digestion is often used to destroy
part of the excess biomass formed during treatment of soluble industrial wastewater
and at small “‘package plant’ installations treating domestic wastewater. Conven-
tional aerobic digestion (CAD) maintains the biomass in an acrobic state at all times.
Anoxic/aerobic digestion (A/AD) cycles the biomass between anoxic and aerobic
conditions to use the nitrate formed during nitrification as an electron acceptor in
place of oxygen, thereby reducing costs of aeration and pH control. Sometimes smail
treatment plants do not have primary sedimentation and allow aerobic digestion of
the insoluble organic matter present in the influent to occur in the same bioreactor
as the removal of soluble organic matter and the stabilization of the excess biomass
formed in the process. In those cases the system is usually considered to be an
extended aeration activated sludge process, as discussed above. Aerobic digestion is
discussed in Chapter 12.

Anaerobic Contact. The operation used to remove soluble organic matter un-
der anaerobic conditions in a CSTR with cell recycle is called anaerobic contact
(AC). Tt is also used to treat wastes containing a mixture of soluble and insoluble
organic matter, as is the activated sludge process. Two groups of microorganisms
are involved. The first group is responsible for the conversion of the influent organic
matter into acetic acid, molecular hydrogen, and carbon dioxide. Other short chain
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volatile fatty acids may accumulate, as will a stable insoluble residue similar to
humus. The second group is responsible for the conversion of the acetic acid, hy-
drogen, and carbon dioxide to methane gas. Anaerobic contact is well suited as a
pretreatment method for wastes containing more than 4000 mg/L of biodegradable
COD, but less than 50,000 mg/L, because it is less expensive than either activated
sludge or evaporation.” Its main advantages over activated sludge systems are lower
power requirements, less production of excess solids, and the generation of methane
gas. Further treatment is required for the effluent from anaerobic contact, however,
because many aerobically biodegradable soluble products remain.

Upflow Anaerobic Sludge Blanket Reactor. Like the anaerobic contact system,
the primary purpose of the upflow anaerobic sludge blanket (UASB) reactor is the
removal of soluble organic matter under anaerobic conditions, with the production
of methane gas. The thing that distinguishes the UASB system from anaerobic con-
tact is the absence of an external sedimentation chamber. Instead, the wastewater is
introduced at the bottom of the reactor and flows upward at a velocity that matches
the settling velocity of the biomass. In this way a sludge blanket is formed and
maintained. A special zone is required to allow the gas formed to escape without
carrying sludge particles with it. The biomass in these reactors is in the form of
compact granules that contain mixed cultures of methanogenic and acidogenic bac-
teria.” Because the retention of biomass in UASBs is good, they are suitable for
treating wastewaters with much lower substrate concentrations than anaerobic con-
tact. In fact, they have been demonstrated to be capable of effective treatment of
municipal wastewater.’

Anaerobic Digestion. By far the largest use of anaerobic cultures is in the
stabilization of insoluble organic matter by anaerobic digestion (AD), which involves
microbial communities similar to those found in anaerobic contact. Anaerobic di-
gestion is one of the oldest forms of wastewater treatment, yet because of the com-
plex ecosystem involved it has continued to be the subject of research and new
process development. Designers currently favor the use of CSTRs because of their
uniform environmental conditions, and some utilize CSTRs with solids recycle be-
cause smaller bioreactors can be used. Anaerobic digestion, along with AC and
UASB systems, is discussed in Chapter 13.

Lagoons. The term lagoon refers to suspended growth bioreactors that do not
include biomass recycle from a downstream sedimentation tank. Their name comes
from their construction and appearance. Historically, they have been constructed as
large earthen basins, that because of their size, resemble typical “South Sea island
lagoons.’” Originally, lagoons were not lined, but this has proven to be unacceptable
because of the potential for leakage of the basin contents into groundwater. Conse-
quently, new design practice requires them to be lined with an impermeable liner. A
wide range of environmental conditions can exist in lagoons, depending on the de-
gree of mixing imposed. If the lagoon is well mixed and aerated, it can be aerobic
throughout, but with lesser degrees of mixing, solids will settle, leading to anoxic
and anaerobic zones. Three types of lagoons are characterized in Table 1.2. Com-
pletely mixed aerated lagoons (CMALSs) can generally be classified as completely
mixed reactors that are used for the removal of soluble organic matter, although
stabilization of insoluble organic matter and nitrification can also occur. Facultative/
aerated lagoons (F/ALs) are mixed, but not sufficiently to keep all solids in suspen-
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sion. As a consequence, the upper regions tend to be aerobic, whereas the bottom
contains anaerobic sediments. Anaerobic lagoons (ANLs) are not purposefully mixed.
Rather, any mixing that occurs is the result of gas evolution within them. ANLs are
discussed in Chapter 13, whereas CMALs and F/ALs are covered in Chapter 14.

1.3.2 Attached Growth Bioreactors

Fluidized Bed Bioreactors. Fluidized bed bioreactors (FBBRs) can be oper-
ated with any of the three biochemical environments, and the nature of that envi-
ronment determines what the bioreactor accomplishes. Fluidized bed systems for
denitrification were among the earliest developed because all materials 1o be reacted
were present in a soluble state. However, through use of pure oxygen as a means of
providing dissolved oxygen at high concentration, acrobic fluidized beds soon fol-
lowed. Their chief purpose is removal of soluble organic matter, but they are also
used for nitrification. Finally, anaerobic fluidized bed systems were developed for
the treatment of soluble wastewaters.” The key characteristic of fluidized bed systems
is their ability to retain very high biomass concentrations, thereby allowing small
bioreactor volumes to be used. This is accomplished by using very small particles,
which provide a large surface area per unit volume, as the attachment media for
biofilm growth. Maintenance of the particles in a fluidized state by control of the
upflow velocity ensures better mass transfer characteristics than can be achieved in
other attached growth systems. The major use of FBBRs has been for industrial
wastewater treatment. This type of attached growth bioreactor is discussed in Chapter
21.

Rotating Biological Contactor. The rotating biological contactor (RBC) is a
modern application of an old idea for the removal of soluble organic matter and the
conversion of ammonia to nitrate. Microorganisms growing attached to rotating discs
accomplish the desired objectives by the same mechanisms used in suspended growth
systems, but in a more energy efficient manner because oxygen transfer is accom-
plished by the rotation of the discs, which are only half submerged. These bioreactors
have been popular for the treatment of both domestic and industrial wastewaters,
typically at smaller installations. RBCs are discussed in Chapter 20.

Trickling Filter. As indicated in Table 1.2, trickling filter (TF) is the name
given to an acrobic attached growth bioreactor in the shape of a packed tower. Until
the mid 1960s, TFs were made of stone, which limited their height to around two
meters for structural reasons. Now TFs are made of plastic media much like that
used as packing in absorption and cooling towers and are self-supporting to heights
of around seven meters because of the greater void space and lighter weight of the
media. The primary use of TFs is for removal of soluble organic matter and oxidation
of ammonia to nitrate. Traditionally, TFs have been used for municipal wastewater
treatment in small to medium size installations desiring minimal operating expense.
However, since the introduction of plastic media they have also found use as pre-
treatment devices preceding other biochemical operations. This is because they have
the ability to reduce the waste concentration at relatively low operating cost, a bonus
when aerobic treatment is being employed. Trickling filters cause relatively little
degradation of insoluble organic matter and should not be used for that purpose.
They are covered in Chapter 19.
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Packed Bed. Packed bed bioreactors utilize submerged media with a particle
size on the order of a few millimeters. They are designed and operated with flow
either upward or downward. Because of the small particle size, packed beds act as
physical filters, as well as biochemical operations. Their primary use is for conversion
of soluble inorganic matter, particularly nitrification and denitrification, depending
on the biochemical environment provided. They are also used to remove soluble
organic matter, especially at low concentrations. They are discussed in Chapter 21.

Anaerobic Filter. Even though the name anaerobic filter (AF) suggests the
use of media like that in a packed bed, this is not the case. Rather, an AF is a packed
tower containing plastic media like that in a TF. Unlike a TF, however, an AF is
operated under submerged conditions to maintain the microbial community in an
anaerobic state. Its primary use is to treat high strength soluble wastewaters by
converting the bulk of the organic matter to methane. Biomass grows attached to
the solid media in the tower, and flow may be from cither direction. If flow is upward,
suspended biomass may accumulate and have to be removed periodically. Even
though AFs are attached growth systems, their anaerobic character is the determinant
of their behavior. Anaerobic filters are discussed in Chapter 13.

1.3.3 Miscellaneous Operations

There are many other biochemical operations in use or development. Among those
are the hybrid systems, such as the activated biofilter, which combine the attributes
of suspended and attached growth bioreactors. Even though these systems are not
listed in Tables 1.1 and 1.2, they are covered at appropriate points. However, many
other new biochemical operations are not included in this book due to space con-
straints. Their exclusion should not be construed as a bias against their use. Rather,
it is felt that once the fundamental principles of biochemical operations are learncd,
the reader will be able to apply them to understand and evaluate any biochemical
wastewater treatment system.

1.4 KEY POINTS

1. Biochemical operations may be carried out in aerobic, anoxic, or anaerobic
environments, and the choice of environment has a profound effeet on both
the ecology of the microbial community and the outcome of its activity.

2. Three major biochemical transformations may be performed with biochem-
ical operations: removal of soluble organic matter (SOM), stabilization of
insoluble organic matter (IOM), and conversion of soluble inorganic matter
(SIM).

3. Bioreactors for biochemical operations may be divided into two major
categories, depending on the manner in which the microorganisms grow:
suspended in the wastewater undergoing treatment, and attached to a solid
support.

4. The major suspended growth bioreactors arc: continuous stirred tank re-
actor (CSTR), either alone or in series; batch reactor; and plug—-flow re-
actor (PFR). The major attached growth bioreactors are: fluidized bed
(FBBR), packed tower, and rotating disc reactor (RDR).
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The major suspended growth biochemical operations are: activated sludge.
biological nutrient removal (BNR), acrobic digestion, anaerobic contact
(AC), upflow anacrobic sludge blanket reactor (UASB), anacrobic diges-
tion (AD), and lagoons. The major attached growth biochemical operations
are: fluidized bed, rotating biological contactor (RBC), trickling filter (TF).
packed bed, and anaerobic filter (AF).

1.5 STUDY QUESTIONS

IJ

List and define the three major biochemical transformations that may be
performed with biochemical operations.

Describe cach of the major bioreactor types that find use in biochemical
operations.

List the twelve named biochemical operations and tell whether cach uses
a suspended or an attached growth culture.

Describe each of the named biochemical operations in terms of the bio-
chemical transformation involved, the reaction environment used. and the
bioreactor configuration emploved.
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2

Fundamentals of
Biochemical Operations

Before we begin the systematic study of biochemical operations, it is necessary to
develop a clear picture of what wastewater treatment enginecrs hope to accomplish
through their use. Furthermore, if we are to develop the capability for their design.
it is necessary to understand what is happening within them and to recognize the
role of various types of microorganisms in those events.

2.1 OVERVIEW OF BIOCHEMICAL OPERATIONS

Biochemical operations only alter and destroy materials that microorganisms act
upon, i.c., those that are subject to biodegradation or biotransformation. If soluble
pollutants are resistant to microbial attack, they are discharged from a biochemical
operation in the same concentration that they enter it, unless they are acted on by
chemical or physical mechanisms such as sorption or volatilization (sece Chapter 22).
Insoluble pollutants entering a suspended growth biochemical operation become in-
termixed with the biomass and, for all practical purposes, arc inscparable from it.
Consequently, engineers consider this mixture of biomass and insoluble pollutants
as an entity, calling it mixed liquor suspended solids (MLSS). If insoluble pollutants
are biodegradable, their mass is reduced. On the other hand, if they arc nonbiode-
gradable, their only means of escape from the system is through MLSS wastage and
their mass discharge rate in the wasted MLSS must equal their mass input rate to
the system. Attached growth processes usually have little impact on nonbiodegrad-
able insoluble pollutants, although in some cases those pollutants are flocculated and
settled along with the biomass discharged from the operation.

When wastewater treatment engineers design biochemical operations they use
natural cycles to accomplish in a short time what nature would require a long time
to accomplish, often with environmental damage. For example, if biodegradable or-
ganic matter were discharged to a stream, the bacteria in that stream would use it as
a source of carbon and cnergy (electrons) for growth (sce Chapter 1). In the process.
they would incorporate part of the carbon into new cell material and the rest would
be oxidized to carbon dioxide to provide the energy for that synthesis. The clectrons
removed during the oxidation would be transferred to oxygen in the stream. but if
the supply of oxygen were insufficient, the dissolved oxygen (DO) concentration
would be depleted, killing fish and causing other adverse effects. On the other hand.
in a well designed biochemical operation, microbial growth is allowed to occur in
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an cnvironment where the appropriate amount of oxygen can be supplied. thereby
destroying the organic matter and allowing the treated wastewater to be discharged
without environmental harm.

The two major cveles employed in biochemical operations are the carbon and
nitrogen cveles. Actually, most biochemical operations only use half ot the carbon
cyele. el the oxidation of organic carbon, releasing carbon dioxide. While some
biochemical aperations use algac and plants to tix carbon dioxide and release oxygen,
thereby using the other half of the carbon cycle, they are not as widely applied and
will not be covered in this book. However, almost all of the nitrogen cvcle is used.
as illustrated in Figure 2.1, In domestic wastewaters, most nitrogen is in the form of
ammonia (NH.) and organic nitrogen, whereas industrial wastewaters sometimes con-
tain nitrate (NO. ) nitrogen as well. Organic nitrogen is in the form of amine groups
in the process called ammonification—as

(NH.). which are¢ released as ammonia
ihe organic matter containing them undergoes biodegradation. The torm in which
bacteria incorporate nitrogen during growth is as ammonia. If an industrial waste-
water has insufficient ammonia or organic nitrogen to meet the growth needs of the
bacteria, but contains nitrate or nitrite (NO. ) nitrogen, they will be converted to
ammonia through assimilative reduction for use in cell synthesis. On the other hand.
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Figure 2.1 The nitrogen cvele.
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if a wastewater contains ammonia-N in excess of that needed for cell synthesis,
nitrification can occur, where the excess ammonia-N is oxidized to nitrate-N, going
through the intermediate, nitrite. Discharge of nitrate to a receiving water is prefer-
able to discharge of ammonia because nitrification in the receiving water can deplete
the DO, just as degradation of organic matter can. In some cases, however, discharge
of nitrate can have a deleterious effect on the receiving water, and thus some effluent
standards limit its concentration. In that case, biochemical operations that use deni-
trification to convert nitrate and nitrite to nitrogen gas must be used to reduce the
amount of nitrogen in the effluent. The only step in the nitrogen cycle not normally
found in biochemical operations is nitrogen fixation, in which nitrogen gas is con-
verted to a form that can be used by plants, animals, and microorganisms.

2.2 MAJOR TYPES OF MICROORGANISMS AND
THEIR ROLES

Modern molecular biology has allowed scientists to investigate the relatedness among
organisms by analysis of the nucleotide sequences within certain segments of their
genes. Organization of this information into a phylogenetic tree has revealed that
organisms fall into three primary groupings, or domains: Archaea, Bacteria, and
Eucarya.®> Members of the domains Archaea and Bacteria are microscopic and pro-
caryotic,” i.e., they lack a nuclear membrane, whereas members of the domain Eu-
carya are eucaryotic, i.e., they have a nuclear membrane, and vary in size from
microscopic (e.g., protozoa) to macroscopic (e.g., animals). The workhorses of bio-
chemical operations belong to the domains Bacteria and Archaea, but protozoa and
other microscopic Eucarya have a role as well. Thus it is important to have a clear
picture of what various microorganisms do.

2.2.1 Bacteria

Bacteria can be classified in many ways; however, the most important from an en-
gineering perspective is operational. Consequently, we will focus on it.

Like all organisms, members of the domain Bacteria derive energy and reduc-
ing power from oxidation reactions, which involve the removal of electrons. Thus,
the nature of the electron donor is an important criterion for their classification. The
two sources of electrons of most importance in biochemical operations are organic
and inorganic compounds that are present in the wastewater or released during treat-
ment. Bacteria that use organic compounds as their electron donor and their source
of carbon for cell synthesis are called heterotrophic bacteria, or simply heterotrophs.
Since the removal and stabilization of organic matter are the most important uses of
biochemical operations, it follows that heterotrophic bacteria predominate in the sys-
temns. Bacteria that use inorganic compounds as their electron donor and carbon

°Recognition of the distinction between Bacteria and Archaea is relatively recent. Conse-
quently, it is still common for members of both domains to be referred as bacteria, in ref-
erence to their procaryotic nature. In this book, the term bacteria (with a lower case “b")
will be used to refer to procaryotes in general, without regard to their domain.
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dioxide as their source of carbon are chemoautotrophic bacteria. although most
wastewater treatment engineers call them autotrophic bacteria, or simply autotrophs.
The most important autotrophic bacteria in biochemical operations are those that use
ammonia-N and nitrite-N. They are responsible for nitrification, and are referred to
as nitrifiers. Other autotrophic bacteria are important in nature and in sewers, but
play little role in enginecred treatment systems.

Another important characteristic of bacteria is the type of electron acceptor
they use. The most important acceptor in biochemical operations is oxygen. Bacteria
that use only oxygen are called obligately acrobic bacteria, or simply obligate acr-
obes. Nitrifving bacteria are the most significant obligately aerobic bacteria com-
monly tound in biochemical operations. At the other end of the spectrum are obli-
gately anacrobic bacteria, which can only function in the absence of molecular
oxygen. Between the two obligate extremes are the facultatively anacrobic. or simply
facultative. bacteria. They use oxygen as their electron acceptor when it is present
in sufficient quantity, but can shift to an alternative acceptor in its absence. Thus
they tend to predominate in biochemical operations. Some facultative bacteria are
fermentative, meaning that they use organic compounds as their alternative terminal
clectron acceptor in the absence of oxygen. producing reduced organic end products.
Others perform anacrobic respiration, in which an inorganic compound serves as the
alternative acceptor. In Chapter 1. mention is made of anoxic environments in which
uxygen is abscnt, but nitrate is present as an clectron acceptor. Because of the prev-
alence of such environments in biochemical operations, the most significant facul-
tative bacteria are those that perform denitrification, i.c.. reduce nitrate-N to nitrogen
gas. Other tacultative and obligately anacrobic bacteria reduce other inorgunic com-
pounds, but with the exception of protons (H '), most are not of general importance
in biochemical operations. Proton reduction, which occurs in anacrobic operations,
vields hydrogen gas (H.). which is an important clectron donor for methane
formation.

Gravity sedimentation is the most common method for removing biomass trom
the effluent from biochemical operations prior to its discharge. Since single bacteria
are so small (-~ (L5—1.0 pum), it would be impossible to remove them in that way
it they grew individually. Fortunately, under the proper growth conditions. bacteria
in suspended growth cultures grow in clumps or gelatinous assemblages called bio-
floc. which range in size from 0.05 to 1.0 mm.” Figure 2.2a shows a typical tloc
particle. The bacteria which are primarily responsible for this are called floc-forming
bacteria, and a variety of species fall into this category.

Not all bacteria are beneficial in biochemical operations: some are i muisance.
Two forms of nuisance bacteria can grow in acrobic/anoxic systems. One grows as
long strands, or filaments, which become intermeshed with biofloce particles and
interfere with sedimentation. They are called filamentous bacteria. Although a small
number of filaments can provide strength for the biofloe, preventing its disruption
by fluid shear forces, oo many can act to hold the biotloc particles apart. ' as shown
in Figure 2.2b. When that occurs, sedimentation is very incfficient and the hiomass
will not compact into a sufficiently small volume to allow discharge of a clear
cffluent. The other type of nuisance bacteria forms copious quantities ot foam in
biorcactors that are being acrated for oxygen transter. The foam can become so deep
as to completely cover both acration and sedimentation basins, thereby disrupting
treatment and posing a danger to plant personnel. The most common nuisance or-
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Figure 2.2 Photomicrographs of activated sludge floc: (a) Good settling biomass with op-
timal filaments; (b) poor settling biomass with ¢xcessive filaments. [Courtesy of M. G. Richard
(Colorado State Univ.) and David Jenkins (Univ. California, Berkeley.)]

ganisms in anacrobic systems are the sulfate-reducing bacteria. It is generally desir-
able to design anaerobic operations to produce methane because it is a valuable
product. If a wastewater contains high concentrations of sulfate, however, suifate-
reducing bacteria will compete for the electron donor, producing sulfide as a product.
This not only reduces the amount of methane produced, but results in a product that
is both dangerous and undesirable in most situations. Wastcwater treatment cnginecrs
need to be aware of the growth characteristics of such nuisance organisms so that
systems that discourage or prevent their growth can be designed.

Bacteria can also be classified according to their function in biochemical op-
erations. Many act as primary degraders and attack the organic compounds present
in the wastewater, beginning their degradation. If an organic compound is one nor-
mally found in nature (biogenic), the primary degraders usually will completely
metabolize it in an aerobic environment, converting it to carbon dioxide, water, and
new biomass. Such ultimate destruction is called mineralization and is the goal of
most wastewater trcatment systems. On the other hand, if an organic compound is
synthetic and foreign to the biosphere (xenobiotic), it is possible that no single type
of bacteria will be able to mineralize it. Instead, a microbial consortium may be
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required, with secondary degraders living on the metabolic products excreted by the
primary degraders. The more complex the organic compounds found in a wastewater,
the more important secondary degraders will be. Secondary degraders are common
in anaerobic environments, however, even when biogenic compounds are being de-
graded, because of the specialized needs of the bacteria involved. Other functions
that are important in wastewater treatment systems are the production and elimination
of nitrate-N through nitrification and denitrification, respectively. Consequently, it is
not surprising that bacteria are classified according to those functions, as nitrifiers
and denitrifiers. While the nitrifiers constitute a highly specialized group containing
a limited number of species of acrobic, chemoautotrophic bacteria, the denitrifying
bacteria constitute a diverse group of facultative heterotrophic bacteria containing
many species. Finally, some species of bacteria have the ability to store and release
phosphate in response to cyclical environmental conditions. Because they contain
quantities of phosphate well in excess of other bacteria, these bacteria are often called
phosphate accumulating organisms (PAOs).

As with the classification of pollutants in wastewaters, the classifications listed
above are not exclusive, but overlap, with members of the domain Bacteria playing
many roles. Nevertheless, these simple classification schemes are very helpful in
describing the events occurring in biochemical operations and will be used through-
out this book.

2.2.2 Archaea

Many Archaca are capable of growing in extreme cnvironments, such as high
temperatures (up to 90°C), high ionic strength, and highly reduced conditions. Con-
sequently, members of this domain were first thought to be restricted to growth in
such environments, although that proved to be incorrect. More recent studies have
shown that Archaca are abundantly distributed in a wide variety of environments.™
As our knowledge of the Archaca expands it is likely that wastewater treatment
engineers will find more applications for them. Currently, however, their major use
in biological wastewater treatment is in anacrobic operations, where they play the
important role of producing methane. Methane-producing Archaca, commonly called
methanogens, are obligate anacrobes that bring about the removal of organic matter
from the liquid phase by producing an energy rich gas of low solubility. This allows
capture of the energy in the pollutants in a useful form. Because methanogens are
very limited in the substrates they can use, they grow in complex microbial com-
munities with Bacteria, which carry out the initial attack on the pollutants and release
the methanogens’ substrates as fermentation products.

2.2.3 Eucarya

Although fungi can use soluble organic matter in competition with Bacteria, they
seldom compete well in suspended growth cultures under normal conditions, and
thus do not usually constitute a significant proportion of the microbial community.™
On the other hand, when the supplies of oxygen and nitrogen are insufficient. or
when the pH is low, fungi can proliferate, causing problems similar to those caused
by filamentous bacteria. In contrast to suspended growth cultures, fungi commonly
play an important role in attached growth cultures, making up a large part of the



Fundamentals of Biochemical Operations 25

biomass.” Under certain conditions, however, they can also become a nuisance in
such systems by growing so heavily as to block interstices and impede flow.

Protozoa play an important role in suspended growth cultures by grazing on
colloidal organic matter and dispersed bacteria, thereby reducing the turbidity re-
maining after the biofloc has been removed by sedimentation. Protozoa are also
known to contribute to bioflocculation, but their contribution is thought to be less
important than that of the floc-forming bacteria.'' Although some protozoa can utilize
soluble organic compounds for growth, it is doubtful that they can compete cffec-
tively with bacteria in that role and thus soluble substrate removal is generally con-
sidered to be due to bacterial action. Protozoa also play a significant role in attached
growth bioreactors where the protozoan community is usually richer than it is in
suspended growth cultures. Nevertheless, their role appears to be similar to that in
suspended growth cultures.

Other Eucarya in suspended growth cultures are usually limited to rotifers and
nematodes, but their presence depends very much on the way in which the culture
is grown. Although these organisms feed upon protozoa and biofloc particles, their
contribution to biochemical operations using suspended growth cultures is largely
unknown because little change in process performance can be attributed to their
presence. In contrast, because attached growth bioreactors provide a surface upon
which higher organisms can graze, it is not uncommon for such reactors to have
highly developed communities of macroinvertebrates in addition to rotifers and nem-
atodes.”™ The nature of those communities depends largely on the physical charac-
teristics of the bioreactor and in some cases the presence of the higher community
has no deleterious effect on system performance. In other cases, however, the grazing
community can disrupt development of the primary biofilm that is responsible for
the removal of the pollutants, leading to a deterioration in system performance.

2.3 MICROBIAL ECOSYSTEMS IN
BIOCHEMICAL OPERATIONS

An ecosystem is the sum of interacting elements (both biological and environmental)
in a limited universe. Consequently, each biochemical operation will develop a
unique ecosystem governed by the physical design of the facility, the chemical nature
of the wastewater going to it, and the biochemical changes wrought by the resident
organisms. The microbial community which develops in that ecosystem will be
unique from the viewpoint of species diversity, being the result of physiological,
genetic, and social adaptation. Thus, it is impossible to generalize about the numbers
and types of species that will be present. Nevertheless, it would be instructive to
consider the general nature of the community structures in biochemical operations
and relate them to the environments in which the operations are performed. The
objective of such an exercise is not the simple listing of the organisms present, but
rather an understanding of the role that each important group plays in the operation.
Because the biochemical processes in aerobic and anoxic environments are
based on respiration, whereas those in anaerobic environments are based on fermen-
tation, there are large differences in the microbial communities involved. Thus, the
biochemical environment provides a logical way for dividing this discussion.
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2.3.1 Aerobic/Anoxic Operations

Swspended Growth Bioreactors.  Activated sludge, acrated lagoons, and aero-
bic digesters have similar microbial ccosystems, although they differ somewhat in
the relative importance of various groups. The microorganisms in those operations
arc all Bacteria and microscopic Eucarya, and gencrally may be divided into five
major classes: (1) floc-forming organisms, (2) saprophytes, (3) nitrifying bacteria,
(4) predators, and (5) nuisance organisms.™ With the exception of nitrifying bacteria,
these are not distinet physiological groups and, in fact, any particular organism may
fit into more than one category at a time or may change categories as the selective
pressures within the community change.

Floc-forming organisms play a very important role in suspended growth bio-
chemical operations because without them the biomass cannot be separated from the
treated wastewater nor can colloidal-sized organic pollutants be removed. Figure 2.2a
shows typical, well-settling biomass. Originally it was thought that the bacterium
Zooglea ramigera was primarily responsible for floc formation, but it has now been
shown that a variety of bacteria are capable of flocculation,™ although they constitute
only a small percentage of the species found in a floc particle.” Classification of
organisms into the floc-forming group is complicated by the fact that protozoa and
fungi can also cause bacteria to flocculate.'' ™™ Nevertheless, the predominant floc-
forming organisms arc gencrally considered to be bacteria,'' with Zooglea ramigera
plaving an important role.”” Flocculation is thought to be caused by aggregative
growth and natural polyelectrolytes, although their origin is uncertain.

Saprophytes are organisms responsible for the degradation of organic matter.
These are primarily heterotrophic bacteria and include most of those considered to
be floc tormers. Nonflocculent bacteria are also involved, but are entrapped within
the floc particles. The saprophytes can be divided into primary and sccondary de-
graders, as discussed previously, and the larger the number of substrates. the more
diverse the community will be. The principal saprophytic genera are gram-negative
and include Achromobacter, Alcaligenes, Bacillus, Flavobacterium, Micrococcus, and
Pseudomonas.”

Nitrification is the conversion of ammonia-N to nitrate-N and it may be per-
formed by either heterotrophic or autotrophic bacteria.™ In spite of the fact that over
a hundred heterotrophic species have been cited as forming nitrite from ammonia, ™
significant amounts of nitrate are not thought to be generated heterotrophically in
natural systems.'* although studies suggest that this assumption should be investi-
gated further.” Nevertheless, nitrification in wastewater treatment systems is gener-
ally considered to be duce to autotrophic bacteria, primarily of the genera Nitroso-
monas and Nitrobacter, which appear to grow in close physical association.'
Nitrosomonas oxidizes ammonia-N to nitrite-N with hydroxylamine as an interme-
diate product, whereas Nitrobacter oxidizes nitrite-N to nitrate-N in a single step.
The fact that nitrifying bacteria are autotrophic does not mean that they cannot
incorporate exogenous organic compounds while obtaining their energy from inor-
ganic oxidation, because they can.™ The amount of such uptake will be small and
will vary with the growth conditions, however, so that most equations depicting the
stoichiometry of nitrification ignore it and use carbon dioxide as the sole carbon
source. Nitrifving bacteria have several unique growth characteristics that are im-
portant to their impact on and survival in biochemical operations. The first is that
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their maximal growth rate is smaller than that of heterotrophic bacteria. Conse-
quently, if suspended growth biorcactors are operated in a way that requires the
bacteria to grow rapidly, the nitrifying bacteria will be lost from the system and
nitrification will stop even though organic substrate removal will continue. Second,
the amount of biomass formed per unit of nitrogen oxidized is small. As a result,
they may make a negligible contribution to the MLSS concentration even when they
have a significant effect on process performance.

The main predators in suspended growth bioreactors are the protozoa, which
feed on the bacteria. About 230 species have been reported to occur in activated
sludge and they may constitute as much as 5% of the biomass in the system.™ Ciliates
are usually the dominant protozoa, both numerically and on a mass basis. Almost
all are known to feed on bacteria and the most important are cither attached to or
crawl over the surface of biomass flocs. On occasion, both amoeba and flagellates
may be seen in small numbers, but they are not thought to play a major role in well-
settling, stable communitics. As discussed earlier, it has been suggested that protozoa
play a secondary role in the formation of biomass flocs and contribute to the absence
of dispersed bacteria and colloidal organic material in stable communities."'

Nuisance organisms arc those that interfere with proper operation of a bio-
chemical reactor when present in sufficient numbers. In suspended growth bioreac-
tors, most problems arisc with respect to removal of the biomass from the treated
wastewater, and are the result of filamentous bacteria and fungi. Although a very
small number of filamentous bacteria is desirable to strengthen floc particles. too
large a number is undesirable.” Even a small percentage by weight in the microbial
community can make the effective specific gravity of the biomass flocs so low that
the biomass becomes very difficult to remove by gravity settling. This leads to a
situation known as bulking. A poor-settling biomass is shown in Figure 2.2b. For many
years it was thought that the bacterium Sphaerotilus natans was the organism primarily
responsible for bulking, but the conditions causing its growth were a puzzle because
they appeared to be so contradictory. It was not until the pioneering work of Eikel-
boom'" that it was realized that many types of filamentous organisms could be re-
sponsible for bulking, and that different organisms were favored by different growth
conditions. Today, effective bulking control is based on identification of the causative
organism and elimination of the condition favoring its growth." Table 2.1 ranks the
most abundant filamentous organisms found in bulking sludges in the United States
and Table 2.2 lists the suggested causes for some. In Table 2.2, the term, “low F/M,™
refers to a low food to microorganism ratio; in other words, the system is being
operated with a very low loading of organic matter into it. It should be noted that
although Nocardia is a commonly found filamentous organism, it does not normally
cause bulking because its filaments do not extend beyond the floc particle.”

The other major nuisance associated with suspended growth cultures is exces-
sive foaming. This condition is caused primarily by bacteria of the genus Nocardia
and the species Microthrix parvicella.” There is still controversy concerning the
conditions responsible for excessive foaming in suspended growth cultures. Because
Nocardia and M. parvicella have very hydrophobic cell surfaces, they migrate to air
bubble surfaces, where they stay, thereby stabilizing the bubbles and causing foam.™
Foaming also appears to be related to the concentration of hydrophobic organic
compounds at the air—water interface, where they are metabolized by the Nocardia
and Nocardia-like organisms that have collected there.™
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Table 2.1 Filament Abundance in Bulking and Foaming Activated Sludge in the
United States

Percentage of treatment plants
with bulking or foaming where
filament was observed

Rank Filamentous organism Dominant Secondary
1 Nocardia spp 31 17
2 type 1701 29 24
3 type 021N 19 15
4 type 0041 16 47
S Thiothrix spp 12 20
6 Sphaerotilus natans 12 19
7 Microthrix parvicella 10 3
8 type 0092 9 4
9 Hualsicomenobacter hydrossis 9 45

10 type 0675 7 16

11 type 0803 6 9

12 Nostocoida limicola 6 18

(Types 1, 1, and 1)

13 type 1851 6 2

14 type 0961 4 6

15 type 0581 3 1

16 Beggiatoa spp 1 4

17 fungi 1 2

18 type 0914 1 1

— all others 1 —

From Ref. 31.

Table 2.2 Conditions Associated with Dominant Filament Types

Suggested causative conditions Filament types

Low DO H. hydrossis, M. parvicella,
S. natans, type 1701

Low F/M M. parvicella, types 0041, 0092,
0675, 1851

Completely mixed bioreactors H. hydrossis, Nocardia spp.,

N. limicola, S. natans, Thiothrix
spp., types 021N, 1701, 1851

Septic wastewater/sulfide Beggiatoa, Thiothrix spp.. types
02IN, 0914

Nutrient deficiency S. natans, Thiothrix spp., type 021N,
possibly H. hydrossis, types 0041,
0675

Low pH fungi

From Ret. 31.
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Although the ecosystems of activated sludge, acrated lagoons, and aerobic di-
gestion are complex, they are not as complicated as those in suspended growth
systems accomplishing biological nutrient removal. This is because biological nutri-
ent removal systems also contain anoxic and anaerobic reactors, which provide op-
portunitics for the growth of microorganisms that do not ordinarily grow in totally
aerobic systems.

The impact of having appropriately placed anoxic zones in a suspended growth
system is to allow the proliferation of denitrifying bacteria. As discussed in Section
2.2.1, they are hcterotrophic organisms that use nitrate-N and nitrite-N as electron
acceptors in the absence of molecular oxygen. Denitrification can be accomplished
by a large number of bacterial genera commonly found in wastewater treatment
systems, including Achromobacter, Aerobacter, Alcaligenes, Bacillus, Flavobacte-
rium, Micrococcus, Proteus, and Pseudomonas,™ thercby making the establishment
of a denitrifying culture relatively easy. However, there is uncertainty concerning the
fraction of the heterotrophic bacteria in a biological nutrient removal system that can
denitrify,” and it may well depend on the nature of the microorganisms entering the
system in the wastewater,” as well as on the system configuration. Nevertheless, it
is evident that the introduction of anoxic zones in suspended growth biorcactors will
give a competitive advantage to denitrifying bacteria over heterotrophs that do not
denitrify.

As described in Section 2.4.6, the placement of an anacrobic zone at the influent
end of an otherwise acrobic suspended growth system establishes the conditions
required for proliferation of phosphate accumulating organisms, thereby allowing
development of a biomass that is rich in phosphorus. Although bacteria of the genus
Acinetobacter were originally thought to be the major PAOs, ~ several other bacterial
types have also been found to be capable of storing polyphosphate.™ ™ In fact. in
one study, Acinetobacter was not the predominant PAO present; rather it was an
unidentified gram-positive bacteria.™ Identification of phosphatc-accumulating bac-
teria in wastewater trcatment systems is not an easy task because of the complicated
growth environment required for the formation of polyphosphate granules. Never-
theless, through the development and application of new techniques, we can expect
to learn more in the future about the microbial ecology of these important com-
munities.

The previous discussion has indicated the various types of organisms that can
be present in suspended growth bioreactor. However, it is very important to recognize
that the types that are present in any given system will depend on the reactor con-
figuration and the biochemical environment imposed. In later chapters we will see
how these conditions, which are under engineering control, can be used to select the
type of microbial community required to accomplish a specific objective.

Attached Growth Bioreactors. Attached growth bioreactors are those in which
the microorganisms grow as a biofilm on a solid support. In a fluidized bed biorcactor
(FBBR), the biofilm grows on small particles of sand or activated carbon that are
maintained in a fluidized state by the force of water flowing upward. Packed bed
bioreactors contain similar support particles, but the water being treated flows over
them without displacing them. Thus, in both bioreactor types, the biofilm is sur-
rounded by the fluid containing the substrate being removed. In a trickling filter (TF)
or rotating biological contactor (RBC), on the other hand, the biofilm grows on a
large surface over which the wastewater flows in a thin film (TF) or moves through
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the wastewater (RBC). As a consequence, the fluid shear associated with the latter
two is less than that associated with the first two. This has an impact on the tvpe of
microbial community involved.

Because FBBRs and packed beds are relatively new, few studics have been
done to characterize the microbial communities involved. However, we would expect
them to be very similar 1o those in suspended growth bioreactors, being comprised
primarily of bacteria and protozoa. In contrast, TFs and RBCs contain more diverse
micrabial communities containing many other Eucarya, notably nematodes. rotifers,
snails. sludge worms. and larvac of certain insects.™ This more complex food chain
allows more complete oxidation of organic matter, with the net result that less excess
biomass is produced. This has the beneficial effect of decreasing the mass of solid
material that must be disposed of.

The Bacteria form the base of the food chain by acting on the organic matter
in the wastewater being treated. Soluble materials are taken up rapidly, while
collotdal-sized particles become entrapped in the gelatinous layer built up by the
bacteria to form the biofilm. There they undergo attack by extracellular enzymes.
releasing small molecules that can be metabolized. The bacterial community is com-
poscd of primary and secondary saprophytes, much like suspended growth bioreac-
tors, including members of the genera Achromobacterium. Alcaligenes, Flavobacte-
rium. Pseudomonas, Sphaerotilus, and Zooglea.” Unlike suspended growth cultures.
however, the species distribution s likely to change with position in the reactor.
Attached growth reactors can also contain nitrifving bacteria, such as members of
the genera Nitrosomonus and Nitrobacter. which tend to be found in regions of the
film where the organic substrate concentration is low.

Quite extensive communities of Eucarva are known to exist in trickling fil-
ters. T Over 90 species of fungi have been reported, and of these, more than 20
species are considered to be permanent members of the community. Their role is
similar to that of the bacteria, i.c., saprophytic. Many protozoa have also been found,
with farge communitics of Sarcodina, Mastigophora. and Ciliata being reported. Their
rales are largely those of predators. During warm summer months algae can Hourish
on the upper surfaces of the biomass. Usually green algae and diatoms predominate.
Finally, trickling filters also contain a large metazoan community, consisting of an-
nelid worms. insect larvae, and snails. These feed on the microbial film and in some
cases have been responsible for extensive film destruction.

Because of the diverse nature ot the microbial community in attached growth
bioreactors. the microbial interactions are extremely complex. Unfortunately, even
[ess is known about the impact of these interactions on system performance than is
known about them in suspended growth systems.

2.3.2 Anaerobic Operations

The microbial communities in anacrobic operations are primarily procarvotic, with
members of both the Bacteria and the Archaea being involved. Although fungi and
protozoa have been observed under some circumstances. the importance ot eucary-
olic organisms is questionable.” Thus, the emphasis here will be on the complex
and important interactions between the Bacteria and the Archaea that are fundamental
to the successtul functioning of methanogenic communities. Because those interac-
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tions occur in both suspended and attached growth systems, no distinctions will be
made between the two.

General Nature of Anaerobic Operations. The multistep nature of anaerobic
biochemical operations is depicted in Figure 2.3. Before insoluble organic materials
can be consumed, they must be solubilized, just as was necessary in acrobic systems.
Furthermore, large soluble organic molecules must be reduced in size to facilitate
transport across the cell membrane. The reactions responsible for solubilization and
size reduction are usually hydrolytic and are catalyzed by cxtracellular enzymes
produced by bacteria. They are all grouped together as hydrolysis reactions (reaction
1) in Figure 2.3, but in reality many enzymes are involved, such as cellulases, am-
vlases, and proteases. They are produced by the fermentative bacteria that are an
important component of the second step, acidogenesis.

Acidogenesis is carried out by members of the domain Bacteria. Amino acids
and sugars are degraded by fermentative reactions (reaction 2) in which organic
compounds serve as both electron donors and acceptors. The principal products of
reaction 2 are intermediary degradative products like propionic and butyric acids and
the direct methane precursors, acetic acid and H.. The H. production from fermen-
tative reactions is small and originates from the dehydrogenation of pyruvate by
mechanisms that are different from the production of the bulk of the H. produced.’”
In contrast, most of the H. produced comes from oxidation of volatile and long chain
fatty acids to acetic acid (reactions 3 and 4) and arises from the transfer of clectrons
from reduced carriers directly to hydrogen ions, in a process called anaerobic oxi-
dation." Because of the thermodynamics of this reaction, it is inhibited by high
partial pressures of H,, whereas the production of H. from pyruvate is not.

The production of H. by anaerobic oxidation is very important to the proper
functioning of anaerobic processes. First, H, is one of the primary substrates from
which methane is formed. Second, if no H, were formed, acidogenesis would not
result in the oxidized product acetic acid being the major soluble organic product.
Rather, the only reactions that could occur would be fermentative, in which electrons
released during the oxidation of one organic compound are passed to another organic
compound that serves as the electron acceptor, yielding a mixture of oxidized and
reduced organic products. Consequently, the energy level of the soluble organic mat-
ter would not be changed significantly because all of the electrons originally present
would still be in solution in organic form. When H., is formed as the reduced product,
however, it can escapc from the liquid phase because it is a gas, thereby causing a
reduction in the energy content of the liquid. In actuality, the H. does not escape. It
is used as a substrate for methane production, but because methane is removed as a
gas, the same thing is accomplished. Finally, if H. formation did not occur and
reduced organic products were formed, they would accumulate in the liquid because
they cannot be used as substrates for methane production. Only acetic acid, H.,
methanol, and methylamines can be used. As shown by reaction 5, some of the H.
can be combined with carbon dioxide by H.-oxidizing acetogens to form acetic
acid,™ but since the acetic acid can serve as a substrate for methanogens, the impact
of this reaction is thought to be small.

The products of the acidogenic reactions, acetic acid and H,, are used by meth-
anogens, which are members of the domain Archaea, to produce methane gas. Two
groups are involved: (1) aceticlastic methanogens, which split acetic acid into meth-
ane and carbon dioxide (reaction 6), and (2) H.-oxidizing methanogens, which reduce
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carbon dioxide (reaction 7). It is generally accepted that about two-thirds of the
methane produced in anaerobic digestion of primary sludge is derived from acetic
acid, with the remainder coming from H, and carbon dioxide.'*"* With the exception
of the electrons incorporated into the cell material formed, almost all of the energy
removed from the liquid being treated is recovered in the methane. Chemical oxygen
demand (COD),” a common measure of pollutant strength, is a measure of the
electrons available in an organic compound, expressed in terms of the amount of
oxygen required to accept them when the compound is completely oxidized to carbon
dioxide and water. One mole of methane requires two moles of oxygen to oxidize
it to carbon dioxide and water. Consequently, each 16 grams of methane produced
and lost to the atmosphere corresponds to the removal of 64 grams of COD from
the liquid.™ At standard temperature and pressure, this corresponds to 0.34 m" of
methane for each kg of COD stabilized.™

Microbial Groups and Their Interactions. The hydrolytic and fermentative
bacteria comprise a rather diverse group of facultative and obligately anaerobic Bac-
teria. Although facultative bacteria were originally thought to be dominant, evidence
now indicates that the opposite is true,™ at least in sewage sludge digesters where
the numbers of obligatec anaerobes have been found to be over 100 times greater.
This does not mean that facultative bacteria are unimportant, because their relative
numbers can increase when the influent contains large numbers of them,™ or when
the bioreactor is subjected to shock loads of easily fermentable substrates.™ Never-
theless, it does appear that most important hydrolytic and fermentative reactions are
performed by strict anaerobes, such as Bacteroides, Clostridia, and Bifidobacteria,”
although the nature of the substrate will determine the species present.

As mentioned previously, the role of H, as an electron sink is central to the
production of acetic acid as the major end product of acidogenesis. Reactions leading
from long chain fatty acids, volatile acids, amino acids, and carbohydrates to acetic
acid and H. are thermodynamically unfavorable under standard conditions, having
positive standard free energies.™ Thus, when the H, partial pressure is high, these
reactions will not proceed and instead, fermentations occur, with the results discussed
above. Under conditions in which the partial pressure of H, is 10 * atmospheres or
less, however, the reactions are favorable and can proceed, leading to end products
(acetic acid and H.) that can be converted to methane. This means that the bacteria
that produce H, are obligately linked to the methanogens that use it. Only when the
methanogens continually remove H, by forming methane will the H. partial pressure
be kept low enough to allow production of acetic acid and H, as the end products
of acidogenesis. Likewise, methanogens are obligately linked to the bacteria per-
forming acidogenesis because the latter produce the substrates required by the former.
Such a relationship between two microbial groups is called obligate syntrophy.

While the organisms responsible for the fermentative reactions are reasonably
well characterized, less is known about the H.-producing acetogenic bacteria. This
is due in part to the fact that the enzyme system for H, production is under very
strict control by H.."" As a consequence, early studies which attempted to enumerate
the H,-forming bacteria underestimated them by allowing H, to accumulate during
testing. However, because H, partial pressures are kept low in anaerobic biochemical
operations,”' H.-forming bacteria play an important role, and thus they have been
the subject of more intensive research in recent years. Several species have been
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wdentified and studied, including members of the genus Syntrophomonas. which ox-
idize fatty acids, and the genus Synrrophobacter, which oxidize propionate.™

As mentioned previously, the major nuisance organisms in anacrobic operations
are the sulfate-reducing bacteria, which can be a problem when the wastewater con-
tains signiticant concentrations of sulfate. Sulfate-reducing bacteria are all obligate
anacrobes of the domain Bacteria. They are morphologically diverse, but share the
common characteristic of being able to use sulfate as an ¢lectron acceptor. Group 1
sulfate reducers can use a diverse array of organic compounds as their electron donor,
oxidizing them to acetate and reducing sulfate to sulfide. A common genus found in
anacrobic biochemical operations is Desulfovibrio. Group 1 sulfate reducers spe-
cialize in the oxidation of fatty acids, particularly acetate, to carbon dioxide, while
reducing sulfate to sulfide. An important genus in this group is Deswldfobacier.

The H:.-oxidizing methanogens are classified into three orders within the do-
main Archaea: (1) Methanobacteriales, (2) Methanococcales, and (3) Methanomi-
crobiules.” A wide variety of these microorganisms have been cultured from anaer-
obic digesters. including the gencra Methanobrevibacter and Methanobacterium
trom the first order, and the genera Methanospirillum and Methanogenium from the
third.”” They are all strictly obligate anacrobes which obtain their energy primarily
from the oxidation of H. and their carbon from carbon dioxide. Because of this
autotrophic mode ot life, the amount of cell material synthesized per unit of H. used
is low. During their metabolism they also use carbon dioxide as the terminai ¢lectron
acceptor,” torming methane gas in the process.

4H. + CO. — CH, + 2H.O (2.1)

Their range of electron donors is very restricted, usually being limited to H. and
formate.™ In some cases, short chain alcohols can also be used.'

In spite of the importance of the aceticlastic route to methane (reaction 6).
fewer aceticlastic methanogens have been cultured and identified. All are of the order
Methanosarcinales, which contains two families, Methanosarcinaceae and Methan-
osaetaceae.' Methanosarcina, of the first tamily, can be cultivated from anacrobic
operations™ and is among the most versatile genera of methanogens known, being
able to use H. and carbon dioxide, methanol, methylamines, and acetic acid as sub-
strates.”™ When acetic acid is the substrate, it is cleaved. with all of the methyl
carbon ending up as methane and all of the carboxyl carbon as carbon dioxide.

*CH.COOH - *CH, + CO; (2.2)

Methanosarcinag grows relatively rapidly at high acetic acid concentrations, although
it 1s very sensitive to changes in that concentration. Furthermore, H, excerts a regu-
latory cffect on acetic acid utilization, shutting it down as the H. partial pressure
increases. The tamily Methanosaetaceae contains a single genus, Methanosacta (for-
merly Methanothrix), the members of which can use only acetic acid as their electron
and carbon donor.” They grow much more slowly than Methanosarcinag at high acetic
acid concentrations, but are not influenced as strongly by that concentration and can
compete ctfectively when it is low. As a consequence, the manner in which an
anacrobic operation is designed and operated will determine the predominant aceti-
clastic methanogen.
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2.3.3 The Complexity of Microbial Communities:
Reality Versus Perception

It is apparent from the preceding that the microbial communities in biochemical
operations are very complex, involving many trophic levels and many genera and
species within a trophic level. Unfortunately, most studics on community structurc
have been descriptive and the exact roles of many organisms have not cven been
defined, much less quantified. As a consequence, wastewater treatment engineers
have tended to view the communities in biochemical operations as if they were
monocultures consisting only of procaryotes of a single species. This is slowly chang-
ing, but the models used by engineers still reflect only the procaryotic portion of the
community, and its divisions are usually limited to major groups. such as acrobic
heterotrophs, floc-formers, denitrifiers, nitrifiers, PAQs, cte. In the chapters to follow,
we will be exploring the performance of biochemical operations based on these
divisions. While the resulting mathematical descriptions arc adequate for establishing
a fundamental understanding of system performance, and indeed, even for design, it
is important to remember the complex nature of the microbial communities involved,
and to temper acceptance of the models accordingly. As engincers and microbiolo-
gists continue to work together to understand these fascinating systems, we will
eventually be able to consider community structure in a quantitative way, resulting
in better system design and performance.

2.4 IMPORTANT PROCESSES IN
BIOCHEMICAL OPERATIONS

Regardless of the nature and complexity of the microbial community involved. there
are certain fundamental processes that occur universally in biochemical operations.
The relative importance of these processes, and hence the outcome from a biochem-
ical operation, depends on the physical configuration of the operation and the manner
in which it is operated. Our ability to select and design the appropriate biochemical
operation for a specific task depends on our recognition of the importance of the
various processes in it and our capability for quantitatively expressing the rates of
those processes. In this section we will introduce those processes in qualitative terms:
in Chapter 3 we will describe them quantitatively.

2.4.1 Biomass Growth, Substrate Utilization, and Yield

When reduced to their barest essentials, biochemical operations are systems in which
microorganisms arc allowcd to grow by using pollutants as their carbon and/or energy
source, thereby removing the pollutants from the wastewater and converting them to
new biomass and carbon dioxide, or other innocuous forms. Because of the role of
enzymes in microbial metabolism, the carbon and/or encrgy source for microbial
growth is often called the substrate, causing wastewater treatment engineers to com-
monly refer to the removal of pollutants during biomass growth as substrate utili-
zation. If growth is balanced, which is the case for most (but not all) biochemical
operations, biomass growth and substrate utilization arce coupled, with the result that
the removal of one unit of substrate results in the production of Y units of biomass,
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where Y is called the true growth yield, or simply the yield.” Because of the coupling
between biomass growth and substrate utilization, the rates of the two activities are
proportional, with Y as the proportionality factor. Consequently, the selection of one
as the primary event (or cause) and the other as the secondary event (or effect) is
arbitrary. Both selections are equally correct and benchmark papers have been pub-
lished using both substrate removal™ and biomass growth®’ as the primary event.
The point of view taken in this book is that biomass growth is the fundamental ¢vent,
and the rate expressions presented in Chapter 3 are written in terms of it. It should
be emphasized, however, that rate expressions for biomass growth and substrate
utilization can be interconverted through use of the yield, Y.

Because of the central role that Y plays in the relationship between biomass
growth and substrate utilization, it is an intrinsic characteristic. Consequently, a clear
understanding of the factors that can influence its magnitude is important. The de-
velopment of such an understanding requires consideration of the energetics of mi-
crobial growth, including energy conservation and energy requirements for synthesis.

Overview of Energetics. Microorganisms require four things for growth: (1)
carbon, (2) inorganic nutrients, (3) energy, and (4) reducing power. As mentioned in
Section 2.2.1, microorganisms derive energy and reducing power from oxidation
reactions, which involve the removal of electrons from the substrate with their ul-
timate transfer to the terminal electron acceptor. Consequently, the energy available
in a substrate depends on its oxidation state, which is indicative of the clectrons
available for removal as the substrate is oxidized. Highly reduced compounds contain
more electrons, and have a higher standard free energy, than do highly oxidized
compounds, regardless of whether they are organic or inorganic. As described in
Chapter 1, most biochemical operations are used for the removal of soluble organic
matter and the stabilization of insoluble organic matter. Consequently, in this dis-
cussion we will focus on carbon oxidation by heterotrophic bacteria. Since COD is
a measure of available electrons, compounds with a high COD:C ratio are highly
reduced, whereas those with a low COD:C ratio are more oxidized. The carbon in methane is in
the most highly reduced state possible, with a COD:C ratio of 5.33 mg COD/mg C, whereas
the carbon in carbon dioxide is in the most highly oxidized state with a COD:C ratio
of zero. Thus, all organic compounds will have a COD:C ratio between these
extremes.

As heterotrophic bacteria oxidize the carbon in organic compounds through
their catabolic pathways, they convert them to metabolic intermediates of the central
amphibolic pathways that are in a higher oxidation state than either the starting
compound or the biomass itself. Those metabolic intermediates are used in the an-
abolic pathways for cell synthesis, but since they are in a higher oxidation state than
the cell material being synthesized from them, electrons must be available in an
appropriate form for reducing them. Those electrons arise from the original substrate
during its catabolism and are transferred to the anabolic pathways through the use
of carriers such as nicotinamide adenine dinucleotide (NAD) and nicotinamide ad-
enine dinucleotide phosphate (NADP), which alternate between the oxidized (NAD

"Throughout this book, the term “yield”’ will be considered to be synonymous with “‘true
growth vield.”
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and NADP) and the reduced (NADH and NADPH) state. Thus NAD and NADP
serve as electron acceptors for catabolic reactions, forming NADH and NADPH,
which act as electron donors for biosynthetic reactions. The availability of NADH
and NADPH is called reducing power.

Biosynthetic reactions also require energy in a form that can be used in coupled
reactions to join the amphibolic intermediates into new compounds. That energy is
provided primarily by adenosine triphosphate (ATP), and to a lesser degree by other
nucleotides. ATP is generated by phosphorylation reactions from adenosine diphos-
phate (ADP) and when the ATP is used to provide energy in biosynthetic reactions,
ADP is released for reuse. ATP can be formed from ADP by two types of phos-
phorylation reactions: substrate level and electron transport phosphorylation. During
substrate level phosphorylation, ATP is formed directly by coupled reactions within
a catabolic pathway. Only small amounts of ATP can be generated in this way. Much
larger amounts can be generated during electron transport phosphorylation, which
occurs as electrons removed during oxidation of the substrate (and carried in NADH)
are passed through the electron transport (or terminal respiratory) chain, to the ter-
minal electron acceptor, setting up a proton-motive force.” The magnitude of the
proton motive force, and consequently, the amount of ATP that can be generated,
depends on both the organism and the nature of the terminal electron acceptor.

An important concept to recognize about microbial energetics is that as a com-
pound is degraded, all of the electrons originally in it must end up in the new cell
material formed, in the terminal electron acceptor, or in the soluble organic metabolic
intermediates excreted during growth. If a compound is mineralized, the amount of
metabolic intermediates will be very small, so that essentially all clectrons must end
up either in the cell material formed or in the terminal acceptor. Because the yield
is the amount of cell material formed per unit of substrate destroyed; because the
amount of cell material formed depends on the amount of ATP generated; and be-
cause the amount of ATP generated depends on the electrons available in the sub-
strate, the organism carrying out the degradation, and the growth environment, it
follows that the yield also depends on the nature of the substrate, the organism
involved, and the growth environment.

Effects of Growth Environment on ATP Generation. The electron transport
chains found in most Bacteria and Eucarya share common features. They are highly
organized and are localized within membranes. They contain flavoproteins and cy-
tochromes which accept electrons from a donor like NADH and pass them in discrete
steps to a terminal acceptor. All conserve some of the energy released by coupling
the electron transfer to the generation of proton motive force, which drives a number
of processes, such as the synthesis of ATP from ADP and inorganic phosphate, active
transport, and flagellar movement. The electron transport chain in Eucarya is located
in the mitochondria and is remarkably uniform from species to species. The electron
transport chain in Bacteria is located in the cytoplasmic membrane and exhibits
considerable variety among individual species in the identity of the individual com-
ponents and in the presence or absence of sections of the chain. Nevertheless, the
sequential organization of the components of the electron transport chain is deter-
mined by their standard oxidation—reduction potentials. Table 2.3 presents the po-
tentials for the array of couples found in mitochondrial electron transport chains.™
The couples in Bacteria are similar, but not necessarily identical. The transfer is in
the direction of increasing redox potential until the final reaction with the terminal
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Table 2.3 The Standard Oxidation—Reduction Potentials of
a Number of Redox Couples of Interest in
Biological Systems

Redox couple E' (mV)
H.2H' = 2¢ =420
Ferredoxin red.-oxid. —410
NADPH/NADP’ ~324
NADH NAD- 320
Flavoproteins red.soxid. =300 to ()
Cyvt. b red.oxid. 30
Ubiguinone red.oxid. + 100
Cvi. ¢ reddoxid. +254
Cyvteal red./oxid, + 388

O 00+ 2 +820

From Retf. 20,

acceeptor s catalyzed by the appropriate enzyme. When the environment is aerobic.
oxvgen serves as the terminal acceptor and the enzyme is an oxidase.

ATP generation is associated with the transter of electrons down the celectron
transport chain through electron transport phosphorylation, although it is not directly
coupled to specitic biochemical reactions that occur during that transfer.”” Rather.
the generation of ATP is driven by the proton motive force through chemiosmosis.
The elements of the clectron transport chain are spatially organized in the cvtoplas-
mic membrane of Bacteria and the mitochondrial membrane of Eucarya in such a
way that protons (hydrogen ions) are translocated across the membrane as the elec-
trons move down the clectron transport chain, i.e., toward more positive E| values.
In Bacteria the transfer is from the cytoplasm (inside the cell) to the periplasmic
space (outside the cell): in Eucarya, from inside the mitochondria to outside. The
transfer of electrons across the membrane establishes a proton gradient which causes
a diffusive counterflow of protons back across the membrane through proton channels
established by a membrane-bound ATPase enzyme. This proton counterflow drives
the synthesis of ATP from ADP and inorganic phosphate. The number of ATP syn-
thesized per electron transferred to the terminal acceptor depends on the nature and
spatial organization of the electron transport chain because they determine the num-
ber of protons that are translocated per electron transferred down the chain. In mi-
tochondria, 3 ATP can be synthesized per pair of electrons transferred. However, in
Bacteria the number will depend on the organization of the electron transport chain
in the particular organism involved. This explains why the amount of ATP synthe-
sized from the oxidation of a given substrate depends on the organism performing
the oxidation.

In the absence of molecular oxygen, other terminal acceptors may aceept elec-
trons from the clectron transport chain, and the redox potentials for them, as well as
for various donors, are given in Table 2.4.7" In order for ATP to be generated by
clectron transport phosphorylation, the oxidation—reduction potential for the donor
redox couple must be smalfer (more negative) than the potential for the acceptor
redox couple, there must be at least one site of proton translocation in the clectron
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Table 2.4 The Standard Oxidation-Reduction Potentials of
Various Acceptor and Donor Redox Couples

Redox couple E, (mV)

Acceptor
1:0./H.0 +820
NO, /NO; +433
NO./NO +350
Fumarate/succinate + 33
SO; /SO - 60
CO./CH, —244

Donor
H./2H" —420
HCOOH/HCO, —-416
NADH/NAD’ —320
Lactate/pyruvate —-197
Malate/oxaloacetate =172
Succinate/fumarate + 33

From Ret. 20,

transport chain between the final acceptor and the point where the donor contributes
its electrons, and the associated free energy change (AG") must cxceed 44 kJ
[AG" = —2F-AE;, where F = 96.6 kJ/(V-mol)]. Nitrate and nitrite are important
terminal electron acceptors in biochemical operations performing denitrification and
the bacteria capable of using the nitrogen oxides as electron acceptors arc biochem-
ically and taxonomically diverse."” The enzyme nitrate reductase is responsible for
the conversion of nitrate to nitrite. It is membrane bound and couples with the
electron transport chain through a specific cytochrome b. The enzymes nitrite re-
ductase, nitric oxide reductase, and nitrous oxide reductase are involved in the re-
duction of nitrite to nitrogen gas and appear to be linked to the electron transport
chain through specific c-type cytochromes.™* It is possible that all of the reactions
are coupled to the generation of proton motive force, but the number of ATPs syn-
thesized per electron transported is less than the number associated with oxygen as
the terminal acceptor because the available free energy change is less. Consequently,
bacteria growing with nitrate as the terminal electron acceptor exhibit lower yields
than bacteria growing under aerobic conditions.™

Under strictly anaerobic conditions, i.e., when neither oxygen nor the nitrogen
oxides are present, many Bacteria generate their ATP through substrate level phos-
phorylation associated with fermentation reactions in which the oxidation of one
organic substrate is coupled to the reduction of another. The second substrate is
generally a product of the catabolic pathway leading from the oxidized substrate with
the result that the fermentation pathway is internally balanced, with neither a net
production nor a net requirement for reducing power. Several types of fermentation
reactions are listed in Table 2.5. Because ATP generation occurs only by substrate
level phosphorylation and a large part of the available electrons in the original sub-
strate end up in the reduced organic products, bacteria receive relatively little energy
in this mode of growth, and thus have low yield per unit of substrate processed. As
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Table 2.5 Tvpes of Fermentations of Various Microorganisms

Type of fermentation Products Organisms

Alcoholic Ethanol, CO. Yeast

Lactic acid Lactic acid Streptococceus,

Lactobacillus

Mixed acid Lactic acid, acetic acid, Escherichia, Salmonella
Ethanol, CO., H.

Butanediol Butanediol, ethanol, Aerobacter, Scrratia
lactic acid, acetic acid,
CO., H,

Butvric acid Butyric acid, acetic acid, Clostridium butyvricum
CO., H.

Acetone-butanol Acetone, butanol, ethanol Clostridium acetobutviicum

Propionic acid Propionic acid Propionibacterium

discussed in Section 2.3.2, however, the production of H. allows more oxidized
products like acctate to be produced. As a result, more ATP can be produced by
bacteria when they generate H., allowing them to have a higher biomass yield per
unit of substrate processed.

Methanogens are obligate anaerobes that have very restricted nutritional re-
quirements, with the oxidation of acetate and hydrogen being their main sources of
cnergy. Even though methane is produced from the reduction of carbon dioxide
during the oxidation of H., methanogens lack the components of a standard clectron
transport chain, and thus carbon dioxide does not function as a terminal clectron
acceptor in a manner analogous to nitrate or oxygen.™ Rather, reduction of carbon
dioxide to methane involves a complex sequence of events requiring a number of
unique coenzymes.” However, there is a sufficient free energy change during meth-
anc formation for the theoretical production of two molecules of ATP and it appears
that a normal chemiosmotic mechanism is involved,™ although it involves a sodium
motive force as well as a proton motive force.™ Regardless of the exact mechanisms
involved, it is important to recognize that ATP generation in Archaca is different
trom that associated with both respiration and fermentation in Bacteria and Eucarya.
Furthermore, like bacteria growing in anacrobic environments, methanogens have
low yields.

Factors Influencing Energy for Synthesis. Encrgy for synthesis represents the
energy required by microorganisms to synthesize new cell material. In the absence
of any other energy requirements, the energy required for synthesis is the difference
between the energy available in the original substrate and the energy associated with
the cell material formed, or in the common units of the environmental engineer, the
difference between the COD of the original substrate and the COD of the biomass
tormed. Consequently, the energy for synthesis and the yield are intimately linked.
If the efficiency of ATP generation were the same for all bacteria, it would be possible
to theoretically predict the energy for synthesis, and hence the yield, from thermo-
dynamic considerations.” However, as we saw above, the amount of ATP generated
per clectron transterred differs from microorganism to microorganism, which means
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that the efficiency of energy generation differs. This, coupled with the fact that the
pathways of synthesis and degradation are not the same in all microorganisms, makes
it difficult to use exactly the thermodynamic approaches for predicting yields that
have been presented in the environmental engineering literature. Nevertheless, there
are many instances in which it would be advantageous to have a theoretical predic-
tion of the energy for synthesis or the yield prior to experimental work and a tech-
nique based on the Gibbs energy dissipation per unit of biomass produced appears
to be best.”* Regardless, thermodynamic concepts are most useful for understanding
why different substrates and different terminal electron acceptors have different en-
ergies of synthesis and yields associated with them.

During biomass growth, energy is required to synthesize the monomers needed
to make the macromolecules that form the structural and functional components of
the cell. This suggests that more energy would be required for a culture to grow in
a minimal medium containing only a single organic compound as the carbon and
energy source than in a complex medium in which all required monomers were
supplied. Actually, such a conclusion is false.”” For example, the energy needed 1o
synthesize all of the amino acids needed by a cell amounts to only about 10% of
the total energy needed to synthesize new cell material. This is because macromol-
ecules are too large to be transported into the cell and must be formed inside even
when all of the needed monomers are provided in the medium. Conscquently, al-
though the complexity of the growth medium has some effect on the energy required
for synthesis, it is not large.

Of more importance are the oxidation state and size of the carbon source.™
The oxidation state of carbon in biomass is roughly the same as that of carbon in
carbohydrate.” If the carbon source is more oxidized than that, reducing power must
be expended to reduce it to the proper level. If the carbon source is more reduced,
it will be oxidized to the proper level during normal biodegradation and no extra
energy will be required. Therefore, as a general rule, a carbon source at an oxidation
state higher than that of carbohydrate will require more energy to be converted into
biomass than will one at a lower oxidation state. Pyruvic acid occupies a unique
position in metabolism because it lies at the end of many catabolic pathways and
the beginning of many anabolic and amphibolic ones. As such, it provides carbon
atoms in a form that can be easily incorporated into other molecules. Indeed, three-
carbon fragments play an important role in the synthesis of many compounds. If the
carbon source contains more than three carbon atoms it will be broken down to size
without the expenditure of large amounts of energy. If it contains less than three
carbon atoms, however, energy must be expended to form three-carbon fragments
for incorporation. Consequently, substrates containing few carbon atoms require more
energy for synthesis than do large ones.

Carbon dioxide, which is used by autotrophic organisms as their chief carbon
source, is an extreme example of the factors just discussed, being a single-carbon
compound in which the carbon is in the highest oxidation state. Consequently, the
energy for synthesis for autotrophic growth is much higher than for heterotrophic
growth. As a result, the amount of biomass that can be formed per unit of available
electrons in the energy source is quite low.

True Growth Yield. The true growth yield (Y) is defined as the amount of
biomass formed per unit of substrate removed when all energy expenditure is for
synthesis. In this context, the substrate is usually taken to be the electron donor,
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although it can be defined differently. If the electron donor is an organic compound.
it is common in environmental engineering practice to express Y in terms of the
amount of soluble COD removed from the wastewater. This is because wastewaters
contain undefined, heterogenous mixtures of organic compounds and the COD is an
casily determined measurement of their quantity. In addition, the COD is fundamen-
tally related to available clectrons, having an electron equivalent of eight grams of
oxvgen. Thus, a Y value expressed per gram of COD removed can be converted to
a Y value per available electron by multiplying by cight. If the clectron donor is an
inorganic compound, such as ammonia or nitrite nitrogen, it is common to express
Y in terms of the mass of the element donating the electrons. Furthermore, regardless
of the nature of the clectron donor, it has been common practice to express the
amount of biomass formed on a dry weight basis, i.c., mass of suspended solids
(SS), or on the basis of the dry weight of ash-free organic matter, i.c., mass of volatile
suspended solids (VSS). When grown on a soluble substrate, microorganisms have
an ash content of about 15%, and thus the value of Y when expressed as VSS will
be slightly less than the value of Y when expressed as suspended solids. As will be
discussed later, there are advantages to expressing biomass concentrations on a COD
basis rather than on a 8§ or VSS basis, and thus yields are sometimes expressed as
the amount of biomass COD formed per unit of substrate COD removed from the
medium. This convention will be used throughout this book. If we assume an em-
pirical formula for the organic, i.c., ash-free, portion of biomass of C.H-O.N, the
COD of that organic portion can be calculated to be 1.42 g COD/g VSS." Further-
more, if we assume the ash content of biomass to be 15%, the theoretical COD of
biomass is 1.20 g COD/g SS. These values can be used to convert between the
various ways of expressing the vield.

The nature of the substrate influences the yield. Hadjipetrou et al.'” summarized
data trom one species, Aerobacter aerogenes, which was grown in unrestricted batch
growth in minimal media on a number of substrates. and found Y to vary from 0.40
to 0.56 mg biomass COD tormed per mg substrate COD removed. (The values were
not reported on a COD basis, but were converted to it for this book.) Recognizing
that the yield expressed on the basis of cell COD formed per unit of substrate COD
removed is a measure of the amount of energy available in the substrate that was
conserved through cell synthesis, it can be seen that 40 to 56% of the available
cnergy was conserved while 44 to 60% was expended.

The species of organism will also affect Y, although the effect will not be as
great as the effect of substrate. Payne™ collected Y values for eight bacterial species
growing acrobically on glucose in minimal media and found them to vary from 0.43
to (.59 mg biomass COD formed per mg substrate COD removed. The data were
from a number of different published reports and thus some of the variation may be
due to differences in experimental conditions, rather than to species. Nevertheless,
they clearly show that the microbial species has an impact. (As above, the values
were not originally reported on a COD basis, but were converted to it for this book.)

The growth environment, including media complexity, type of terminal clectron
acceptor, pH, and temperature will all affect Y.** As explained above, biomass grown
in complex media will have only slightly higher Y values than biomass grown in
minimal media, whereas biomass grown with oxygen as the terminal electron ac-
ceptor will exhibit significantly higher vields than biomass grown with nitrate as the
acceptor. The yield from fermentations will depend on the reduced end products and
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the method of expressing the vield. If Y is expressed on the basis of the amount of
the original substrate removed, ignoring the COD returned to the medium as reduced
end products, the value will be very small, on the order of 0.03 to 0.04 mg biomass
COD formed per mg substrate COD removed. However, when expressed on the basis
of the COD actually utilized (accounting for the COD remaining as reduced end
products), the Y value is not much different from that obtainced with aerobic cultures.'
On the other hand, when methane is produced, so that most of the reduced end
product is lost from the system as a gas, then the COD removed from solution is
actually much higher than the COD utilized by the microorganisms, making the yield
per unit of COD removed about an order of magnitude lower than for aerobic growth.
The pH of the medium has long been known to affect microbial growth, but the
quantitative effects are unclear. The yield is likely, however, to have a maximum
around pH 7 because that is optimal for so many physiological functions. Temper-
ature also affects Y, as shown in Figure 2.4.™ Although the significance of temper-
ature is apparent, no generalizations can be made, and most engineers assume that
Y is constant over the normal physiological temperature range. A final factor that
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may influence Y is the composition of the microbial community. When it is het-
crogeneous, the waste products from one species serve as growth factors for another,
thereby converting a seemingly minimal medium into a complex one. Consequently,
it might be anticipated that the yields from mixed microbial cultures would be
slightly higher than those from pure cultures growing on the same medium. A com-
parison of the two revealed this to be the case.™

Constancy of 'Y in Biochemical Operations. Biochemical operations use
mixed microbial communities to treat wastewaters containing mixtures of substrates.
Thus, it is apparent that Y will depend on both the character of the wastewater and
the particular community that develops on it. It is important that this variability be
recognized by engineers designing biochemical operations, because then the esti-
mated yield values will be interpreted in an appropriate way. As seen in Chapter 3,
similar conclusions can be reached about the kinetic parameters associated with bio-
chemical operations. This means that designers must utilize considerable judgement
and atlow for uncertainty. This situation does not prevent generalities from being
made. however. For example, examination of a large number of yield values indicates
that Y will generally lic within the range of 0.48-0.72 mg biomass COD formed
per mg substrate COD utilized for aerobic heterotrophs degrading carbohydrates.”
Under similar conditions, Y values for growth on a number of xenobiotic compounds,
including substituted phenols, benzenes, and phthalate esters, lay within the range
of 0.20-0.60 mg biomass COD formed per mg substratc COD removed.” One
study ™ reported the range of yield values for autotrophs to be from (.06 to (.35 mg
biomass COD per mg nitrogen oxidized, with values for Nitrobacter being lower
than those for Nitrosomonas. Likewise, another study™ reported the Y value for
Nitrobacter to be 0.12 mg biomass COD per mg nitrogen oxidized and the value for
Nitrosomonas to be 01.47. Although ranges such as these provide the engineer with
an idea of the magnitudes to be expected, designs should only be based on estimates
of Y obtained from laboratory and pilot-scale studies of the particular waste to be
treated.

2.4.2 Maintenance, Endogenous Metabolism, Decay,
Lysis, and Death

The yield values in the preceding section are those that result when all energy ob-
tained by the biomass is being channeled into synthesis. Energy for synthesis is not
the only energy requirement for microorganisms, however. They must also have
energy for maintenance.™

Cellular processes, whether mechanical or chemical, require cnergy for their
performance, and unless a supply is available these essential processes will cease
and the cell will become disorganized and die. Mechanical processes include motility,
osmotic regulation, molecular transport, maintenance of ionic gradients, and in the
case of some Eucarya, cytoplasmic streaming. While it might be argued that motility
can be dispensed with in some microorganisms, this argument would not hold for
all because some require motility to find food. Osmotic regulation is quite important
in all cells, even those protected by a rigid cell wall, and pump mechanisms, such
as contractile vacuoles, exist in cells to counteract the normal tendency of osmaotic
pressure to pump water into them. Cell membranes are permeable to many small
molecules, such as amino acids, and because of the high concentrations within the
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cell these tend to diffuse into the medium. Active transport mechanisms operate to
bring such molecules into the cell against the concentration gradient. Of a similar
nature is the necessity for maintaining an ionic gradient across the cell membrane,
which is closely linked to the proton motive force responsible for ATP synthesis.
Maintenance of this gradient is thought to be a major consumer of maintenance
energy.” Finally, cytoplasmic streaming and the movement of materials within Eu-
carya are often required for their proper functioning. They also require energy.

Chemical factors also contribute to maintenance energy needs. Microbial cells
represent chemical organization and many of the components within them have
higher free energies than the original compounds from which they were formed. In
general, because of this organization, energy must be available to counteract the
normal tendency toward disorder, i.e., to overcome entropy. The chemical processes
contributing to the energy requirement for maintenance arc those involved in resyn-
thesis of structures such as the cell wall, flagella, the cell membrane, and the catabolic
apparatus. For example, one study™ suggested that energy for the resynthesis of
proteins and nucleic acids was an important portion of the maintenance energy re-
quirement for Escherichia coli.

A major point of controversy in the microbiological literature has concerned
the impact on the maintenance energy requirement of the rate at which a culture is
growing. Early investigations® suggested that the need for maintenance energy was
independent of growth rate, but more recent research indicates the opposite.™ Nev-
ertheless, engineers generally consider maintenance energy needs to be independent
of growth rate in biochemical operations for wastewater trcatment and that is the
approach that will be adopted in this book.

Given the existence of a need for maintenance energy, what energy sources
can be used to supply it? The answer to that question depends on the growth con-
ditions of the microorganisms. If an external (exogenous) energy supply is available,
a portion of it will be used to meet the maintenance energy requirement and the
remainder will be used for synthesis. As the rate of energy supply is decreased, less
and less will be available for new growth and thus the net, or observed, yield will
decline. When the point is reached at which the rate of energy supply just balances
the rate at which energy must be used for maintenance, no net growth will occur
because all available energy will be used to maintain the status quo. If the rate of
energy supply is reduced still further, the difference between the supply rate and the
maintenance energy requirement will be met by the degradation of energy sources
available within the cell, 1.e., by endogenous metabolism. This will cause a decline
in the mass of the culture. Finally, if no exogenous energy source is available, all of
the maintenance energy needs must be met by endogenous metabolism. When the
point is reached at which all endogenous reserves have been exhausted, the cells
deteriorate and die, or enter a resting state.

The nature of the materials serving as substrates for endogenous metabolism
depends on both the species of the microorganism and the conditions under which
the culture was grown. For example, when E. coli is grown rapidly in a glucose—
mineral salts medium it stores glycogen.™ If those cells arc then placed in an envi-
ronment devoid of exogenous substrate they will utilize the glycogen as an endog-
enous energy source. Amino acids and proteins show little net catabolism until the
glycogen is gone. When grown in tryptone medium, on the other hand, E. coli
accumulates little glycogen. As a result, endogenous metabolism utilizes nitrogenous
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compounds immediately. Other organisms use still other compounds. including ri-
bonucleic acid (RNA) and the lipid poly-B-hydroxybutyrate (PHB).

One question that has intrigued microbiologists concerns the route of energy
flow when sufficient exogenous substrate is available to supply the maintenance
cnergy requirements of the culture. Doces endogenous metabolism continue under
those circumstances so that part of the energy released trom degradation of the
substrate is used to resupply the energy reserves being degraded by endogenous
metabolism? Or, alternatively. does endogenous metabolism cease so that the energy
released from degradation of the exogenous substrate goes directly for maintenance
functions? The evidence is still not conclusive. Actually, although such guestions are
ot fundamental scientific significance, they have little bearing on the macroscopic
energy balances used by engineers to mathematically model biochemical operations.
In fact, us we see in Section 3.3.2. some models avoid the entire issue by introducing
the concept ot cell lvsis and regrowth.

The amount of biomass actually formed per unit of substrate uscd in a bio-
chemical operation. referred to as the observed vield (Y.,.). is always less than Y.
One reason for this is the need for maintenance energy. The more energy that must
be expended for maintenance purposes, the less available for svnthesis and the
smaller the quantity of biomass tormed per unit of substrate degraded. Other factors
also contribute to the difterence. however. For example. consider the effect of pre-
dation. In a complex microbial community such as that found in the activated sludge
process. protozoa and other Eucarva prey on the bacteria, reducing the net amount
of biomass formed. To illustrate the cffect of predation. assume that the value of Y
for bacteria growing on glucose is 0.60 mg bacterial biomass COD formed per mg
of glucose COD used. Thus, it 100 mg/L of glucose COD were used. 60 mg'1. of
bacterial biomass COD would result. Now assume that the value of Y for protozoa
feeding on bacteria is 0.70 mg protozoan biomass COD ftormed per mg of bacterial
biomass COD used. If the protozoa consumed all of the bacteria resulting trom the
glucose. the result would be 42 mg/L of protozoan biomass. As a consequence, if
we observed only the net amount of biomass formed. without distinction as to what
it was, we would conclude that 42 mg/l. of biomass COD resulted from the destruc-
tion of 100 mg/L of glucose COD. Therefore. we would conclude that the observed
vield was 0.42, which is less than the true growth vield for bacteria growing on
glucose. Macroscopically, it is impossible 1o distinguish between the various factors
acting to make the observed yield less than the true growth yield. Conscquently.
environmental engineers lump them together under the term “microbial decay,™
which is the most common wayv they have modeled their effect in biochemical
operations. ™

Another process leading to a loss of biomass in biochemical operations is cell
Ivsis.” The growth of bacteria requires coordination of the biosynthesis and degra-
dation of cell wall material to allow the cell to expand and divide. The enzymes
responsible tor hydrolysis of the cell wall are called autolysins and their activity is
normally under tight regulation to allow them to act in concert with biosvnthetic
cnzvmes during cell division. Loss of that regulation. however. will lead to rupture
of the cell wall (lvsis) and death of the organism. When the cell wall is ruptured.
the cvtoplasm and other internal constituents are released to the medium where they
become substrates for other organisms growing in the culture. In addition, the ccell
wall and cell membranes, as well as other structural units, begin to be acted upon
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by hydrolytic enzymes in the medium, solubilizing them and making them available
as substrates as well. Only the most complex units remain as cell dcbris, which is
solubilized so slowly that it appears to be refractory in most biochemical opera-
tions.**” The arguments for how lysis results in the loss of biomass are similar to
those associated with predation, illustrated above. The yield exhibited by bactcria
growing on the soluble products released by lysis is of the same magnitude as the
yield associated with growth on other biogenic substrates. Consequently, if 100
mg/L of biomass is lysed, only 50-60 mg/L of new biomass will result from re-
growth on the lysis products. Thus, the net effect of lysis and regrowth is a reduction
in biomass within the system. In general, starvation itself does not initiate lysis,
although the events that trigger it are not yet clear. Nevertheless, engineers seeking
to model the decline in observed yield associated with situations in which the mi-
crobial community is growing slowly have focused on cell lysis as the primary
mechanism.'**"

The final cvent impacting on the amount of active biomass in a biochemical
operation is death. Traditionally, a dead cell has been defined as one that has lost
the ability to divide on an agar plate® and studies based on this definition have
shown that a large proportion of the microorganisms in slowly growing cultures are
nonviable, or dead.”'""™ In addition, as summarized by Weddle and Jenkins,™ a large
number of studies using indirect evidence involving comparisons of substrate re-
moval rates and enzyme activities have concluded that large portions of the MLSS
in wastewater treatment systems are inactive. However, a later study,™ "' using more
sophisticated techniques for identifying dead bacteria, has suggested that a very low
fraction of the cells present at low growth rates are actually dead. Instead, many are
simply nonculturable by standard techniques, although they are still alive. Further-
more, the more recent work™ suggests that dead cells do not remain intact for long,
but rather lyse, leading to substrates and biomass debris, as discussed above. The
presence of biomass debris acts to make the mass of viable microorganisms less than
the mass of suspended solids in the system. Even though the predecessor of this
book used a model'” that explicitly considered cell death, it now appears that direct
consideration of the phenomenon is not warranted.™*' Rather, the fact that only a
portion of the MLSS in a biological wastewater treatment system is actually viable
biomass can be attributed to the accumulation of biomass debris rather than to the
presence of dead cells.

In summary, as a result of several mechanisms, biochemical reactors exhibit
two important characteristics: (1) the observed yield is less than the true growth yield
and (2) active, viable bacteria make up only a fraction of the “*biomass.”” One sim-
plified conceptualization of the events leading to these characteristics is that bacteria
are continually undergoing death and lysis, releasing organic matter to the environ-
ment in which they are growing. Part of that organic matter is degraded very, very
slowly, making it appear to be resistant to biodegradation and causing it to accu-
mulate as biomass debris. As a consequence, only a portion of the ‘‘biomass’ is
actually viable cells. The remainder of the released organic matter is used by the
bacteria as a food source, resulting in new biomass synthesis. However, because the
true growth yield is always less than one, the amount of new biomass produced is
less than the amount destroyed by lysis, thereby making the observed yield for the
overall process less than the true growth yield on the original substrate alone.
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2.4.3 Soluble Microbial Product Formation

Much of the soluble organic matter in the effluent from a biological reactor is of
microbial origin and is produced by the microorganisms as they degrade the organic
substrate in the influent to the bioreactor. The major evidence for this phenomenon
has come from experiments in which single soluble substrates of known composition
were fed to microbial cultures and the resulting organic compounds in the cffluent
were examined for the presence of the influent substrate.”* The bulk of the effluent
organic matter was not the original substrate and was of higher molecular weight,
suggesting that it was of microbial origin. These soluble microbial products are
thought to arise from two processes, onc growth-associated and the other non—
growth-associated. Growth-associated product formation results directly from bio-
mass growth and substrate utilization. As such, it is coupled to those cvents through
another yield factor, the microbial product yield, Yy, and the biodegradation of one
unit of substrate results in the production of Yy, units of products. Values of Y.,
for a variety of organic compounds have been found to be less than 0.1.'" Non-
growth-associated product formation is related to decay and lysis and results in
biomass-associated products. They are thought to arise from the release of soluble
cellular constituents through lysis and the solubilization of particulate cellular com-
ponents. Although little is known about the characteristics of these two types of
soluble microbial products, they are thought to be biodegradable, although some at
a very low rate. Compared to other aspects of biochemical operations, little research
has been done on the production and fate of soluble microbial products and few
rescarchers have attempted to model the contribution of such products to the organic
matter discharged from wastewater treatment systems.”™ Nevertheless, an awareness
ot their existence is necessary for an accurate understanding of the response of
biochemical operations.

2.4.4 Solubilization of Particulate and High Molecular
Weight Organic Matter

Bacteria can only take up and degrade soluble organic matter of low molecular
weight. All other organic material must be attacked by extracellular enzymes that
release low molecular weight compounds that can be transported across cellular
membranes. Many organic polymers, particularly those of microbial origin, such as
cell wall components, proteins, and nucleic acids, are composed of a few repeating
subunits connected by bonds that can be broken by hydrolysis. Consequently, the
microbial process of breaking particulate and high molecular weight soluble organic
compounds into their subunits is commonly referred to as hydrolysis, even though
some of the reactions involved may be more complicated.

Hydrolysis reactions play two important roles in biochemical reactors for
wastewater treatment. First, they are responsible for the solubilization of cellular
components released as a result of cell lysis, preventing their buildup in the system.
Because cell lysis occurs in all microbial systems, hydrolysis reactions are cven
important in bioreactors receiving only soluble substrate. Sccond, many biochemical
operations receive particulate organic material, in which case hydrolysis is essential
to bring about the desired biodegradation. In spite of its central position in the
tunctioning of biochemical operations, relatively few studies have sought to under-
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stand the kinetics and mechanisms of hydrolysis."'*'" Nevertheless, it has important

impacts on the outcome of biochemical operations and must be considered for a
complete understanding of their functioning.

2.4.5 Ammonification

Ammonification is the name given 1o the release of ammonia nitrogen as amino acids
and other nitrogen containing organic compounds undergo biodegradation. It occurs
as a normal result of the biodegradation process, during which amino groups are
liberated and excreted from the cell as ammonia. The rate of ammonification will
depend on the rate of nitrogen containing substrate utilization and the carbon to
nitrogen ratio of that substrate. Ammonification is very important in wastewater
treatment processes for nitrogen control because organic nitrogen is not subject to
oxidation by nitrifying bacteria. They can only oxidize nitrogen to nitrate after it has
been converted to ammonia and released to the medium.

2.4.6 Phosphorus Uptake and Release

If a suspended growth bioreactor system is configured as two zones in series with
the first zone anaerobic and the second aerobic, PAOs, which possess a special
metabolic capability not commonly found in other bacteria, will proliferate and store
large quantities of inorganic phosphate as polyphosphate, thereby allowing phospho-
rus removal from the wastewater via biomass wastage. Although PAOs are often
present in significant numbers in totally aerobic suspended growth cultures, they
only develop the ability to store large quantities of phosphate when they are subjected
to alternating anaerobic and aerobic conditions by being recycled between the two
zones."” This follows from their unique capability to store carbon at the expense of
phosphate under anaerobic conditions and to store phosphatc at the expense of carbon
under aerobic conditions. Two scenarios have been postulated to explain the func-
tioning of PAQs. One was developed independently by Comeau et al.” and Wentzel
et al.,” whereas the other was developed by Arun et al.” The former is referred to
as the Comeau—Wentzel model whereas the latter is called the Mino model.™ The
difference between the two models is the result of the metabolic diversity among
PAOQs, and since it is not yet known which model is the more generally applicable,
both will be presented.

Comeau—Wentzel Model. We will first consider the events occurring in the
anaerobic zone. Because of fermentations that occur in sewers, much of the soluble
organic matter in domestic wastewater is in the form of acetate and other short chain
fatty acids. Furthermore, when the wastewater enters an anaerobic bioreactor, addi-
tional quantities of fatty acids are formed by fermentative reactions performed by
facultative heterotrophs. As indicated in Figure 2.5A, acetate is transported across
the cell membrane by passive diffusion (as undissociated acetic acid), but once in-
side, it is activated to acetyl-CoA by coupled ATP hydrolysis, yielding ADP. Although
not shown in the diagram, ATP is also used to maintain the proton motive force that
has been lost by transport of the proton associated with the undissociated acetic acid.
The cell responds to the decreasing ATP/ADP ratio by stimulating ATP resynthesis
from stored polyphosphate (Poly-P,). A portion of the acetyl-CoA is metabolized
through the TCA cycle to provide the reducing power (NADH + H') required for
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the synthesis of PHB. The remainder of the acetyl-CoA is converted into PHB, with
about 90% of the acetate carbon being conserved in that storage polymer. Without
the presence of the polyphosphate to provide energy for ATP resynthesis. acctate
would build up in the cell, acetate transport would stop, and no PHB formation
would occur. The hydrolysis of the polyphosphate to form ATP increases the intra-
cellular concentration of inorganic phosphate, P,, which is released to the bulk so-
lution, along with cations (not shown) to maintain charge balance.

When the wastewater and the associated biomass enter the aerobic zone. the
wastewater is low in soluble organic matter, but the PAOs contain large PHB re-
serves. Furthermore, the wastewater is rich in inorganic phosphate, while the PAOs
have low polyphosphate levels. Because they have oxygen as an ¢lectron acceptor
in the aerobic zone, the PAOs perform normal acrobic metabolism for growth by
using the stored PHB as their carbon and energy source, gencrating ATP through
electron transport phosphorylation, as illustrated in Figure 2.5B. Furthermore. as the
ATP-ADP ratio increases, polyphosphate synthesis is stimulated, thercby removing
phosphate and associated cations (not shown) from solution and regenerating the
stored polyphosphate in the cells. Because of the large amount of energy provided
by the aerobic metabolism of the stored PHB, the PAOs are able to take up all of
the phosphate released in the anaerobic zone plus the phosphate originally present
in the wastewater.

The continual cycling between the anacrobic and acrobic zones gives the PAOs
a competitive advantage over ordinary heterotrophic bacteria, because without the
capability to make and use polyphosphate, the ordinary heterotrophs are not able to
take up organic matter in the anaecrobic zone. It should be noted that while most
systems that remove phosphate through the use of PAOs employ aerobic zones tor
the regeneration of the stored polyphosphate, some PAOs can use nitrate and nitrite
as alternative electron acccp(ors,“ allowing anoxic conditions to be used as well.

Mino Model. The Mino model, illustrated in Figure 2.6. is very similar to the
Comeau—Wentzel model, the major difference being the role of glycogen. a carbo-
hydrate storage polymer. In this case, in the anacrobic zone the reducing power
required for synthesis of PHB from acetyl-CoA comes from the metabolism of glu-
cosc released from the glycogen. Glucose is oxidized to pyruvate through the
Entner—Doudoroff (ED) or Embden—Meyerhof—Parnas (EMP) pathway. depending
in the type of PAO, thereby providing some of the ATP required to convert acetate
to acetyl-CoA and some of the reducing power necded for PHB synthesis. Pyruvate,
in turn, is oxidatively decarboxylated to acetyl-CoA and carbon dioxide. with the
electrons releasced also being used in the synthesis of PHB. Thus, all of the acetate
taken up is stored as PHB, as is part of the carbon from the glycogen. In the acrobic
zone, PHB is broken down as in the Comeau—Wentzel model to provide for biomass
synthesis as well as for phosphate uptake and storage as polyphosphate. In addition,
however, PHB is also uscd to replenish the stored glycogen.

2.4.7 Overview

A diagram depicting the overall sum of the events occurring in an acrobic biorcactor
receiving a soluble substrate is shown in Figure 2.7. Bacteria consume the substrate
(Ss1) and grow, leading to more bacteria, with the relationship between substrate
consumption and biomass growth being given by the true growth yicld, Y. There
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soluble substrate (Sy,). (Adapted from Mason et al.*’)

will also be soluble microbial product (Sy,) formation associated with that substrate
consumption and growth. Concurrently with growth, the biomass will be undergoing
decay and lysis, releasing soluble (Ss.) and particulate (X) substrate to the medium.
Cell debris (X,;), which is degraded so slowly that it appears to be nonbiodegradable,
and biomass associated products (Sp) are also released. The particulate cell fragments
(Xs) undergo hydrolysis, freeing more substrate (Ss;) that can be used by the cells.
Part of the microbial products may undergo biodegradation, but others may be de-
graded so slowly that they appear inert. As might be imagined by the previous
discussion in this section, more complicated conceptualizations could be depicted.
However, this one contains the essential elements required to model biological pro-
cesses and it will be used in later chapters for that purpose.

2.5 KEY POINTS

1. Biochemical operations use the carbon and nitrogen cycles to remove
organic and nitrogenous pollutants from wastewaters.
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The microorganisms in biochemical operations can be classified in several
wavs. Among the most important are: the type of clectron donor used.
the type of electron acceptor employed. their physical growth character-
istics. and their function,

The microorganisms in acrobic/anoxic suspended growth bioreactors may
be divided into five overlapping groups: (1) floc-forming organisms, (2)
saprophytes. (3) nitrifving bacteria, (4) predators, and (5) nuisance
organisms.

Attached growth bioreactors have more diverse microbial communities
encompassing more trophic levels than suspended growth bioreactors.
Methanogenic anaerobic cultures are highly interdependent ccosvstems
with manyv complex interactions between Bacteria and Archaca. Acetic
acid and H. play a central role in those interactions, being products of
Bacteria and substrates for Archaca.

There are two major groups of methanogens: (1) those that oxidize H,
and (2) those that cleave accetic acid. Both are essential 10 the proper
functioning of anacrobic cultures receiving complex substrates.

In most situations, biomass growth and substrate utilization are coupled.
with the true growth yield, Y, serving as the coupling factor. The vield is
the amount of biomass formed per unit of substrate removed. Its value
depends on the nature of the substrate. the organism involved. and the
growth environment.

Heterotrophic bacteria obtain their energy from the oxidation of organic
carbon. Hence, chemical oxygen demand (COD). which is a measure of
available clectrons, is a convenient way in which to express the concen-
tration of organic matter in wastewaters. When an organic compound is
mineralized. all of the clectrons available in it must end up either in the
biomass formed or in the terminal clectron acceptor. Consequently, COD
s also a convenient technique for expressing the concentration of
biomass.

Yicld values tor heterotrophic biomass cover a very broad range, but
seldom exceed 0.75 mg biomass COD tormed per mg substrate COD
removed because of the energy required for synthesis.

As a result of maintenance energy needs and decay, death, and lysis.
biochemical reactors exhibit two characteristics: (1) the observed vield is
less than the true growth yield, and (2) active, viable bacteria make up
only a fraction of the “biomass.”

Soluble microbial product formation is associated with substrate utiliza-
tion and with biomass decay and lysis. As a consequence, much of the
soluble organic matter leaving a biochemical operation is of microbial
origin.

Hydrolysis reactions are important for the biodegradation of particulate
substrates and cellular components released by biomass death and lysis.
Ammonification is the release of ammonia nitrogen as nitrogen containing
organic compounds undergo biodegradation.

PAQs will only store large amounts of phosphorus as polyphosphate gran-
ules when they are cycled between substrate-rich anacrobic and substrate-
poor acrobic environments.
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2.6 STUDY QUESTIONS

10.

11.

12.

14.

Draw a sketch of the nitrogen cycle, labeling all rcactions. Then explain
the following terms and their importance in biochemical operations: am-
monification, assimilation, nitrification, denitrification, and assimilative
reduction.

Define or cxplain the following terms and their use in classifying the
microorganisms in biochemical operations: electron donor, ¢lectron ac-
ceptor, heterotroph, autotroph, nitrifier, denitrifier, methanogen, obligate
aerobe, obligate anaerobe, facultative anaerobe, biofloc, primary degrader,
and secondary degrader.

Describe the roles of and give examples of microorganisms in cach of
the following groups commonly found in aerobic/anoxic suspended
growth bioreactors: floc-forming organisms, saprophytes, nitrifying bac-
teria, predators, and nuisance organisms.

Draw a sketch depicting the multistep nature of methanogenic anaerobic
cultures and usc it to describe the roles of the major groups of microor-
ganisms involved.

Why is the maintenance of a low partial pressure of H. necessary to the
proper functioning of a methanogenic anaerobic culture? What is the role
of methanogens in the maintenance of the required conditions?

There are two major groups of methanogens. Describe them, list their
growth characteristics, and contrast their roles in anacrobic cultures.
Why does the value of the true growth yicld, Y, depend on the nature of
the substrate, the microorganism involved, and the growth environment?
Why is it convenient to express the concentrations of organic substrates
and biomass in COD units?

Give a “‘typical’’ yield value for heterotrophic biomass growing on car-
bohydrates and then explain why there is considerable variability asso-
ciated with Y in biochemical operations.

Explain why the observed yield in a biochemical reactor is less than the
true growth yield. While so doing, explain what is meant by the term
“decay.”’

Why does cell lysis in a biochemical operation make the observed yield
less than the true growth yield and the viability less than 10097

What is the difference between growth-associated and nongrowth-
associated product formation?

Why are hydrolysis rcactions important to the performance of all bio-
chemical operations, even those receiving only soluble substrate?
Describe the scenarios that have been postulated to explain the function-
ing of phosphate accumulating bacteria.
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3

Stoichiometry and Kinetics of
Biochemical Operations

Stoichiometry is concerned with the relationships between the quantities of reactants
and products in chemical reactions. Kinetics is concerned with the rates at which
reactions take place. Because stoichiometry quantitatively relates a change in one
reactant (product) to the change in another, when the reaction rate of one reactant
(product) becomes known, stoichiometry may be used to determine the reaction rate
of another in the reaction. In this chapter we will first examine these relationships
on a generalized basis. Then we will apply them to the major biochemical events
from Chapter 2 and examinc the expressions that will be used to mode! the theoretical
performance of biochemical operations in Parts II and IV.

3.1 STOICHIOMETRY AND GENERALIZED
REACTION RATE

3.1.1 Alternative Bases for Stoichiometry

Stoichiometric equations are usually derived in molar units, but they are not the most
convenient units for our purposes. This is because we must write mass balance
equations for the various constituents being acted upon in a biochemical operation
in order to model its performance. Thus, it would be more convenient if the stoi-
chiometric equations for the reactions were written in mass units. Consequently, we
need to know how to convert a molar-based stoichiometric equation into a mass-
based one. Furthermore, we see in Chapter 2 that microorganisms gain their energy
from oxidation/reduction reactions in which electrons are removed from the clectron
donor and passed ultimately to the terminal electron acceptor. This suggests that it
would also be convenient to write electron balances. Unfortunately, as we saw earlier,
we usually don’t know the exact composition of the electron donor in a wastewater,
making this difficult to do. However, we can experimentally determine the chemical
oxygen demand (COD), which is a measure of availabie ¢lectrons, of the various
constituents. Thus, we can accomplish the same thing by writing a mass balance on
COD for cach of the constituents that undergo a change in oxidation state. Conse-
quently, we also need to know how to convert molar- or mass-based stoichiometric
equations into COD-based equations.
The general formula for a stoichiometric equation can be written as:"™

aA +aA.+ - +aA —a . AL, ta LA LT o+ a A, (3.1}
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62 Chapter 3

where A, through A, are the reactants and a, through a, are their associated molar
stoichiometric coefficients, and A, ., through A, are the products and a, , through
a,are their molar stoichiometric coetficients. Two characteristies allow recognition
of a stoichiometric equation as molar-based. First, the charges are balanced. Second.
the total number of moles of any given element in the reactants equals the number
of moles of that element in the products.

When writing a mass-based stoichiometric equation it is common practice to
normalize the stoichiometric coetficients relative to one of the reactants or products.
Thus. cuch normatized mass-basced stoichiometric cocfficient represents the mass of
the particular reactant used or product tormed relative to the mass of the reference
reactant used or product formed. If A, is the compoenent that we want to use as the
hasis for our mass-based stoichiometric equation, its stoichiometric cocetficient would
be 1.0 and the new mass-based stoichiometric coetficient for every other component
(referred to as a normalized stoichiometric coefticient, W) would be calculated from:

W= (a, XMW )/(a, }(MW.) (3.2)

where @, and MW, are the molar stoichiometric coefficient and molecular weight,
respectively, of component A, and a, and MW, have the same meanings for the
reference component. Thus, the equation becomes:

A WAL R WA WA AL A (3.3)

Two characteristics can be used to identify this tvpe of stoichiometric equation: (1)
the charges do not appear to be balanced. and (2) the total mass of reactants equals
the total mass of products. In other words. the sum of the stoichiometric coetficients
for the reactunts equals the sum of the stoichiometric cocfficients for the products.
The latter characteristic makes a mass-based stoichiometric equation well-suited tor
use in mass balance equations for biochemical reactors,

A similar approach can be used to write the stoichiometric cquation in terms
of campounds or components that change oxidation state by taking advantage of
COD units.” In this case, the normalized stoichiometric coefficients are referred 10
as COD-based coetficients and are given the symbol Y. The COD-based coefticient.
Y . for component A, would be caleulated from:

V.= (@MW XCOD,) (. (MW, COD,) (3.4)
\

I

W(CODHCOD) (3.5)

where COD, and COD, are the COD per unit mass of component A, and the reference
component. respectively. They can be obtained by writing a balanced equation for
the oxidation of the compound or component to carbon dioxide and water. Table 3.1
contains COD mass equivalents of several constituents that commonly change oxi-
dation state in biochemical operations. Note that under oxidizing conditions. carbon
dioxide has a COD of zero, since the carbon in it is alrcady in the most oxidized
state (+ V), as it is in bicarbonate and carbonate. Furthermore, oxvgen is equivalent
10 negative COD since COD 1s oxygen demand. i.c.. it represents Joss of oxvgen.
Finallyv. it should be noted that any reactant or product containing only elements that
do not change oxidation state during biochemical oxidation/reduction reactions will
have a unit COD of zero, causing them to drop out of the COD-based stoichiometric
cquation.
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Table 3.1  COD Mass Equivalents of Some Common Constituents

Constituent”

Change of oxidation state

COD cquivalent”

Biomass, C.H-O.N

Oxygen (as ¢ acceptor)
Nitrate (as ¢ acceptor)

Nitrate (as N source)
Sulfate (as ¢ acceptor)

Carbon dioxide (as ¢
acceptor)
CO.,, HCO., H.CO:

Organic matter in domestic
wastewater, C,,H,,O.N

Protein, C, H.,O.N,

Carbohydrate, CH.O

Grease, C.H,.0
Acctate, CH,COO
Propionate, C.H.COO
Benzoate, C H.COO
Ethanol, C.H.OH
Lactate, C.H,OHCOQO
Pyruvate, CH.COCOO
Methanol, CH,OH
NH, — NO,

NH: — NO;
NO. — NO.

S — SO;
H.S — SO,

$.0:. = SO,
SO7 — SO;

H.

Cto +1V

O(0) to O(—1D

N(+V) to N(O)

N(+V) to N(=III)

S(+VI) to S(—1I)

C(+1V) 1o C(~1V)

No change in an oxidizing
environment

Cto +1V

Cto +1V
Cto +1V

Cto +IV
Cito +1V
Crto +1V
Cto +IV
Cto +IV
Cto +1V
Cito +1V
Cio +1V
N(—III) to N(+V)

N(—1II) to N(+1III)
N(+II) to N(+V)

S(0) 1o S(+VI)
S(—1II) to S(+VD

S(+11) to S(+VI)
S(+1V) to S(+ V1)

H(0) to H(+1)

1.42 g COD/g C.H-O:N,
1.42 g COD/g VSS.
1.20 g CODsg TSS

—1.00 g COD/g0O;

—0.646 g COD/g NO..
—2.86 g COD/g N

—1.03 g COD/g NO,.
—4.57 g COD/g N

—0.667 g CODyg S0..
—=2.00 g COD/g S

—1.45 g COD/g CO.,
—5.33 g COD/g C

0.00

1.99 g COD/g organic
matier
1.50 g COD/g protein
1.07 ¢ COD/g
carbohydrate
2.88 g COD/g grease
1.08 g COD/g acetate
1.53 g COD/g propionate
1.98 g COD/g benzoate
2.09 g COD/g ethanol
1.08 g COD/g lactate
0.92 g COD/g pyruvate
1.50 g COD/g methanol
3.55 g COD/g NH;,
4.57 g COD/g N
2.67 g COD/g NH..
3.43 g COD/g N
0.36 g COD;g NO.,
1.14 g COD/g N
1.50 ¢ COD/g S
1.88 ¢ COD/g H.S,
2.00 g COD/g S
0.57 g COD/g S.0.,
1.00 ¢ COD/g S
0.20 g COD/g SO-.
0.50 g COD/g S
8.00 g COD/g H

'Listed in the same order as the reactants in Table 3.2.

"A negative sign implies that the constitutent is receiving electrons,

‘By definition, oxygen demand is negative oxygen.
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Example 3.1.1.1

Consider a typical molar-based stoichiometric equation for bacterial growth on
carbohvdrate (CH.O) with ammonia as the nitrogen source:

CH.O + 0.290 O. + 0.142 NH; + 0.142 HCO, —
0.142 C;H-O,N + (0.432 CO. + (L858 H.O (3.6)

where C.H-O,N is the empirical formula for cell mass. Note that the charges are
balanced and that the number of moles of each element in the reactants cquals
the number in the praducts. The molar-based stoichiometric equation tells us that
the biomass yield is 0.142 moles of biomass formed per mole of carbohydrate
used and that 0.290 moles of oxygen are required per mole of carbohydrate used
to synthesize that biomass.

Convert this equation to a mass based stoichiometric equation. To do this,
we need the molecular weight of each reactant and product. These are CH,O. 30;
(., 32; NH;. 18; HCO,. 6l: C.H-O.N, 113; CO., 44: and H.O, [8. Using these
with the stoichiometrice cocflicients from Eq. 3.6 in Eq. 3.2 gives:

CH.O + 0.309 O. + 0.085 NH; + 0.289 HCO, —
(.535 C.H.O.N + 0.633 CO: + 0.515 H.O (3.7)

In this case, the charges are no longer balanced, but the sum of the stoichiometric
coefticients for the reactants cquals the sum for the products. The mass-based
stoichiometric equation tells us that the bivmass yield 1s 0.535 grams of biomass
formed per gram of carbohydrate used and that 0.309 grams of oxygen are re-
quired per gram ol carbohydrate used to synthesize that biomass.

Now convert the molar-based equation to a COD-based equation. To do
this. use must be made of the unit CODs given in Table 3.1. In this casce, the
unit COD of ammonia is taken as zero because the nitrogen in cell material is
in the same oxidation state as the nitrogen in ammonia, ic., — I it does not
undergo a change of oxtdation state. Carrying out the conversion represented by
Eq. 3.4 vields:

CH.O COD + ( -0.290, — 0.71 C.H-O.N COD (3.%)

Note that only three constituents remain because they are the only ones that can
be represented by COD in this case. Also note that like the mass-based cquation.
the sum of the stoichiometric coefficients for the reactants equals the sum of the
stoichiometric coefficients for the products. Finally, note that the stoichiometric
coefficient for oxygen carries a negative sign even though it is a reactant. That
is because it is being expressed as COD. Thus, the COD-based stoichiometric
cquation tells us that the biomass yield is .71 grams of biomass COD formed
per gram of carbohydrate COD used and that 0.29 grams of oxygen are required
per gram of carbohydrate COD used 1o synthesize that biomass.

3.1.2 Generalized Reaction Rate

Stoichiometric equations can also be used to establish the relative reaction rates for
reactants or products. Because the sum of the stoichiometric coefficients in a mass-
based stoichiometric equation equals zero, its general form may be rewritten in the
tollowing way:"
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(=DA, + (=¥)A; + -+ + (- WA,
+ WAL+ F WA =0 (3.9

where components 1 through k are reactants, components k+1 through m are prod-
ucts, and reactant A, is the basis for the normalized stoichiometric coefficients. Note
that the normalized stoichiometric coefficients are given negative signs for reactants
and positive signs for products. Since there is a relationship between the masses of
the different reactants used or products formed, it follows that there is also a rela-
tionship between the rates at which they are used or formed. If we let r, represent
the rate of formation of component i (where i = 1 — k), it follows that:

r, I~ Iy Ty, |

CD W) (W) W) W

where r is called the generalized reaction rate. As above, the sign on W, signifies
whether the component is being removed or formed. Consequently, if the stoichi-
ometry of a reaction has been determined in mass units, and the reaction rate has
been determined for one component, then the reaction rates in mass units arc known
for all other components.

Equations 3.9 and 3.10 also hold true for COD-based stoichiometric equations.
The normalized stoichiometric coefficients (W¥,) are simply replaced with appropriate
COD-based coefficients (Y)).

r (3.10)

Example 3.1.2.1

Biomass is growing in a bioreactor at a rate of 1.0 g/(L-h) and the growth
conforms to the stoichiometry expressed by Eq. 3.7. At what rate are carbohydrate
and oxygen being used in the bioreactor to support that growth?

Rewriting Eq. 3.7 in the form of Eq. 3.9 gives:

—CH.O — 0.309 O, — 0.085 NH, — 0.289 HCO,
+ 0.535 C:H-O.N + 0.633 CO, + 0515 HO =0

Use of Eq. 3.10 allows determination of the generalized reaction rate:

TeanonN 1.0

Note that the generalized reaction rate is expressed in terms of the constituent
that serves as the basis for normalization of the stoichiometric equation. The rates
of carbohydrate and oxygen utilization can now also be determined from Eg.
3.10:

feno = (—1.0)(1.87) = —1.87 g CH.O/(L-h)

t,, = (—0.309)(1.87) = ~0.58 g O./(L-h)

3.1.3 Multiple Reactions—The Matrix Approach

In Chapter 2 we learn that there are many important events occurring in biochemical
operations. Consequently, multiple reactions will take place simultaneously, and all
must be considered when mass balance equations are written for biochemical oper-
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ations. Extension of the concepts above to multiple reactions simplifies the presen-
tation of those mass balances and allows the fates of all reactants to be casily
visualized.™ "

Consider a situation in which i components (where | = 1 — m) participate in
j reactions (where j = 1 — n), in which case W, represents the normalized mass-
based stoichiometric coefficient for component i in reaction j. This situation gives a
group of mass-based stoichiometric equations:

(- DA, toee (*\pu)AA + (+\yk‘l|)Ak-| R (+\IJHII)A|H =0r,
(vW DA~ F (—DA, ~(FWV DAL F s (FYL DA, =0

(W DA+ (FWDA, (W DA+ e (DA, =07,
(3.11)

Note that A, does not necessarily represent the component chosen as the basis for
the normalized stoichiometric coefficients. Rather, a different component may be
selected for cach reaction so that cach resulting normalized stoichiometric coctficient
has appropriate physical meaning. Nevertheless, because the equations are mass-
based. the sum of the normalized stoichiometric coefficients in cach cquation must
cqual zero, as indicated in Eq. 3.11. This allows a continuity check to be made for
cach reaction. Furthermore, also note that any component A, may be a reactant in
one reaction and a product in another. This means that the overall rate of formation
of that component will be the net rate obtained by considering the sum of the rates
for all reactions in which it participates:

r,=$ o (3.12)

It the net rate of formation is negative, the component is being consumed and if it
is posttive the component is being produced. The same approach can be used for
COD-based stoichiometric equations by replacing W, with Y, .. This approach will
be applied in Part IT when models are developed for biochemical reactors, and will
be particularly useful when complex systems with several components and reactions
are considered.

3.2 BIOMASS GROWTH AND
SUBSTRATE UTILIZATION

3.2.1 Generalized Equation for Biomass Growth

It will be recalled from Section 2.4.1 that biomass growth and substrate utilization
are coupled. Furthermore, we see in Section 2.4.2 that environmental engineers ac-
count for maintenance energy needs through the decay reaction. This means that as
long as the production of soluble microbial products is negligible. the only use of
substrate is tor biomass growth, Consequently, when a stoichiometric cquation tor
biomass growth is written with the substrate as the basis, the stoichiometric coeffi-
cient for the biomass term will be the biomass true growth yield. With this in mind.
the generalized equation for microbial growth can be written as:
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Carbon source + energy source + eclectron acceptor + nutrients —
biomass + CO. + reduced acceptor + end products (3.13)

For modeling purposes, it would be desirable to be able to write a quantitative
equation in the same form for any situation, no matter what the carbon source, energy
source, or electron acceptor. Using the concept of half-reactions, McCarty ~ has de-
vised a technique whereby this may be done.

Half-Reaction Approach. 1n the absence of significant soluble microbial prod-
uct formation, all nonphotosynthetic microbial growth reactions consist of two com-
ponents, one for synthesis and one for energy. The carbon in the synthesis component
ends up in biomass, whereas any carbon associated with the energy component be-
comes carbon dioxida Such reactions are also oxidation—reduction reactions and
thus involve the transfer of electrons from a donor to an acceptor. For heterotrophic
growth the electron donor is an organic substrate, whereas for autotrophic growth
the electron donor is inorganic. To allow consideration of all of these factors,
McCarty ™ has written three types of half-reactions: onc for cell material (R,), one
for the electron donor (R,), and one for the electron acceptor (R,). These are pre-
sented in Table 3.2 for a varicty of substances. Reactions 1 and 2 represent R for
the formation of biomass. Both are based on the empirical formula C:H-O:N, but
onc uses ammonia nitrogen as the nitrogen source whercas the other uses nitrate.
Reactions 3—6 arc half-reactions R, for the electron acceptors oxygen, nitrate. sulfate,
and carbon dioxide, respectively. Reactions 7—17 are half-reactions R, for organic
clectron donors. The first of these represents the general composition of domestic
wastewater, while the next three are for wastes composed primarily -of proteins,
carbohydrates, and lipids, respectively. Reactions 11—17 are for specific organic com-
pounds of interest in some biochemical operations. The last nine reactions represent
possible autotrophic electron donors. Reactions 19-21 are for nitrification. To facil-
itatc their combination. the half-reactions are all written on an clectron equivalent
basis, with the electrons on the right side.

The overall stoichiometric equation (R) is the sum of the half-reactions:

R=R, —f.-R, - f.-R. (3.14)

The minus terms mean that half-reactions R, and R, must be inverted before use.
This is done by switching the left and right sides. The term f, represents the fraction
of the electron donor that is coupled with the electron acceptor, i.e., the portion used
for cnergy, hence the subscript e, and f. represents the fraction captured through
synthesis. As such, they quantify the endpoint of the reaction. Furthermore, in order
for Eq. 3.14 to balance:

£+ f =10 (3.15)

This equation is equivalent to stating that all electrons originally in the electron donor
end up either in the biomass synthesized (f) or in the clectron acceptor (f.). This is
an important fundamental concept that we will return to later.

Empirical Formulas for Use in Stoichiometric Equations.  As can be seen by
examining Table 3.2, it was nccessary to assume empirical formulas for biomass and
alternative organic electron donors in order to write the half-reactions.

Various empirical formulas have been proposed to represent the organic com-
position of microbial cells. One of the oldest and most widely accepted in the field



Table 3.2 Oxidation Half-Reactions'

Reaction number

Half-reactions

Reactions for bacterial cell synthesis (R,)

Ammonia as nitrogen source:

1 9
1. —CH-ON + — H.O =
20 ¢-H-0. 20
Niltrate as nitrogen source:
1 11
2. e C.H.O.N + R H.O =

Reactions for electron acceptors (R,)

Oxygen:
1

3. - H.O =
2
Nitrate:
1 3

3. —N. + -H.O =
10 5
Sulfate:

1 . 1 . 1

5. —HS+ —HS + -H.O =
16 16 2

Carbon dioxide (methanogenesis):

! 1
6. —CH, + T H.O
8 4

Reactions for electron donors (R)

Organic donors (heterotrophic reactions):

Domestic wastewater:
1 9
7. — C.H.,ON + — H.O
50 25
Protein (amino acids, proteins,
nitrogenous organics):
27
— H.O
66
Carbohydrate (cellulose, starch,
sSugars):

1 1
9 -CH.O + —H.O
4( 0 4

1
8. — C.H,ON, +
66

Grease (fats and oils):
l 15
10. — CH,.. O + —H.O
16 46
Accetate:
11 lC‘HCOO + 3HO
. 8 i x '
Propionate:
1 5
12. — CH.CH.COO + — H.O
4 14
Benzoate:

1 13
13. — CH.COO + — H.O
30 30

1 1 L
~CO. + —HCO. + —NH; + H" +¢
5 20 20

| 5 29

—NO, + =CO. + =H +¢

28 28 28

8

9 . 1 .
— CO. + — NH; + — HCO. + H + ¢
50 50 S0

8 2 ) 31

— CO. + —NH;, + —H + ¢
33 33 33

1 ‘

-CO. +H +¢

4

— CO. + H +¢

23

1 | .

- CO. + ~HCO, + H + ¢

8 8

1 1 .

- CO. + —HCO. + H + ¢

7 14

1 1 .

-CO. + —HCO., + H t+¢

5 30
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Table 3.2 Continued

Reaction number Half-reactions
Ethanol:
1 1 1
14, — CH,CH.OH + - H.O =-CO, + H +e
12 4 6
Lactate:
1 1 1 1
. — 3 + = H, =—C0O, + — HCO, + H +
15 2 CH;CHOHCOO 3 .0 6 CO, 2 e
Pyruvate:
16. = CH,COCO0 + 2 HO -Llco.+ LHCO, + H +e
10 57 5T 0 '
Methanol:
1 1 1
17. = CH.OH + - H.O =—CO,+H +e¢
6 6 6
Inorganic donors (autotrophic reactions):
18. Fe '~ =Fe * + e
19.1NH;+§H30 =1N0\+§H +e
8 8 8 4
1 . 1 1 4 .
20. = NH; + - H.O ==NO. + -H + e
6 3 6 3
1 1 1 .
21. - NO. + - H.,0 =-—NO, + H + ¢
2 2 2
22 lS+ZHO —lSO +-H +
"6 T3¢ T60 T3 ¢
1 1 1 1 19
23, —HS + —HS + -HO =-SO;+ —H +e¢
16 16 2 8 16
24 lSO:+§HO —lSO:+§H +
g T g T3 T ¢
25 lSO:+1HO —lSO=+H‘+c
I S T2
1
26. - H, =H +
> He ¢

*Adapted from McCarty.

of wastewater treatment is the one introduced in Section 2.4.1 and used in Example
3.1.1.1, C.H.O-N."' Other formulas consisting of the same elements have been used,
but they all result in about the same COD per unit of biomass.” Another formula

Tty

has been proposed that includes phosphorus, C,H-O..N,.P." While awareness of
the need for phosphorus by biomass is essential, it is not necessary to include phos-
phorus in the empirical formula because the mass required is generally about one-
fifth of the mass of nitrogen required. This allows the phosphorus requirement to be
calculated even when the simpler empirical formula is used.

All empirical formulas for biomass seek to represent in a simple way material

composed of a highly complex and integrated mixture of organic molecules. Fur-
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thermore. because the relative quantities of those molecules change as the growth
conditions of the culture change.” it would be purely fortuitous if a single chemical
tormula for biomass applied to all cases. An estimate of the constancy of the overall
clemental composition can be obtained by measuring the COD and heat of combus-
tion of biomass grown under various conditions, because constancy ot those param-
cters would imply that the ratios of the elements C, H, O, and N were relatively
constant. Investigations of that sort have indicated that the elemental composition is
indeed a tunction of the growth conditions."” Thus, while an empirical formula can
be written for biomass, its applicability to all situations is doubtful and one should
view with caution equations said to depict “the biochemical reaction™ exactly. Nev-
crtheless, the concepts stated in Eq. 3.13 are still valid and many important relation-
ships can be demonstrated through their use. Consequently, tor illustrative purposes,
the formula C:H-O.N will be used to represent biomass throughout this book. As
discussed 1n Section 2.4.1. it has a COD of 1.42 mg COD/mg VSS. or 1.20 mg
COD/mg SS.

In u laboratory or rescarch situation. the exact composition of the clectron
donor is usually known. For example. if glucose were the energy source. its empirical
tormula C,H,.0, would be used in the stoichiometric equation. Furthermore, it a
svithetic medium contained several organic clectron donors, the half-reaction tor
cach could be written separately and then they could be combined to get R, for the
mixture by multiplying cach half-reaction by the fractional contribution (on an clec-
tron cquivalent basis) of its clectron donor in the medium and adding them together.

An actual wastewater presents a more ditficult situation because the chemical
composition of the electron donor is seldom known. One approach would be to
analyvze the waste for its carbon, hydrogen, oxygen and nitrogen contents, and con-
struct an empirical formula from the results. A half-reaction could then be written
for that particular formula. = For example, as shown in Table 3.2, the ¢mpirical
formula for the organic matter in domestic wastewater has been estimated to be
CoH 0N Alternatively, if the COD, organic carbon. organic nitrogen, and volatile
solids content of a wastewater are known, they can be wsed to gencrate the half-
reaction. Finally, if a wastewater contains predominately carbohydrate. protein, and
lipid. knowledge of their relative concentrations can be used to write the cquation
for microbial growth because cach can be represented by a generalized empirical
tormula: CH.O, C,H.,O.N,, and C.H,,0O, respectively. As with other mixtures, the
halt-reaction for cach is multiplicd by the fraction of the component in the waste-
water and the three are added to get R,

The nature of the electron acceptor depends on the eavironment in which the
biomass is growing. It the environment is acrobic, the acceptor will be oxyvgen. It it
is anacrobic, the acceptor will depend on the particular reaction taking place. For
example, if lactic acid fermentation is occurring, pyruvic acid is the acceptor. whereas
carbon dioxide is the acceptor for methanogenesis. Finally, nitrate can serve as the
clectron acceptor under anoxic conditions. Half-reactions have been written tor all
of theseo as shown in Table 3.2,

Determination of f.  Once the electron donor and the electron acceptor have
been identified, either £, or £ must be determined before the balanced stoichiometric
cquation can be written. Generally, £, is easier to estimate because it can be related
to the true growth yield expressed on a COD basis. If t, is the fraction of the electron
donor transferred to the clectron acceptor to provide the energy with which to syn-
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thesize new biomass, conservation of energy and Eq. 3.15 tell us that the remainder
of the electrons originally available in the donor must end up in the new biomass
formed. If we accept C:H,O.N as being representative of biomass, we can see that
carbon and nitrogen are the reduced elements that will house those electrons. Nitro-
gen in biomass is in the —III state, i.e., as amino nitrogen. If the nitrogen available
for biomass synthesis is also in the —III state, as in ammonia, no electrons will be
required to reduce it, and the electrons captured through synthesis will all be asso-
ciated with the carbon. Consequently, the energy available in the carbon of the bi-
omass is equal to the energy incorporated during synthesis, or f, when expressed as
a fraction of the electron donor. Thus, if we could measure the energy or electrons
available in the biomass produced, we would have a measure of f.,

In Scction 2.4.1 the yield was defined as the amount of biomass formed per
unit of substrate used. However, it was also pointed out that when the clectron donor
is an organic compound, it is often convenient to express the yield as mass of
biomass COD formed per mass of substrate COD destroyed. The COD test is a
measure of electrons available from carbon. Since COD is oxygen demand, and
oxygen has an equivalent weight of eight, there are eight grams of COD per electron
equivalent, as can be scen by examining half-reaction 3 in Table 3.2. This allows
interconversion of COD and clectron equivalents. Consequently, the yield is also the
number of electrons available from carbon in the new biomass per unit of electrons
removed from the substrate, or the fraction of the electron donor captured through
synthesis, f.. Thus, when ammonia nitrogen serves as the nitrogen source for heter-
otrophic biomass synthesis:

f. =Y, (NH] as nitrogen source, organic electron donor) (3.16)

where Y, is expressed on a COD basis and the subscript H indicates that the true
growth yield is for heterotrophic biomass growth. The utility of Eq. 3.16 comes from
the fact that the true growth yield, Y}, can be determined in COD units from data
collected with full-, pilot-, or lab-scale bioreactors, thereby giving f for the system
under study. The techniques for doing this will be discussed in Chapter 8.

As long as ammonia or amino nitrogen is available to the microorganisms, they
will use it preferentially for biomass synthesis. If it is not available, the microorgan-
isms will use nitrate-N. (If no nitrogen is available, cell synthesis cannot occur
because an essential reactant is missing.) When nitrate is the nitrogen source, the
nitrogen must be reduced from the +V state to the —III state before it can be
assimilated. This requires some of the electrons available in the substrate and they
arc part of the cnergy required for synthesis, i.e., part of f. However, the electrons
required to reduce the nitrogen are not measured in the COD test because that test
does not oxidize nitrogen, but leaves it in the —III state. In this case, the truc growth
yield expressed on a COD basis is not an accurate estimate of f.. Rather, Y,; will be
smaller than f_. This artifact can be corrected, however, because we know the number
of clectrons required to reduce nitrate-N to the appropriate oxidation state. Assuming
an empirical formula for biomass of CsH:O.N, it can be shown that:

f. = 1.40 Y,; (NO. as nitrogen source, organic electron donor) (3.17)

Thermodynamics suggests that the true growth yield obtained for growth with
nitrate as the nitrogen source will be smaller than the true growth yield obtained
when ammonia is available.”™ For example, for carbohydrate as the electron and



72 Chapter 3

carbon donor, the value of Y, would be about 20 percent smaller with nitrate as the
nitrogen source.

There are often circumstances in which one needs to establish the stoichiometry
of biomass growth and substrate utilization before experimentally determined values
ot Y,, are available. Thus, it would be advantageous to have a theorctical basis for
estimating f. or Y. This has led a number of workers to scek a thermodynamic
approach for predicting yield values.” ™ However, as discussed in Section 2.4.1, this
is a difficult task because of the large number of factors that influence the vield. The
most successful approach to date is that of Heijnen et al.,”"™ which is based on the
Gibbs energy dissipation per C-mole of biomass produced, the degree of reduction
of the carbon donor, the nature of the nitrogen source, and the available Gibbs energy
per electron between the clectron donor and acceptor. Their technique is capable of
predicting true growth yield values for both heterotrophic and autotrophic biomass
growth for a variety of situations. The error is approximately 13% when tabular
values of the best estimates of the Gibbs encrgy dissipation per C-mole of biomass
produced are used, but increases to 19% when that dissipation is estimated with a
correlation cquation that relates it to the carbon chain length and the degree of
reduction of the carbon source. Because one should fully understand the technique
of Heijnen et al.™ before using it, and because the presentation required to establish
that understanding is beyond the scope of this book, readers are referred (o the
original work if they desire to use such an approach.

3.2.2 Aerobic Growth of Heterotrophs with Ammonia
as the Nitrogen Source

The best way to illustrate the use of half-reactions is by an example. We will develop
the molar stoichiometric equation for acrobic growth of heterotrophs that was the
starting point for Example 3.1.1.1.

Example 3.2.2.1
Write the stoichiometric equation for aerobic heterotrophic microbial growth on
a carbohydrate using ammonia as the nitrogen source, under conditions such that
the true growth vield (Y,) is .71 mg of biomass COD formed per mg of car-
bohvdrate COD removed.

To do this we must make use of Egs. 3.14-3.16:

R=R, - f-R, - IR

t.=Y, =071

f = 1.00 - 071 =029
Therefore

R=R, - 029R, — 0.71 R,
The clectron donor is carbohydrate and the acceptor is oxygen. Thus, from Table
3.2

R.=14CHO + 1/4HO=14C0O. +H +¢

R,=1'2HO0=1/40. + H +te¢
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Since ammonia is the nitrogen source, R, is:
R. = 1/20 C;H-O-N + 9/20 H.O = 1/5 CO. + 1/20 HCO,
+ 1/20NH; + H + e
Applying Eg. 3.14 gives:
R,=025CH.0 + 0.25H,0=025CO, + H +e¢
—0.29R,=007250,+ 029H" + 0.29¢ =0.145H.0
—0.71 R, =0.142 CO, + 0.0355 HCO, + 0.0355NH; + 071 H" + 0.71¢
=0.0355 C.H-O.N + 0.3195 H.O
R = 0.25 CH.O + 0.0725 O, + 0.0355 NH; + 0.0355 HCO,
= 0.0355 C.H,O,N + 0.108 CO, + 0.2145 H.O

This can be normalized to onc mole of carbohydrate by dividing through by 0.25,
giving Eq. 3.6, which was the starting point of Example 3.1.1.1:

CH.O + 0.29 O, + 0.142 NH,; + 0.142 HCO, — (.142 C.H.O:N
+ 0.432 CO, + 0.858 H.O 3.6)

Equation 3.6 was converted to a COD-based stoichiometric equation in Ex-
ample 3.1.1.1. If we rearrange that equation in the same form as Eq. 3.15, the result
is:

0.29 0, + 0.71 C.H,0.N COD = CH,O COD (3.18)

We return to this equation to make three important points. First, note that the value
of Y, in Eq. 3.18 is 0.71 mg biomass COD formed/mg substrate COD used. This is
the same as the Y, value used to develop Eq. 3.6, as we would expect. Second, note
that Eq. 3.18 expresses the same information as Eq. 3.15. In other words, since all
of the electrons removed from the substrate must end up in either the electron ac-
ceptor or the biomass formed, we can state that the substrate COD removed must
equal the biomass COD formed plus the oxygen used. Finally, since Eq. 3.18 ex-
presses the same information as Eq. 3.15, we can see that the COD-based stoichio-
metric coefficient on oxygen is the same as f.. The balance portrayed by Eqgs. 3.15
and 3.18 is a very important one that we will make extensive use of throughout this
book.

3.2.3 Aerobic Growth of Heterotrophs with Nitrate as
the Nitrogen Source

As previously discussed, consideration must be given to the form of nitrogen avail-
able for cell synthesis when writing the stoichiometric equation for cell growth.
Ammonia will be used preferentially, and thus half-reaction 1 in Table 3.2 should
be used when ammonia is available, even if nitrate is serving as the terminal electron
acceptor. Only when nitrate is present as the sole nitrogen source should half-reaction
2 be used. In that case, when expressing the stoichiometric equation on a COD basis,
it must be recognized that nitrogen changes oxidation state from +V to —III. As an
example, consider the case of the aerobic growth of heterotrophs on carbohydrate
with nitrate as the nitrogen source. In this case, the true growth yield is 0.57 mg
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biomass COD/mg carbohydrate COD removed, reflecting the energy that must be
used to reduce the nitrogen. Applying Eq. 3.17 reveals that £ is 0.80. giving the
tollowing molar stoichiometric equation:

CH.O + 0.200 O, + 0.114 NO: + 0.114 H — 0.114 C.H-O.N
+ 0.429 CO. + 0.657 H.O (3.19)

After conversion to a mass basis by application of Eq. 3.2 this becomes:

CH.O + 0.213 O, + 0.236 NO. + 0.004 H — 0.429 C.H-O.N
+ 0.629 CO, + 0.395 H.O (3.20)

Conversion of this equation to a mass of COD basis requires application of Eq. 3.5
using the unit CODs given in Table 3.1. Note that NO. has a unit COD of -1.03
mg COD/mg NO. . This is equivalent to saying that cach mg of nitrate that is reduced
to amino nitrogen in biomass accepts as many clectrons as 1.03 mg of oxyvgen.
Application of Eq. 3.4 to Eq. 3.20 gives:

CH.O COD + (—0.2000. + (—0.23(0)O; cquivalents of NO, —
0.570 C.H-O.N COD 3.21)

Equation 3.21 shows clearly that the COD (electron) balance would not be correct
if the change in oxidation state of the nitrogen was not considered. Fatlure to ree-
ognize this can lead to problems when COD balances are performed on operating
biorcactors.

It is often convenient to express the COD equivalence of nitrate as a nitrogen
source on the basis of the nitrogen utilized for biomass synthesis, rather than on the
basis of nitrate. In that case, the conversion factor is —4.57 mg COD/mg N (or 4.57
mg O./mg N). as indicated in Table 3.1.

3.2.4 Growth of Heterotrophs with Nitrate as the
Terminal Electron Acceptor and Ammonia as the
Nitrogen Source

If nitrate were serving as the terminal clectron acceptor under anoxic conditions, the
amount needed could be calculated from the stoichiometric equation obtained when
half-reaction No. 4 was used in place of No. 3 as R, in Eq. 3.14. Exactly the same
procedures would be followed for obtaining the molar and mass-based stoichiometric
cquations. Consider the case when ammonia serves as the nitrogen source for cell
synthesis. Because it will allow illustration of an important point, we will assume
that the true growth yield from carbohydrate is 0.71 mg biomass COD/mg substrate
COD. which is the same as the Y,, value used to develop Eq. 3.6 for growth under
acrobic conditions. Application of the appropriate techniques gives:

CH.O + 0232 NO, + 0.142 NH + 0.142 HCO, + 0232 H —
0.142 CH.O.N + 0432 CO. + 0.116 N. + 0974 H.O (3.22)
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Converting this to a mass of carbohydrate basis by application of Eq. 3.2 gives:

CH.O + 0.479 NO; + 0.085 NH; + 0.289 HCO. + 0.008 H —
0.535 C.H-O;N + 0.634 CO. + 0.108 N. + 0.584 H.O (3.23)

Because the true growth yield was assumed to be the same as in Example 3.1.1.1,
the quantities of biomass formed in Egs. 3.22 and 3.23 arc the same as those in Egs.
3.6 and 3.7, respectively.

Conversion of Eq. 3.23 to a COD basis requires inclusion of a conversion factor
for the oxygen equivalence of nitrate nitrogen when it is being reduced to nitrogen
gas, N., which is the case when nitrate serves as the terminal electron acceptor.
Examination of Table 3.1 reveals that the unit COD for the reduction of NO; to N,
is —0.646 mg COD/mg NO,. The sign is negative because the nitrate is accepting
electrons. The source of this value may be seen from the half-reactions in Table 3.2
which reveal that 1/5 mole of nitrate is equivalent to 1/4 mole of oxygen. Conversion
to a mass basis reveals that each gram of nitrate that is reduced to N. can accept as
many electrons as 0.646 grams of oxygen. Applying Eq. 3.4 with the appropriate
conversion factors to Eq. 3.23 gives:

CH.O COD + (—0.29)0. equivalents of NO, —
0.71 C:H,O.N COD (3.24)

Comparison of Eq. 3.24 to Eq. 3.8 reveals that they are the same. This follows from
the fact that they are both expressed on a COD basis, that they both use ammonia
as the nitrogen source for biomass synthesis, and that they both were derived for the
same yield. Generally, however, the yield will be lower when nitrate serves as the
terminal clectron acceptor.™ 7

Often it is convenient to express the oxygen equivalence of nitrate as an elec-
tron acceptor on the basis of nitrogen rather than nitrate. In that case, the conversion
factor is —2.86 mg COD/mg N (or 2.86 mg O.,/mg N), as shown in Table 3.1.

It should be noted from the preceding that the COD conversion factor for nitrate
as a nitrogen source is different from the COD conversion factor for nitrate as a
terminal electron acceptor because the final oxidation state of nitrogen is different
in the two cases. This becomes especially important when nitrate serves as both the
nitrogen source and the terminal electron acceptor. The safest way to handle this
situation is to keep the two uses of nitrate separate in writing the stoichiometric
equation, and to apply the appropriate conversion factor for each when converting
the equation to a COD basis.

3.2.5 Aerobic Growth of Autotrophs with Ammonia as
the Electron Donor

Nitrifying bacteria are autotrophic microorganisms that obtain their energy from the
oxidation of reduced nitrogen. As discussed previously, Nitrosomonas oxidizes am-
monia-N to nitrite-N and Nirrobacter oxidizes nitrite-N to nitratc-N. The molar stoi-
chiometric equations for their growth can be obtained by the half-reaction technique
discussed previously, which requires knowledge of f. For autotrophic biomass
growth, yield is often expressed as the mass of biomass COD formed per mass of
inorganic element oxidized; for example, mg of biomass COD per mg of ammonia-
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N removed for Nitrosomonas. To convert this yield value to an electron equivalent
basis for determining f_ it is necessary to know that Nitrosomonas oxidizes ammonia-
N (—II) to nitrite-N (+111), for a six clectron change. Thus, the equivalent weight
for nitrogen in this case is 14/6 = 2.33 grams/cquivalent, which means that:

f.=0.291 Yoo (NHJ as nitrogen source and electron donor) (3.25)

For Nitrobacter, nitrite-N (+111) serves as the clectron donor and is oxidized to
nitrate-N (+V), for a two clectron change. Ammonia-N, however, serves as the
nitrogen source. Consequently:

f. = 0875 Y., umr (NH; as nitrogen source, NO, as clectron donor)
(3.26)

for this organism, where Yy, ... has units of mg biomass COD formed/mg nitrite-
N removed. Often nitrifying bacteria are considered together as a group and nitrifi-
cation is treated as a single reaction converting ammonia-N to nitrate-N. In that case,
nitrogen undergoes an eight electron change so that:

t. = 0.219 Y, (NH| as nitrogen source and electron donor) (3.27)

where Y, represents the true growth yield for autotrophic nitrifying biomass and has
units of mg biomass COD formed/mg ammonia-N removed.

Application of the half-reaction technique using typical yield values and Eq.
3.2 provides the mass-based stoichiometric equations for nitrification. For Nitroso-
monas, when NH; is the basis, the equation is:

NH, + 2457 O. + 6.716 HCO, — 0.114 C:H-O:N
+ 2,509 NO,; + 1.036 H.O + 6.513 H.CO, (3.28)
When NO. s the basis, the equation for Nitrobacter is:
NO. + 0.001 NH, + 0.014 H.CO, + 0.003 HCO,
+ 0.339 0. — 0.006 C.H-O,N + 0.003 H.O + 1.348 NO, {3.29)
Furthermore, combining the two reactions reveals that the overall stoichiometry is:
NH, + 3.300 O, + 6.708 HCO. — 0.129 C:H-O.N
+ 3.373 NO. + 1.041 H.O + 6.463 H.CO, (3.30)

From these it can be scen that a large amount of alkalinity (HCO., ) is used during
the oxidation of ammonia to nitrate: 6.708 mg HCO./mg NH, removed, which is
cquivalent to 8.62 mg HCO;/mg NH -N removed. The vast majority of that alka-
linity utilization is associated with neutralization of the hydrogen ions released during
the oxidation of ammonia-N. Only a small part of the alkalinity is incorporated into
the cell material. If the wastewater contains insufficient alkalinity and if pH control
is not practiced, the pH will drop below the normal physiological range, retarding
the activity of both the autotrophs and the heterotrophs, hurting system performance.
The equations also tell us that considerable oxygen is required for nitrification: 3.30
mg O./mg NH removed, which is equivalent to 4.33 mg O./mg of NH;-N actually
oxidized to nitrate-N. Of that amount 3.22 mg O, will be used by Nitrosomonas and
1.11 will be used by Nitrobacter. The oxygen requirement of the nitrifying bacteria
cun have a significant impact on the total amount of oxygen required by a biochem-



Stoichiometry and Kinetics 77

ical operation. Finally, it can be seen that relatively little biomass will be formed,
reflecting the low yields associated with autotrophic growth. For every mg of NH,
removed, only 0.129 mg of biomass will be formed, which is cquivalent to 0.166
mg biomass/mg NH-N removed. Most of that, 0.146 mg biomass/mg NH,-N re-
moved, will be due to the growth of Nitrosomonas, and only 0.020 mg biomass/mg
NH-N removed will be due to Nitrobacter. Overall, the growth of nitrifying bacteria
will have little impact on the quantity of biomass in a biochemical operation, but
will have a large impact on the oxygen and alkalinity requirements.

3.2.6 Kinetics of Biomass Growth

Equation 3.8 was the COD-based stoichiometric equation for acrobic growth of het-
erotrophic biomass with ammonia as the nitrogen source. Recognizing that the stoi-
chiometric coefficient on biomass is the same as the true growth yield, Y,;, and that
both substrate (S} and active heterotrophic biomass (X,,,;) are measured in COD
units, it may be rewritten in terms of the true growth yield as:

DSy + [—(1 = Y)ISo = YuXun (3.31)
where S, is oxygen, which is expressed in COD units, and thus carrics a negative

sign as indicated in Table 3.1." Putting this in the form of Eq. 3.9, while retaining
COD units, gives:

(—DSs + (—'l)[_(l "Yn)]So + YuXun =0 (3.32)
This equation is based on substrate as the reference constituent. Alternatively, it could

be rewritten with active heterotrophic biomass as the reference constituent, and that
is the convention used herein:

1 1-Y, _
<— Y_") S e [_( Yo ) ] So  Xun =0 (3.33)

Application of Eq. 3.27 gives:

Teo I T
== = == (3.34)

(3 o

where [r] = mg COD/(L-hr). Thus, once ry, has been defined, the other rates are
also known.

Similar equations can be written for the growth of heterotrophs with nitrate as
the terminal electron acceptor and for the aerobic growth of autotrophs. The deri-
vation of such equations is left as an exercise for the reader.

Bacteria divide by binary fission. Consequently, the reaction rate for bacterial
growth can be expressed as first order with respect to the active biomass concentra-
tion:

T = - Xy (3.35)

*S represents soluble constituents and X represents particulate constituents, with the subscript
denoting the particular constituent involved.
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where o is the specific growth rate coetficient (hr '), It is referred to as o specific
rate coefficient because it defines the rate of biomass growth in terms of the con-
centration of active biomass present. 1.e.. the mass of biomass COD formed per unit
time per unit of active biomass COD present. Equation 3.35 holds for any type of
bacterial growth. regardless of the nature of the clectron donor or acceptor. although
much of the tollowing is written in terms of heterotrophic biomass growth on an
organic substrate. Consequently, subscripts are not used at this point to distinguish
between heterotrophic and autotrophic biomass. although they will be used later
when it is necessary to make that distinction. Substitution of Eq. 3.35 into Eq. 3.34
defines the rates of substrate removal and oxygen (electron acceptor) utilization as-
sociated with biomass growth. It isx important to note that the equation for oxyvgen
utilization is also true for other electron acceptors. such as nitrate. is long as the
quantity is expressed in oxygen equivalents.

3.2.7 Effect of Substrate Concentration on p

The Monod Equation. Originally. exponential growth of bacteria was consid-
cred to be possible only when all nutrients, including the substrate, were present in
high concentration. In the carly 1940s, however, it was found that bacteria grow
exponentially even when one nutrient is present only in limited amount.” Further-
more, the value of the specific growth rate coefficient. . was found to depend on
the concentration of that limiting nutrient, which can be the carbon source. the elec-
tron donor, the electron acceptor. nitrogen, or any other factor needed by the organ-
isms tor growth. Since that time. the generality of this observation has been sub-
stantiated often, so that it can now be considered to be a basic concept of microbial
kinetics. ™ Let us first consider the situation when only an organic substrate is growth
limiting.

Figurc 3.1 illustrates the relationship that is obtained when o is measured as
a tunction of a single limiting substrate concentration. A number of different tvpes
of experiments can be performed to develop such a relationship and they are dis-
cussed in Chapter 8. The important thing to note at this time is that o initially rises
rapidly as the substrate concentration is increased, but then asymptotically uap-
proaches a maximum, which is called the maximum specific growth rate. .

The guestion of the best mathematical formula to express the relationship
shown in Figure 3.1 has been the subject of much debate. No one vet knows enough
about the mechanisms of biomass growth to propose a mechanistic equation that will
characterize growth exactly. Instead, experimenters have observed the effects of var-
ious factors on growth and have then attempted to fit empirical equations to their
observations. Consequently, all equations that have been proposed are curve-fits and
the only valid arguments for use of one over another are goodness of fit. mathe-
matical utility, and broad acceptance.

The cquation with historical precedence and greatest acceptance is the one
proposed by Monod {mo nd’).>" Although his original work was donc in batch re-
actors, it was later extended and refined by workers using continuous cultures of
single bacterial species growing on defined media and it was concluded that the
curve could be approximated adequately by the equation for a rectangular hyper-
bola. " Consequently, Monod proposed the equation:
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Figure 3.1 Typical plot of the relationship between the specific growth rate coefticient and
the concentration of a noninhibitory substrate. The parameter values given were used to
construct the curve with the Monod equation (3.36).
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where K is the half-saturation coefficient. K, determines how rapidly p approaches
i and is defined as the substrate concentration at which . is cqual to half of [, as
shown in Figure 3.1. The smaller it is, the lower the substrate concentration at which
i approaches p. Because of his pioneering efforts in defining the kinetics of micro-
bial growth, Eq. 3.36 is generally referred to as the Monod equation.

Because of the similarity of Eq. 3.36 to the Michaelis—Menten equation in
enzyme kinetics, many people have crroneously concluded that Monod proposed it
on mechanistic grounds. While the Michaelis—Menten equation can be derived from
consideration of the rates of chemical reactions catalyzed by enzymes, and has a
mechanistic basis, the Monod equation is strictly empirical. In fact, Monod himself
emphasized its empirical nature.”'

The Monod equation has been found to fit the data for many pure cultures
growing on single substrates, both organic and inorganic, and has been used exten-
sively in the development of models describing the continuous cultivation of micro-
organisms. It has not been blindly accepted, however, and other workers have pro-
posed alternative equations that fit their data better.™ '™ Nevertheless, it is still the
most widely used equation.

Because the Monod equation was developed for pure cultures of bacteria grow-
ing on single organic substrates, two significant questions arise when its adoption is

w (3.36)
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considered for modeling biochemical operations for wastewater treatment. The first
concerns whether it can be used to express removal of a substrate that is really a
mixture of hundreds of organic compounds measured by a nonspecific test like COD,
since that is the nature of the organic matter in wastewater. Can the Monod equation
adequately describe the effect of biodegradable COD on the specific growth rate of
bacteria? The sccond question arises from consideration of the microbial commu-
nities present in wastewater treatment operations. As seen in Chapter 2, those com-
munities are highly complex, containing not only many bacterial species, but higher
life forms as well. Can the growth of such a heterogeneous assemblage be expressed
simply as “biomass’’ by the Monod e¢quation? Many researchers have investigated
these questions, and it is generally agreed that the answer to both is yes. * ">
Nevertheless, it should be recognized that the manner in which the culture is grown
will have a strong impact on its community structure, and that the values of p and
K. obtained from mixed culture systems are in reality average values resulting from
many interacting species.'” ™ Consequently, it has been recommended that & and
K. be characterized by ranges, rather than by single values, just as was recommended
tor Y. It can be concluded, however, that the Monod equation is a reasonable model
with which to describe the kinetics of microbial growth on complex organic sub-
strates in wastewater treatment systems, and consequently, it is widely used. There
are situations, however, in which it would be desirable to model the effects on
microbial growth rates of individual organic compounds in complex mixtures. This
situation is very complicated, ~ however, and will be covered in Chapter 22.

Simplifications of the Monod Equation. Examination of Eq. 3.36 reveals that
two simplifications can be made, and this is often done in the modeling of wastewater
treatment systems. First, it can be scen that if S, is much larger than K. the equation
may be approximated as:

W= i (3.37)

This is called the zero-order approximation because under that condition the specific
growth rate coefficient is independent of the substrate concentration, i.c., it is zero
order with respect to S, and equal to the maximum specific growth rate coefficient.
In other words, the bacteria will be growing as rapidly as possible. Second, if S is
much smaller than K, the term in the denominator may be approximated as K¢ and
the equation becomes:

~ s (3.38)

28 K.

This is called the first-order approximation because w is first order with respect to
S.. Although Eq. 3.38 is often casier to use than the Monod equation, care should
be exercised in its use because serious error can result if Sy is not small relative to
Ki. When COD is used as a measure of the total quantity of biodegradable organic
matter, K. can be relatively large, with the result that S, in activated sludge reactors
is often less than K. Consequently, Eq. 3.38 is sometimes used to model such
systems.

Garrett and Sawyer™™ were the first to propose the use of Egs. 3.37 and 3.38
because they had observed that the specific growth rate coefficient for bacteria was
directly proportional to the substrate concentration at low values and independent of
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it at high values. Although they recognized that these two conditions were special
cases of the Monod equation, others who adopted their first-order equation incor-
rectly considered it to be an alternative expression.

Inhibitory Substrates. On occasion, particularly in the treatment of synthetic
(xenobiotic) organic compounds in industrial wastewaters, situations are encountered
in which the specific growth rate of the microorganisms reaches a maximum and
then declines as the substrate concentration is increased, as illustrated in Figure 3.2.
Obviously, the Monod equation is not adequate for depicting this situation, and
consequently, considerable effort has been expended to determine an appropriate
equation.”**'"* As with normal, naturally-occurring, noninhibitory (biogenic) sub-
strate, many different models could be used to represent the observed relationship
between the substrate concentration and ., and from a statistical point of view there
is little to recommend one over another.™'™ Consequently, as with the Monod equa-
tion, it has been argued that model selection should be based on familiarity and ease
of use, leading to a recommendation that an equation based on the cnzymatic model
of Haldane™ should be used. Andrews” was the first to propose general use of such
a function for depicting the effects of inhibitory organic substrates on bacterial
growth rates, and thus it will be called the Andrews equation herein. Its form is:

— N Ss
TR K. ¥ s, + SUK,

n (3.39)

Examination of Eq. 3.39 reveals that it is similar to the Monod equation, con-
taining only one additional parameter, K,, the inhibition coefficient. Note that when
K, is very large the Andrews equation simplifies to the Monod equation, demonstrat-
ing that . and K, have the same meaning in both equations. Unlike the situation for
a noninhibitory substrate, however, . cannot actually be observed and is a hypo-
thetical maximum specific growth rate that would be attained if the substrate were
not inhibitory. Furthermore, since [t cannot be observed, K also takes on a hypo-
thetical meaning. The most outstanding characteristic of the curve in Figure 3.2 is
that p. passes throngh a maximum, w*, at substrate concentration S¥, where

R
* =
r- = Z(KS/KI)M +1 (3.40)

and
S = (Ks-K)"” (3.41)

Equation 3.40 is important because it demonstrates that the degree of inhibition is
determined by KK, and not just by K, alone. The larger K/K;, the smaller p* is
relative to [i, and thus, the greater the degree of inhibition. Furthermore, because
they are measurable, p* and S are important in the determination of the kinetic
parameters for inhibitory substrates. Equation 3.39 has been used widely in the mod-
eling of various wastewater treatment systems, and will be adopted herein for de-
picting the effect of an inhibitory substrate on the specific growth rate of bacteria
degrading it.

Effects of Other Inhibitors. Sometimes one compound may act to inhibit mi-
crobial growth on another compound. For example, some organic chemicals are
known to inhibit the growth of nitrifying bacteria,”'** whereas others inhibit the
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Figure 3.2 Tvpical plot of the relationship between the specific growth rate coefticient and
the concentration ot an inhibitory substrate. The parameter values given were used to construct
the curve with the Andrews equation (3.39). Note that the values of @ and K. are the same
as in Fagure 31

growth of heterotrophic bacteria on biogenic organic matter.'™ In those cases it is
necessary for the Kinetic expression to depict the etffect of the concentration of the
inhibitor (8.} on the relationship between o and S It the Monod equation can be
used to relate poto S in the absence of the inhibitor, then the eftect of the inhibitor
can be expressed as an effect on puand/or K" Several types of inhibitors have
been defined by analogy to enzyme inhibition, but all can be modeled by an extension
of the Monod model proposed by Han and Levenspiel: ™

u=u(1 l) [ - J (3.42)
Sx S, + Kol — S/S*y

where 87 is the inhibitor concentration that causes all microbial activity to cease and

m and n are exponents that reflect the impact of increasing inhibitor concentrations

on K. and g, respectively. Equation 3.42 has been used successtully to mode! the

cltects of various xenobiotic compounds on the removal of biogenic organic mat-

ter. " Its use will be discussed in Chapter 22.

3.2.8 Specific Substrate Removal Rate

[n carlicr sections it was stated that the basis for writing stoichiometric cquations
was arbitrary and that the reference component was the choice of the investigator.
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Thus, it is not surprising that many investigators'**'* have selected substrate re-
moval, rather than biomass growth, as their basic event and have written their rate
equations accordingly. Combining Egs. 3.34 and 3.35 yields:

Ly = —(WY)Xy (3.43)

The term w/Y has been called the specific substrate removal rate and given the
symbol q.*' (Note that the subscript H has been dropped from Y and X,, to emphasize
the general nature of Eq. 3.43.) Obviously, q will be influenced by S, in e¢xactly the
same way as pu, and Egs. 3.37 through 3.42 can be written in terms of it. When this
is done, the maximum specific substrate removal rate, g, is used in place of . where:

4= QY (3.49)

Both first- and zero-order approximations have been used for the relationship be-
tween q and S, just as they have for . In fact, the ratio of q over K, has been
called the mean reaction rate coefficient and given the symbol k.:™

k. = ¢/Ks (3.45)

All restrictions that apply to the approximate expressions for the effect of S, on p
also apply to q.

3.2.9 Multiple Limiting Nutrients

In the broad sense, nutrients can be divided into two categorics: complementary and
substitutable.” Complementary nutrients are those that meet entirely different needs
by growing microorganisms. For example, ammonia provides the nitrogen needed
for protein synthesis while glucose provides carbon and energy. If either was missing
from the growth medium and no substitute was provided, no growth would occur.
Substitutable nutrients, on the other hand, are those that mect the same need. For
example, ammonia and nitrate can both provide nitrogen whereas glucose and phenol
can both provide carbon and energy. Thus, ammonia and nitrate are substitutable for
each other, as are glucose and phenol. In this section, we will consider simultancous
limitation of specific growth rate by two complementary nutrients. As stated previ-
ously, consideration of the effects of multiple carbon sources, i.e., multiple substi-
tutable nutrients, is very complex," and will be covered in Chapter 22.

In spite of its potential importance in the environment, relatively little is known
about how microorganisms respond to simultaneous limitation by two or more com-
plementary nutrients.” Because the uncertainty increases greatly as the number of
nutrients involved increases, we will limit our considerations to only two.

Interactive and Noninteractive Relationships. Consider two complementary
nutrients, Sy, and Sg.. Both are required for biomass growth and are present at low
concentration in the environment in which the biomass is growing. Which will con-
trol the specific growth rate? Two different philosophies have been developed to
answer this question, and the models representing them have been classified as in-
teractive and noninteractive.”

An interactive model is based on the assumption that two complementary nu-
trients can both influence the specific growth rate at the same time. If both are
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required for growth and are present at concentrations equal to their half-saturation
cocfficients, then cach alone can reduce p to one-half of w. However, since both
cffects are oceurring simultancously, the result would be to reduce o to once-fourth
of . The most common type of interactive model in use is the multiple Monod
cquation:” '

o (_ 5., ) Ss: ) (3.46)
M=K+ sa/ \K T o8 -

Anv time the concentrations of S, and S.. are such that both S, /(K,, + S,) and
S. (Ko + S..) are less than one, they both act to reduce p below 1. This has two
impacts. First. for a given value of So.. o will be lower when S, is also limiting
than it would be it S, were present in excess. Second. there is not a unique value
of w associated with a given value of Sq, or Sq., as there was with Eq. 3.36. Rather.
it depends on both.

A noninteractive model is based on the assumption that the specific growth
rate of a microbial culture can only be limited by one nutrient at a time. Therefore,
oowill be equal to the fowest value predicted from the separate single-substrate

models: ™

H aiiad ) (3.47)

po= min (Kﬂ s KL 4 S
IS, (Ko + Sa) < SoAKS: + So0). nutrient S, s rate limiting, and vice versa. If
S. (Ko S0 = SoAKL + Soo). then both are rate limiting, but that occurs only
under special conditions. In the noninteractive conceptualization. the normal Menod
cquation (Eg. 3.36) would apply for whichever nutrient was rate limiting and the
concentration of the other would have no impact on .

Only limited experimental evidence is available to support one modcel over the
other. Bae and Rittmann™ have shown both theoretically and experimentally that the
interactive model is more appropriate when the two limiting constituents are the
clectron donor and acceptor. Furthermore, Bader” has compared the mathematical
characteristics of the two expressions. The noninteractive model, by its very nature,
causes a discontinuity at the transition from one nutrient limitation to another. It also
predicts significantly higher growth rates in the region where S(/Ks, and S, K, are
snuall. The interactive model does not cause discontinuities, but may err on the side
of predicting lower growth rates when S,/K,, and S./Kq. are both small. Both
functions become asvmptotically the same it either nutrient is present in excess.
Finally, the interactive model is mathematically preferable for modeling dynamic
situations because it is continuous.

Equation 3.46, the interactive model, will be adopted for use herein. There are
three reasons for this choice. First is the evidence provided by Bae and Rittmann.’
Scecond, tor the type of situation likely to be encountered in biochemical operations
for wastewater treatment, the interactive model is more conservative. Third. it works
well when one nutrient is the electron donor (the substrate) and the other is the
electron aeceptor (oxygen or nitrate),"™"' " a common occurrence in wastewater treat-
ment systems.

A special case of multiple nutrients occurs when an increase in the concentra-
tion of one nutrient acts to diminish microbial activity. For example, consider the
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growth of heterotrophic bacteria under anoxic conditions. Because nitrate reduction
can serve as an alternative to aerobic respiration, the enzymes involved in the transfer
of electrons to nitrate and its reduced products are influenced negatively by the
dissolved oxygen concentration and consideration must be given to this fact when
expressing the kinetics of growth under anoxic conditions. Oxygen can have two
effects: (1) it can repress the synthesis of denitrifying enzymes, and (2) it can inhibit
their activity.”™ """ Although there are exceptions, as a general rule the presence
of oxygen in the medium (and/or its active utilization as the terminal electron ac-
ceptor) represses the synthesis of the nitrate reducing enzyme system. When oxygen
is absent, or is present in amounts that are insufficient to meet the nceds of the
culture, derepression occurs and the enzymes are synthesized. Complications occur,
however, when the biomass is cycled between acrobic and anoxic conditions and
this appears to alter the regulatory system so that some enzyme synthesis can con-
tinue at diminished rates even in the presence of dissolved oxygen.''” The effect of
oxygen on the activity of the enzymes depends on the bacterial species involved. In
some, the activities are diminished in the presence of oxygen, whereas in others they
are not. Nevertheless, it appears that inhibition of enzyme activity by oxygen is the
primary mechanism influencing nitrate reduction rates in systems in which the bac-
teria are continually cycled between aerobic and anoxic conditions,''” and that prior
growth under anoxic conditions will provide enzymes which can function at dimin-
ished rate even in the presence of dissolved oxygen. One factor complicating the
determination of the effects of oxygen on nitrate reduction in wastewater trcatment
systems is the necessity to grow the bacteria as flocculent cultures or as biofilms.
Because diffusion is the only mechanism supplying oxygen to the bacteria in the
interior of a floc particle or biofilm, some bacteria may be in an environment com-
pletely devoid of oxygen even when oxygen is present in the bulk liquid.*

Because of the complexity associated with the effects of dissolved oxygen on
anoxic growth of heterotrophic bacteria, and because all effects have not been clearly
defined, relatively simple models have been used to express them.'"™*" A popular
approach has been to use Eq. 3.46 to depict the simultancous effects of organic
substrate (S.), and nitrate (Sy,) on . and to add a third term which diminishes p as
the dissolved oxygen concentration, S, increases:

W= ll ( S ) ( Svo ) ( Ko ) (3.48)
K + S5/ \Kno + Sno/ \Kio + S N

The third term is the function most commonly used to depict the effects of a classical
noncompetitive inhibitor as modeled in enzyme kinetics.'”” The parameter K, is the
inhibition coefficient for oxygen.

Implications of Multiple Nutrient Limitation. Biochemical operations are de-
signed on the premise that there is a functional relationship between the specific
growth rate of biomass and the concentration of the growth-limiting nutrient in a
bioreactor. Because of that relationship, if engineering control can be exerted over
the specific growth rate, it will be possible to control the concentration of the growth-
limiting nutrient leaving the bioreactor. This can only be achieved, however, if the
nutrient the engineer wishes to control is the growth-limiting one. If the design
objective is the removal of soluble organic matter, then all other nutrients must be
supplied in excess. Or, if the goal is to remove nitrate-N by allowing it to serve as
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the terminal electron acceptor, then it should be made rate limiting at the appropriate
place in the process. A clear definition of the objective to be met must be combined
with knowledge of the concentrations of the various constituents in the wastewater
to ensure that the resultant biochemical operation can indeed meet that objective.
Because oxygen is a gas of very low solubility, it must be supplied continuously
to aerobic systems and the concentration in solution will depend on the relative rates
of supply and utilization. Furthermore, because oxygen transfer is one of the major
costs associated with aerobic wastewater treatment, it is uneconomic to oversize the
oxygen delivery system. As a consequence, it is not uncommon for the oxygen
concentration to decrease sufficiently to make S, /(K., + S,,) < 1.0 (where K., is the
half-saturation coefficient for dissolved oxygen). Thus, it would be instructive to
examine the impact of this occurrence. Figure 3.3 illustrates the simultancous limi-
tation of the specific growth rate of autotrophic nitrifying bacteria by ammonia (the
electron donor) and oxygen (the electron acceptor) using typical parameter values.
These bacteria were chosen because they are more sensitive to dissolved oxygen
concentration than heterotrophic bacteria, (K, < K, ., where the subscripts H and
A signify heterotrophic and autotrophic bacteria, respectively). Examination of Figure
3.3 reveals two things. First, if we could operate a bioreactor in a way that maintained
a constant specific growth rate, decreasing the oxygen concentration in the bioreactor
would cause the ammonia concentration to increase. Second, decreasing the oxygen
concentration is analogous to decreasing [ for the bacteria. This can also be seen
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Figure 3.3 Double Monod plot showing the effects of both ammonia nitrogen and dissolved
oxygen concentrations on the specific growth rate of autotrophic nitrifying bacteria. The pa-
rameter values given were used to construct the curves with Eq. 3.46.
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by examining Eq. 3.46. The consequence of this is discussed in more detail in Chap-
ter 6, but suffice it to say now that a decrease in . makes it more difficult for the
autotrophic bacteria to compete for space in the bioreactor.

Both nitrogen and phosphorus are required for the synthesis of new biomass.
If those proper quantities are not present, balanced biomass growth cannot occur and
treatment performance will be impaired. Thus, care must be exercised to provide
sufficient quantities. We have just scen, however, that if the concentrations of ¢ssen-
tial nutrients are very low in a bioreactor they can become rate limiting, which is
undesirable when the treatment objective is removal of organic matter. This means
that the concentration of nitrogen or phosphorus supplied to a biorcactor must be
sufficiently high to meet the synthesis needs of the biomass as defined by stoichi-
ometry while leaving enough residual in solution to prevent their concentrations from
being rate limiting. Goel and Gaudy™ determined that K, for ammonia nitrogen
during normal heterotrophic growth lies between 1.5 and 4.0 mg/L as N. Using 0.50
hr ' as a representative value for 1, it can be shown that if the influcnt nitrogen
concentration exceeds the stoichiometric requirement by 1.0 mg/L as N, nitrogen
will not be rate limiting to heterotrophic biomass at the specific growth rates normally
employed in wastewater trcatment. Although some work has been done on kinetic
limitation of heterotrophs by phosphorus, the results are not as clear as those with
nitrogen. Attempts to measure the limiting phosphorus concentration in both pure
and mixed microbial cultures found it to be too low to detect with the techniques
available at the time."” Consequently, if the concentration of phosphorus in the
influent cxceeds the stoichiometric amount by a few tenths of a mg/L as P, phos-
phorus should not be rate limiting. In some biochemical operations, the microorgan-
isms pass through a growth cycle, and nutrients will be taken up in one phase and
released in another. To prevent nutrient limitation during the phase of nutrient uptake,
the amounts presented above should be in excess of the maximum quantity removed,
not the net amount as determined by the final effluent.

3.2.10 Representative Kinetic Parameter Values for
Major Microbial Groups

Aerobic Growth of Heterotrophic Bacteria. The values of the parameters
and K, are very dependent on the organism and substrate employed. If an axenic
bacterial culture is grown on each of several substrates under fixed environmental
conditions, the values of g, and K will vary from substrate to substrate. Likewise,
if the same substrate is fed to each of several pure cultures, the values of i,; and K,
will depend on the species of organism. This makes it very difficult to generalize
about parameter values and care should be exercised in the use of values considered
to be typical. It can be stated, however, that readily biodegradable substrates are
characterized by high values of {i,; and low values of K, whereas slowly biode-
gradable substrates have low (i, values and high K values. For example, benzoic
acid had [, values between 0.61 and 0.64 hr ' and K, values between 4.2 and 5.8
mg/L as COD, whereas 2-chlorophenol had values of 0.020—-0.025 hr ' and 16-17
mg/L as COD for the two parameters.” Even lower K values have been reported
for very easily degradable substrates, such as biogenic materials like carbohydrates
and amino acids, with values as low as 0.2 mg/L for galactose and 0.5 mg/L for
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glutamic acid.” This means that degradation of many biogenic substrates may behave
in a zero-order manner over a broad range of substrate concentrations.

Wastewaters usually contain complex mixtures of organic compounds and the
total concentration of biodegradable soluble organic matter is commonly character-
ized by the COD concentration. When K is measured on such mixtures using the
COD concentration, the values are generally one to two orders of magnitude higher
than they are for single substrates cxpressed as COD. For example, poultry and
soybean processing wastewater have been reported to have Ky values of 50+ and
350 mg/L as five day biochemical oxygen demand (BOD.), which is another measure
of biodegradable organic matter.” Thus, as a whole, overall removal of organic
matter in wastewater treatment systems may behave in a first-order manner even
though the removal of individual constituents may be zero-order.'”!

Domestic wastewater is perhaps the most common example of a complex sub-
strate, and because of its ubiquity there has been considerable interest in character-
izing its biodegradation kinetics. As one might expect from the discussion above,
considerable variation in the parameter values has been reported, with \;, ranging
from 0.12 to 0.55 hr ' and Ky from 10 to 180 mg/L as COD.™™ An important
characteristic of domestic wastewater that has only recently been recognized is that
the organic component can be divided into readily and slowly biodegradable frac-
tions, greatly improving the ability of mathematical models to mimic process per-
formance.™ Use of this division should decrease the range of values observed. As a
consequence, values of 0.25 hr ' and 20 mg/L as COD have been adopted as rep-
resentative of the ., and K values for the readily biodegradable fraction.”™

The microbial communities in wastewater treatment systems are complex, con-
taining many microbial species, and the relative predominance of the species depends
on the physical configuration of the system. Therefore, since the values of j,, and
K, are species dependent, it follows that their values in mixed culture systems will
depend on the bioreactor configuration. For example, reactors that subject the mi-
croorganisms to variations in substrate concentrations from very high to very low
tend to select species that can grow rapidly (higher [1,), whereas reactors which
mainfain a low, uniform subsirate concentration throughout select microorganisms
that are good scavengers of substrate (low K,).”'~”* This complicates kinetic analysis
and requires that experiments to determine kinetic parameters be conducted with
systems that mimic the physical configuration to be employed in the full-scale fa-
cility. This topic is discussed in more detail in Chapter 8.

The biodegradation kinetics for many xenobiotic compounds can best be char-
acterized by the Andrews equation (Eq. 3.39). Dividing both the numcrator and
denominator by K yields:

_ - SJKs
=M T SUK, + (SYKY(KJK)

Expressing the equation in this manner emphasizes that the degree of substrate in-
hibition is determined by the ratio of K /K|, rather than by K, alone, as we saw with
Eq. 3.40. Furthermore, Eq. 3.49 also makes it ecasy to see that the larger the ratio,
the more inhibitory the substrate. 1,3- and 1,4-Dichlorobenzene are both moderately
inhibitory compounds and have ratios of 0.14 and 0.08, respectively.*

In Section 3.2.9, the undesirability of oxygen being rate limiting was discussed,
suggesting that knowledge of the oxygen half-saturation coefficient for heterotrophs,

M (3.49)
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Ko, 1s important. In spite of that, relatively little work has been done to estimate
K,,.; values for mixed microbial cultures, probably because population shifts occur
in the community in response to changes in the dissolved oxygen concentration,
making estimation of the value difficult. Nevertheless, limited pure culture data sug-
gests that K,,;, is very low. For example, values of 0.01, 0.08, and 0.15 mg O./L
have been reported for Sphaerotilus natans™ (a filamentous bacterium), Candida
utilis''" (a yeast), and Citrobacter sp.” (a floc-forming bacterium), respectively. This
suggests that dissolved oxygen concentrations must be very low before they have
serious impacts on the growth of heterotrophic bacteria, although they may influence
the competition between filamentous and floc-forming bacteria. For depicting the
impacts of dissolved oxygen on general heterotrophic biomass growth, one group
adopted a value of 0.2 mg O-/L for K,;,."

It will be recalled from Section 3.2.8 that many investigators use substrate
removal, rather than biomass growth, as the primary event with which to characterize
biochemical operations. In that case, the primary kinetic parameter is the maximum
specific substrate removal rate, g, rather than the maximum specific growth rate.
Equation 3.44 defined q as p/Y. Thus, q will be influenced by variations in Y as
well as variations in .. Like [, Y is influenced both by the substrate being degraded
and the microorganism performing the degradation (see Section 2.4.1). It should be
noted, however, that Y is a reflection of the energy available in a substrate whereas
{ is a reflection of how rapidly a microorganism can process that energy and grow.
Because they represent different characteristics, there is no correlation between the
two parameters. For example, some substrates that are degraded very slowly (low
L) provide more energy to the degrading culture (i.e., higher Y) than do substrates
that are degraded rapidly.™ This suggests that deductions about the variability in q
cannot be made from data on . alone, and vice versa. Knowledge of the true growth
yield is also important. Typical Y values are discussed in Section 2.4.1.

Anoxic Growth of Heterotrophic Bacteria. As secn in Chapter 2, the only
difference between aerobic and anoxic growth of heterotrophic bacteria on many
substrates, such as biogenic organic matter, is the nature of the terminal electron
acceptor and its impact on the amount of ATP that the cells can generate. Thus, for
substrates for which this is true, we might expect the kinetic parameters describing
growth under the two conditions to be very similar, and that is exactly what has been
observed. When mixed microbial cultures were grown with excess oxygen or nitrate
as the terminal electron acceptors and peptone as the rate-limiting substrate, the
values of i, and K were very similar, being 0.14 hr ' and 67 mg/L as COD,
respectively, under aerobic conditions and 0.13 hr ' and 76 mg/L as COD under
anoxic conditions.” Furthermore, as expected from the lower potential ATP formation
under anoxic conditions, the anoxic yield was lower, being only 0.39 mg biomass
COD/mg substrate COD versus a value of 0.71 aerobically. Consequently, E;,, was
almost twice as large under anoxic conditions. Although data directly comparing
kinetic parameters under acrobic and anoxic conditions are limited, experience with
treatment systems suggest that these findings are generally true.”™

Anoxic growth conditions are generally imposed in biochemical operations for
the purpose of reducing the nitrate concentration to low levels. Thus, there is a
possibility that the terminal electron acceptor concentration will become rate limiting.
Proper modeling of this situation requires knowledge of Ky, the half-saturation
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cocefficient for nitrate. As with oxygen, the half-saturation coefficient for nitrate as
the terminal electron acceptor has been found to be low, with values around 0.1 to
0.2 mg/L as N being reported.™ """ Consequently, values in that range have been
adopted by investigators conducting modeling studies.'"

Another parameter required to fully define the kinetics of microbial growth
under anoxic conditions is K,,, the oxygen inhibition coefficient used in Eq. 3.48. If
the cells are growing in a dispersed state so that all are exposed to the oxygen
concentration in the bulk liquid, it appears that they do not denitrify when the dis-
solved oxygen concentration is above 0.1 to 0.2 mg/L.""" However, when they grow
as aggregates or films, the requirement for oxygen transport by diffusion allows
biomass in the interior to be free of oxygen even when the bulk liquid contains it.
Consequently, anoxic growth will occur even when the dissolved oxygen concentra-
tion in the bulk liquid exceeds 0.2 mg/L."" Thus, modelers have assumed values for
K,, ranging from 0.2% to 2.0"' mg/L.

Aerobic Growth of Autotrophic Bacteria. The nitrifying bacteria are the most
important acrobic autotrophs and for the nitrogen levels normally found in domestic
wastewater the kinetics of their growth can be adequately represented by the Monod
equation (Eq. 3.36). Because only a limited number of genera and species are in-
volved, the variability in the values of the kinetic parameters is less than that asso-
ciated with heterotrophs. The maximum specific growth rate coefficient for Nitro-
somonas has been reported to lie between 0.0147" and 0.092"" hr ', with a value of
0.032 hr ' considered to be typical at 20°C."" The half-saturation coefficient for
ammonia has been reported to be between 0.06 and 5.6 mg/L as N,"™ but a commonly
accepted value is 1.0 mg/L."""" The maximum specific growth rate coefficient for
Nitrobacter is similar to that for Nitrosomonas, having been reported to lic between
0.006 " and 0.060"" hr . Likewise, the value considered to be typical,"” 0.034 hr ',
is similar to that for Nitrosomonas. The reported range of the half-saturation coef-
ficient for Nitrobacter is slightly larger than that for Nitrosomonas, being 0.06 to 8.4
mg/L as nitrite-N,"" as is the value thought to be typical, 1.3 mg/L."” The maximum
specific growth rate coefficients for the autotrophic bacteria are considerably less
than those for heterotrophic bacteria, reflecting their more restricted energy yielding
metabolism and the fact that they must synthesize all cell components from carbon
dioxide. This suggests that special consideration must be given to their requirements
during design of reactors in which both carbon oxidation and nitrification are to
occur. Although the half-saturation coefficients for the autotrophs are less than the
reported values for heterotrophs growing on complex substrates, they are similar to
the values reported for heterotrophs growing on single organic compounds. As a
consequence of their small size, the kinetics of nitrification will behave in a zero-
order manner over a broad range of ammonia and nitrite concentrations. As will be
seen later, this has a significant impact on bioreactor performance.

A major difference in the growth characteristics of heterotrophic and auto-
trophic biomass is the greater sensitivity of the latter to the concentration of dissolved
oxygen. Whereas the value of the half-saturation coefficient for oxygen is very low
for heterotrophs, the values for the two genera of autotrophs are sufficiently high in
comparison to typical dissolved oxygen concentrations that dual nutrient limitation
as expressed by Eq. 3.46 should be considered to be the norm. For example, values
of K. for both Nitrosomonas and Nitrobacter have been reported to lic between
0.3 and 1.3 mg/L."” Measurements which considered the effects of diffusional re-
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sistance on half-saturation coefficients have suggested that the true values lie near
the lower end of the range,'''™ and values of 0.50 and 0.68 have been adopted as
typical for Nitrosomonas and Nitrobacter, respectively, in systems in which some
diffusional resistance will occur.'”

Another difference between heterotrophic and autotrophic biomass is the
greater sensitivity of the latter to changes in pH. Although all bacteria grow poorly
outside of the normal physiological pH range of 6.0 to 8.0, nitrifying bacteria are
particularly sensitive to pH, especially Nitrosomonas, as shown in Figure 3.4.” There
it can be seen that the rate reaches a maximum at a pH of about 8, and declines
sharply for lower pH values. A wide range of pH optima has been reported.'"” but
most workers agree that as the pH becomes more acid the rate of ammonia oxidation
declines.” Furthermore, if a culture is acclimated to a low pH the effect is less severe
than if the pH is suddenly shifted. Siegrist and Gujer''' have modeled the effect in
Figure 3.4 with Eq. 3.50:

fr = fan[l + 107 P07 (3.50)

where (L., is the maximum specific growth rate at the optimum pH. It should be
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Figure 3.4 Effect of pH on the maximal activity of Nitrosomonas. The listed references are
cited in 98. (From A. V. Quinlan, Prediction of the optimum pH for ammonia-N oxidation
by Nitrosomonas curopaea in well-aerated natural and domestic-waste waters. Water Research
18:561-566, 1984. Copyright © Elsevier Science Ltd.; reprinted with permission.)
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noted that this equation only predicts the decline in rate at low pH and does not
predict the observed drop-off at pH above 8.5. This is not generally a problem,
however, because the release of hydrogen ions during nitrification acts to depress
the pH so that values in excess of 8.5 are scldom encountered. There is less agree-
ment concerning the effects of pH on Nitrobacter. For example, Boon and Laudelot'’
have suggested that their maximum specific growth rate is independent of pH over
the range between 6.5 and 9, whereas others''" have shown a strong pH dependence.
Because of this, and because the growth of Nitrosomonas is generally thought to be
rate controlling, most investigators do not model the effect of pH on Nitrobacter.

The necessity for employing equations like 3.50 is due in part to the way in
which the Monod equation is normally written for nitrifying bacteria. Although,
ammonia and nitrite are both ionizable species, the Monod equation is normally
written in terms of the total ammonia or nitrite concentration, without regard for the
ionization state. However, the nonionized form of ammonia (free ammonia) is
thought to be the actual substrate for Nitrosomonas,™ and it is possible that undis-
sociated nitrous acid is the substrate for Nitrobacter. For a given total ammonia
concentration, the concentration of the nonionized form will change as the pH is
changed, thereby making . as normally defined an apparent function of pH. A more
direct approach would be to write the kinetic expression directly in terms of the true
substrate and this has been done for Nitrosomonas.” However, because this approach
is more complex than combining Eq. 3.36 with Eq. 3.50 to reflect the cffect of pH,
the latter is more commonly used at nitrogen concentrations normally found in do-
mestic wastewaters.

Free ammonia and undissociated nitrous acid become more of a problem at
high nitrogen concentrations because they both act as inhibitory substrates as their
concentrations are increased.'™'’ Furthermore, free ammonia can also inhibit nitrite
oxidation to nitrate.* This suggests that there are complex relationships between the
total ammonia and nitrite concentrations, the pH, and the activity of both groups of
nitrifying bacteria. Although these relationships become very important when waste-
waters containing high concentrations of nitrogen are being treated, no kinetic re-
lationships are available to depict all of the effects, although some are available for
ammonia oxidation.™ Nevertheless, it is important to recognize that the simple Mo-
nod equation is not adequate to depict the kinetics of nitrification when the concen-
tration of ammonia exceeds that normally found in domestic wastewater (around 30
to 40 mg/L as N) and that alternative expressions should be sought.

Because of the autotrophic nature of nitrifying bacteria the concept developed
that organic compounds display a gencral toxicity toward them. That this concept is
fallacious has been demonstrated in pure'™ and mixed™" cultures. Nitrification can
proceed at rapid rates in the presence of organic matter, provided that other envi-
ronmental factors, such as pH and dissolved oxygen concentration, are adequate. In
fact, under some circumstances, the presence of biogenic organic matter can ¢ven
enhance the rate of nitrification.” There are some organic compounds that are inhib-
itory, however, and act to decrease the specific growth rate of nitrifying bacteria.
The most potent specific inhibitors of nitrification are compounds that chelate met-
als"’ and contain amine groups,™ some of which are capable of decreasing the nitri-
fication rate by 50% at concentrations of less than 1.0 mg/L. Furthermore, it appears
that Nitrosomonas is the weak link in the nitrification chain, being more susceptible
than Nitrobacter to organic inhibitors.™ Many inhibitors have been shown to act in
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a noncompetitive manner against nitrifiers,” ™ allowing an equation like Eq. 3.48 to
be used to depict their effect:

~ S’\'H Kl
N VY - 351
Hoa = M (K + S) (Kl + s‘) 35D

where Sy, is the ammonia-N concentration, Ky, is the half-saturation coefficient for
ammonia-N, S, is the concentration of the inhibitor, and K, is the inhibition cocffi-
cient. As might be expected, K, is very small for some compounds,™ denoting ex-
treme inhibition. Although many inhibitors of Nitrosomonas act in a noncompetitive
manner, methane and ethylene act as competitive inhibitors,”” This is because they
are similar in size to ammonia and compete directly with it for the active site on the
enzyme that initiates ammonia oxidation. Halogenated hydrocarbons act in a non-
competitive manner, but many are also reactive with the enzyme and can lead to
products,that damage the ccll, thereby making their effects worse than simple
inhibition.

There have also been suggestions in the literature that the presence of hetero-
trophic bacteria is deleterious to the activity of nitrifying bacteria, but this has been
shown to be false.'"™ Any effect of heterotrophs is indirect, such as a decrease in
dissolved oxygen concentration or an alteration of pH. Because of the sensitivity of
autotrophs to these factors, care must be given to the design of facilities in which
autotrophs and heterotrophs share the same space.

Anaerobic Cultures. As discussed in Section 2.3.2 and scen in Figure 2.3, in
anaerobic operations three groups of bacteria are involved in acidogenesis and two
in methanogenesis. Fermentative bacteria convert amino acids and simple sugars to
acetic acid, volatile acids, and a minor amount of H,. Bacteria performing anacrobic
oxidation convert long chain fatty acids and volatile acids to acetic acid and major
amounts of H,. Finally H,-oxidizing acetogens form acetic acid from carbon dioxide
and H., but they are considered to be of minor importance in anaerobic wastewater
treatment operations and will not be considered here. The two groups of methanogens
are aceticlastic methanogens, which split acetic acid into methane and carbon di-
oxide, and H,-oxidizing methanogens, which reduce carbon dioxide.

To have a complete picture of the kinetics of microbial growth and substrate
utilization in anaerobic systems, the kinetic parameters for all groups should be
characterized. Unfortunately, because of the role of H. in regulating microbial activity
and the close association between H,-producing and H.-consuming bacteria, this is
not an easy task. For this recason and because the complex interactions among the
microbial groups have only recently been recognized, most kinetic studies of anaer-
obic treatment processes have measured rates associated with entirc communities
rather than individual groups. That literature is too extensive to include here, but
reviews™'"* provide good summaries and the reader is encouraged to consult them
for overall kinetic information.

As our understanding of the interactions in anaerobic processes has increased,
engineers have sought to model anaerobic systems on a more fundamental level by
including reaction steps for each important microbial group."*" Although those ef-
forts represent first attempts at expressing the kinetics of these complex systems,
they provide information that is helpful in developing an appreciation of the kinetic
characteristics of anaerobic bacteria. Because a temperature of 35°C is commonly
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used for anacrobic operations, the following parameter values are for that temperature
range. Fermentative bacteria (group 2 in Figure 2.3) grow relatively rapidly on amino
acids and simple sugars, and their kinetics can be represented by the Monod equation
(Eq. 3.36) with a . value on the order of 0.25 hr ' and a K, value around 20 to 25
mg/L. as COD. Review of available data suggests that this reaction does not limit
system performance.” The bacteria which oxidize long chain fatty acids (group 3 in
Figure 2.3) grow more slowly than the fermentative bacteria and are subject to
inhibition by H.. The values of p. and K, depend on the degree of saturation of the
fatty acid serving as growth substrate, with saturated acids having lower . and K.
values than unsaturated ones.” Nevertheless, Bryers'* has adopted a {1 value of 0.01
br ' and a K, value of 500 mg/L as COD as being representative of the entire group.
Reaction 4 in Figure 2.3 represents the bacteria that degrade short chain fatty acids,
such as propionic and butyric acids. Butyric acid appears to be degraded in a manner
similar to that of the long chain fatty acids and bacteria growing on it have kinetic
parameters similar to those in group 3. Propionic acid, on the other hand, is degraded
by more specialized bacteria which grow more slowly. Gujer and Zehnder" reported
@ and K, values of 0.0065 hr ' and 250 mg/L. as COD, respectively, whereas Bryers'
chose values of 0.0033 hr ' and 800 mg/L as COD based on other studies. Although
the two scts of values differ somewhat in magnitude, they both suggest that growth
on propionic acid is much slower than growth on other fatty acids. Accticlastic
methanogenesis (reaction 6 in Figure 2.3) is a very important reaction in anaerobic
operations because it produces about 70% of the methane. Two major types of ace-
ticlastic methanogenic bacteria can be present in anaerobic systems, but the one
which predominates will depend on the bioreactor conditions imposed because their
growth kinetics are quite different. Methanosarcina can grow rapidly, but do not
have a high affinity for acetic acid. Representative parameter values for them are
0.014 hr ' for u and 300 mg/L as COD of acetic acid for K.."" Methunosaeta
(formerly Methanothrix), on the other hand, grow more slowly, but have a higher
affinity for acetic acid, as shown by a . value of 0.003 hr "and a K, value of 30
to 40 mg/L as COD of acetic acid.'” Finally, the H.-oxidizing methanogens produce
methane from H,, thereby keeping the H, concentration low and allowing the H.-
producing reaction to proceed as discussed in Section 2.3.2. The kinetic parameters
for their growth have been reported to be (L = 0.06 hr ' and K, = 0.6 mg/L. as COD
of dissolved H.," although others have reported K, to be in the range of 0.03-0.21
mg/L as COD of dissolved H.."

The pH of an anaerobic system has a strong impact on ., with an optimum
around pH 7. Just as with nitrifying bacteria, this is probably because the nonionized
torm of the substrate (fatty acids in this case) serves as the actual substrate for growth
and the amount of nonionized form will depend on the pH. As a consequence,
relationships between . and pH are needed for the major groups of bacteria. On the
other hand, some™"" have modeled acetic acid utilization with the Andrews cquation
using nonionized acetic acid as the substrate, but it is unclear whether that cquation
should be used if . is made an explicit function of pH. In addition, the role of H,
in regulating the utilization of propionic and butyric acids and the activity of the H,-
producing bacteria is very important, but is not reflected in the parameter values
reported above, which are all for low H, levels. Bryers'" has argued that the H. effect
is based on thermodynamics, and as such, does not translate directly into kinetic

expressions. Labib et al.,"" on the other hand, have demonstrated inhibition of butyric
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acid utilization by H. separate from the thermodynamic effects. Thus, even though
information on the kinetic impacts of H, is very limited, it appcars to be important.
suggesting that additional studies are needed to allow development of appropriate
rate expressions. In spite of these limitations, however, the kinetic parameters above
provide a good sense of the relative capabilities of the microorganisms involved in
anaerobic operations.

3.3 MAINTENANCE, ENDOGENOUS METABOLISM,
DECAY, LYSIS, AND DEATH

As discussed in Section 2.4.2, a number of complex events interact to make the
observed yield in biochemical operations less than the true growth yield and to cause
only a fraction of the suspended solids to be active biomass. Even if our knowledge
of all of those events was sufficient to allow mechanistically accurate kinctic models
to be written, it is doubtful that they would be used in engincering practice because
of their complexity. Consequently, as is common in engincering, simplificd models
have been adopted because of their utility and adequacy, and two will be reviewed
in this section. The traditional approach has been in use for many years and has
found many applications.™ """ ™ Its main attributes arc its simplicity and familiar-
ity. Its main weakness, however, is its inability to easily handle situations in which
the nature of the terminal clectron acceptor is changing. The second model addresses
that situation.” ™ ™'"*™ It is called the lysis:regrowth approach.™

3.3.1 The Traditional Approach

In the traditional approach, all of the events-leading to the reduction in yield and
viability arc expressed by the following stoichiometry:

Biomass + electron acceptor — CO- + reduced acceptor
+ nutrients + biomass debris (3.52)

The important concepts incorporated into this expression are that active biomass is
destroyed as a result of “*decay’ and that the electrons removed as a result of the
oxidation of the carbon to carbon dioxide pass to the electron acceptor. Furthermore,
not all of the biomass is totally oxidized and a portion is left as biomass debris.”" ™
Although the debris is ultimatcly biodegradable, ™™ its rate of biodegradation is so
low that for all practical purposes it is inert to further biological attack in most
biochemical operations, causing it to accumulate, reducing the fraction of active
biomass in the suspended solids. Finally, nitrogen is released as ammonia-N, al-
though some remains in the biomass debris. Figure 3.5 illustrates how these events
are related to microbial growth in an aerobic environment.
If Eq. 3.52 is rewritten as a COD balance the result is:

Biomass COD + [—(1 — f,]O. equivalents of electron acceptor —
f,, biomass debris COD (3.53)

where f}, is the fraction of the active biomass contributing to biomass debris, X,,.
For the type of biomass normally found in biochemical operations for wastewater
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Figure 3.5 Schematic representation of the traditional approach to modeling biomass decay
and loss of viability.

treatment it has a value of around 0.2.*™"' Equation 3.53 shows that the utilization
of oxygen or nitrate due to decay must equal the loss of active biomass COD minus
the production of biomass debris COD.

Another important concept inherent in Eq. 3.52 is that nitrogen is reteased as
ammonia as biomass is destroyed. If Eq. 3.52 were reformulated as a nitrogen based
stoichiometric equation it would read:

Biomass N — NH;-N + biomass debris N (3.54)

Since we have used biomass COD as the basic measurement of biomass, it would
be convenient to write the nitrogen based stoichiometric equation in a way which
linked it to biomass COD. This can be done by introducing two conversion factors,
ix x;y and iy x,, which are respectively, the mass of nitrogen per mass of COD in
active biomass and the mass of nitrogen per mass of COD in biomass debris. Their
use leads to:

in xy* Biomass COD — NH.-N + i, 4,,-biomass debris COD (3.55)

Because the destruction of a unit mass of biomass COD leads to the generation of
f;, units of biomass debris COD (Eq. 3.53), Eq. 3.55 tells us that the amount of
ammonia-N released from the destruction of a unit mass of biomass COD is (ix xs
— ixxpfp). If C<H,O.N is representative of biomass, then iy xg has a value of 0.087
mg N/mg biomass COD. The nature of biomass debris is less well characterized than
active biomass and thus there is no generally accepted empirical formula from which
ix xp can be calculated. However, because many nitrogenous compounds serve as
energy reserves that are destroyed during endogenous metabolism, it is likely that
the nitrogen content of biomass debris is less than that of biomass. As a result, a
value of 0.06 mg N/mg COD has been recommended for iy xp. "



Stoichiometry and Kinetics 97

The rate expression for decay of biomass is first order with respect to the
biomass concentration:

Iew = —b- Xy (3.56)

where b is the decay coefficient, with units of hr '. Employing the concept in Eq.
3.10, the rate of production of biomass debris can be seen to be:

Ixp = befy- Xy (3.57)

and the rate of oxygen (electron acceptor) utilization associated with biomass decay
is:

feo = (1 — fu,)b- Xy (COD units) = —(1 — f,)b- X, (O- units) (3.58)

The same equation would hold for utilization of nitrate expressed as oxygen equiv-
alents, although the numerical value of the decay coefficient may well be different
with alternative electron acceptors. Finally, the rate of ammonia-N release is:

Tonit = (noxp = dnxp )b Xy (3.59)

As might be expected from the discussion of parameter values in Section
3.2.10, the value of b is very dependent on both the species of organism involved
and the substrate on which it is grown. The latter effect is probably due to the nature
of the energy reserves synthesized during growth. Because Eq. 3.56 is an approxi-
mation describing very complex events, the value of b also depends to some extent
on the rate at which the biomass is grown. Dold and Marais™ have reviewed the
literature concerning b and have concluded that in aerobic and anoxic wastewater
treatment systems a typical value for heterotrophic biomass is 0.01 hr '. Others'"
have reported values as low as 0.002 hr ' as being common in similar systems. Thus,
it can be seen that quite a large range can exist. A large range of b values has also
been reported for autotrophic nitrifying bacteria,” with values ranging from 0.0002
to 0.007 hr '. A value of 0.003 hr ' is considered typical at 20°C.™

Decay also occurs in anaerobic systems, but the b values for such systems are
lower than those for aerobic systems because the bacteria have much lower jL values,
and the two paramelers appear to be correlated. For example, Bryers'* has reported
b values around 0.0004 hr ' for bacteria carrying out anaerobic oxidations and meth-
anogenesis and values around 0.001 hr ' for fermentative bacteria.

3.3.2 The Lysis:Regrowth Approach

The most complete model depicting the loss of viability and biomass in biochemical
operations was devised by Mason et al.”" after an extensive review of the literature.™
In that model, viable biomass can either die or be inactivated, leading to dead and
nonviable biomass, respectively. Furthermore, all biomass can undergo lysis, al-
though at different rates for different types, leading to soluble and particulate organic
matter. The particulate organic matter is hydrolyzed to soluble organic matter, and
the soluble organic matter from either source can be used by the viable biomass for
new growth. Loss of viability is accounted for because the presence of dead biomass
and particulate organic matter reduces the number of viable bacteria per unit mass
of particulate material. Loss of biomass, i.e., decay, results from the fact that yield
values are less than one so that the amount of biomass grown from the soluble
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substrate refeased is always less than the amount destroyed by lysis, as discussed in
Section 2.4.1.

A conceptually similar, but less complex, model was developed by Dold et al.™
for use in modeling wastewater treatment systems containing both aerobic and anoxic
zones. Only one type of biomass is considered to be present: active, viable biomass.
However, it is viewed as continually undergoing death and lysis, vielding particulate
substrate and biomass debris. As in the model of Mason et al.,”" particulate substrate
is hydrolyzed to soluble substrate, and the soluble substrate is used by the viable
biomass for growth, yielding new cell material. However, as above, because biomass
yield values are always less than one, the amount of new biomass formed is always
less than the amount destroyed by death and lysis, resulting in a net loss of biomass
from the system (i.e., decay). A loss of viability results from the accumulation of
biomass debris and particulate substrate.

The model of Dold et al.* is simpler than that of Mason ¢t al., ' yet appears
to be adequate for modeling many important wastewater treatment systems.” Fur-
thermore, it can account for differences in decay observed as bacteria are cycled
through aerobic, anoxic, and anaerobic conditions, whereas those differences cannot
be accounted for by the traditional decay approach.'™ Finally, it has been adopted
for use in a general model of single-sludge processes™ ™ that has been shown to
adequately represent the dynamic performance of full-scale systems.” Thus, it will
be used herein as an alternative to the traditional approach. The events in it are
depicted in Figure 3.6.

The COD-based stoichiometry of the lysis:regrowth approach of Dold et al.™
is:

Biomass COD — (1 — f)) particulate substrate COD

+ fj, biomass debris COD (3.60)
where f, is the fraction of active biomass contributing to biomass debris. No COD

is lost during death and lysis. Rather active biomass COD is simply converted into
an equivalent amount of COD due to biomass debris and particulate substrate. As a

Growth
Soluble Loss of COD :
Substrate Biomass
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O,+NH, CO,+H,0

Hydrolysis Death and Lysis
No Loss of COD No loss of COD
Particulate .
Substrate Debris
X
X D

Figure 3.6 Schematic representation of the lysis:regrowth approach to modeling biomass
decay and loss of viability.
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consequence, no use of electron acceptor is directly associated with the loss of bio-
mass, i.e., decay. Electron acceptor utilization occurs as soluble substrate, which
arises from hydrolysis of particulate substrate, is used by active biomass for growth.
As with the traditional approach, cell debris is assumed to be resistant to microbial
attack within the time constraints of biochemical operations.

The nitrogen in the biomass is divided between biomass debris and particulate
substrate, with the latter being called particulate biodegradable organic nitrogen. The
nitrogen based stoichiometric equation depicting this is:

Biomass N — particulate biodegradable organic N + biomass debris N

(3.61)

Giving the same meanings to iy s and ix y;, as given above, Eq. 3.61 can be rewritten
in terms of biomass COD and biomass debris COD:

ix xs - Biomass COD — particulate biodegradable organic N
+ iy xp-biomass debris COD (3.62)

Thus, each unit of biomass COD lost to decay yields (ixxs — ixapcfiy) units of
particulate biodegradable organic nitrogen. This differs from the traditional approach
which leads directly to soluble ammonia nitrogen.

As in the traditional approach, the rate of loss of biomass COD to death and
lysis is considered to be first order with respect to the active biomass concentration:

I = —b - Xy (3.63)

where b; has units of hr ', just as b does. In a manner similar to the traditional
approach, the rate of production of biomass debris COD is:

T = by £ Xy (3.64)
And the rate of production of particulate substrate COD (X,) is:
rxs = (1 = )by - X, (3.65)

Note the similarity of this equation to Eq. 3.58, the equation for oxygen consumption
in the traditional approach. This similarity arises from the retention in the particulate
substrate of all electrons lost from active biomass, rather than their transfer to oxy-
gen. Finally, the rate of production of particulate, biodegradable organic nitrogen
(X\s) is:

Taws = (v = dvan )b - Xy (3.66)

It is important to realize that b, is conceptually and numerically different from
b and that f), is numerically different from f;,. This follows from the cycling of COD
that occurs in the lysis:regrowth approach. Biomass COD is lost, relcasing particulate
substrate COD, which is hydrolyzed to soluble substrate COD, which is degraded
by active biomass vielding new biomass, which is lost by death and lysis giving
particulate substrate COD, etc. The net effect of the two approaches is the same
because a given amount of biomass will be lost from a bioreactor regardless of how
we conceptualize the actual events occurring. Since it is necessary for carbon to
cycle around the system several times in the lysisiregrowth conceptualization to
achieve the same loss of biomass that the traditional approach achieves in one pass,
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b, must be numerically larger than b. Likewise, since the same amount of biomass
debris is ultimately formed from the loss of a given amount of biomass by dccay,
f;, must be numerically smaller than {,. In fact, the values of the four parameters are
related:™

f,-b, = f,,b (3.67)
Furthermore,
1-Y
fo=\—m]f, 3.68
' (1 - Y-f,,) : (3.68)

It was stated above that f,, has a value around 0.2. Given the Y values associated
with the biomass for which f,, was estimated, Eq. 3.68 suggests that the value of
f;, is around 0.08.” The values of f,, and f}, are not likely to vary greatly, and thus
those values will be adopted herein. It should be noted, however, that the relationship
between b, and b also depends on Y:™

b

U] B

[

Although it is common during parameter evaluation studies to measure both Y and
b, neither f;, nor f}, is commonly measured. Since Y can influence the relationship
between b, and b, it is recommended that Eq. 3.69 be used instead of Eq. 3.67 to
convert measured b values to b, values.™

An important assumption implicit in the lysis:regrowth approach is that within
a given culture, cell lysis occurs all of the time with the same value of the rate
coefficient b,, regardless of the rate at which the bacteria are growing. The validity
of this assumption has been confirmed by measuring the release of nucleic acids as
direct evidence of cell lysis.”™

For autotrophic growth, the relationship between b, and b is different.””” This
is because autotrophic organisms do not use organic matter for growth. Thus, death
and lysis will not lead to additional autotrophic biomass growth. (The amount of
autotrophic biomass that will grow from the nitrogen released is negligible.) Rather,
heterotrophic biomass will grow on the organic matter released. As a consequence,
the lysisiregrowth and traditional approaches are the same for autotrophic biomass;
the result is that the two parameter values are equal.

3.4 SOLUBLE MICROBIAL PRODUCT FORMATION

As discussed in Section 2.4.3, soluble microbial products are thought to arisc from
two processes, one growth associated and the other non—growth-associated.'"”

Growth associated product formation results directly from biomass growth and
substrate utilization. If soluble microbial product formation was occurring in appre-
ciable amount, it would be necessary to modify the stoichiometric equation for mi-
crobial growth to account for it. Letting Sy, represent the concentration of soluble
microbial products in COD units and Y, the product yield in units of product COD
formed per unit of substrate COD used, Eq. 3.31 can be rewritten to account for
soluble microbial product formation:
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(1)Ss + [‘(1 - Yn - YMI')]S() - Yuxn.n + YMI'SMP (3~7O)

This shows that less electron acceptor is used when soluble products are formed
because part of the COD of the substrate remains in the medium as those products.
Rewriting this equation in the form of Eq. 3.9 with biomass as the reference con-
stituent gives:

1 1= Yy —Yur Yo
——)Sss+ (=D | [ —E—2)|s, + Xy + =25, =0
( YH> SS ( 1) |: ( Y” ):I B.H Y” ME

(3.71)
This tells us:
Tove = (Yaur/Y1u)Txy (3.72)
Combining Eq. 3.72 with Eq. 3.35 for 1y, gives:
Lo = (Yae/ Y Xy (3.73)

The fact that ryy, is proportional to . shows that it is growth-associated.

Non-growth-associated product formation, also called biomass-associated
product formation,'™ occurs as a result of cell lysis and decay. Rewriting Eq. 3.53
to incorporate soluble product formation into the COD-based stoichiometry of the
traditional approach to decay gives:

Biomass COD + [—(1 — f;, — fus)]O, equivalents of electron
acceptor — f;, biomass debris COD + fy; soluble product COD (3.74)

where fy;;, is the fraction of active biomass contributing to biomass-associated prod-
ucts. Using this with Eq. 3.56 gives the rate of production of biomass-associated
product:

Tomr = b fue Xy (3.75)

By analogy to biomass debris formation, a similar approach could be used to account
for soluble microbial product formation in the lysis:regrowth approach, giving a
parameter fy,, which is smaller than fy; in the same way that f}, is smaller than f,,.
Combining Eqgs. 3.73 and 3.75 suggests that the specific rate of soluble micro-
bial product formation is linearly related to the specific growth rate. While such a
relationship may be adequate for slowly growing cultures like those found in acti-
vated sludge systems, it is not adequate for more rapidly growing systems™ and thus
Egs. 3.73 and 3.75 cannot be considered to be of general applicability to all systems.
Although a relatively large body of research on soluble microbial product formation
has been conducted,”'™ it is still not sufficient to allow consensus on the rate ex-
pressions to be used. Thus, in spite of its known importance, soluble microbial
product formation will not be incorporated into the models in Parts II and IV.
Insufficient information is available to provide typical values for fy, and £,
but, as indicated in Section 2.4.3, Y., values have been found to be less than 0.1.*
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3.5 SOLUBILIZATION OF PARTICULATE AND HIGH
MOLECULAR WEIGHT ORGANIC MATTER

The conversion of particulate and high molecular weight organic matter into forms
small enough for bacteria to take up and degrade is an important step in biochemical
operations for wastewater treatment because such materials are commonly present
in wastewaters and also arise from lysis reactions as discussed previously. In spite
of that, relatively few studies have focused on those reactions. Perhaps this is because
many types of particulate materials are attacked by distinctly ditferent mechanisms,
even though they are collectively referred to as hydrolysis.

The stoichiometry of hydrolysis is thought to be very simple, with organic
material simply changing form. Consequently, most investigators have assumed that
COD is conserved, i.e., that no energy is consumed. This is indicated in Figure 3.6.
Because no energy is consumed, no electrons are removed and no terminal ¢lectron
acceptor is used. Thus, the stoichiometric equation is simply:

Particulate substrate COD — soluble substrate COD (3.76)

This means that the rate of formation of soluble substrate COD is equal to the rate
of loss of particulate substrate COD.

In the face of complex situations in which reactions are ill defined, it is com-
mon for e¢nginecrs to choose the simplest possible reaction rate expression, and that
is what a number of investigators have done, assuming that hydrolysis is first order
with respect to the concentration of particulate substrate, X.'*'™™>**" This approach,
however, ignores the effect that the biomass concentration will have on the rate.

One group™ performed an extensive literature survey before adopting a kinetic
expression for the hydrolysis of particulate organic matter patterned after that of
Dold et al.,™ which is based on the work of Stenstrom:''”

re = —ky | Ry (3.77)
T K+ XX | '

In this expression k, is the hydrolysis coetficient (hr ') and K, is a half-saturation
cocfficient (mg particulate substrate COD/mg active biomass COD). An important
characteristic of this expression is that even though the rate is first order with respect
to the heterotrophic biomass concentration, it is controlled by the ratio of particulate
substrate concentration to heterotrophic biomass concentration, rather than by the
particulate substrate concentration alone. This is necessary because the reaction is
thought to be surface mediated, depending on the presence of extracellular enzymes
whose quantity will be proportional to the biomass concentration.™

Data on the values of k, and Ky are very limited. Based primarily on the
recommendations of Dold and Marais,” one group™ adopted a value of 0.092 hr '
for k, and a value of 0.15 for K.

The rate of hydrolysis will also be influenced by the electron acceptor concen-
tration,” ™" even though no electron acceptor is used in the reaction. Under acrobic
conditions, an interactive, dual nutrient limitation expression has been adopted in a
manner similar to that in Eq. 3.46. Under anoxic conditions, an expression similar
to that in Eq. 3.48 has been found to be appropriate, with nitrate stimulating anoxic
hvdrolysis and oxygen inhibiting it. In both expressions, the effect of the particulate
substrate should be given by Eq. 3.77. Under anaerobic conditions of short duration,
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hydrolysis is assumed to stop. While this would not be true for long term anaerobic
conditions, it is consistent with observations in biochemical operations that cycle
bacteria between aerobic and anoxic conditions.” It would probably be satisfactory
to use Eg. 3.77 alone to describe hydrolysis under fully anaerobic conditions, but
with a k, value much smaller than that used for acrobic conditions.

As seen in Eq. 3.61, biomass decay results in the formation of particulate
biodegradable organic nitrogen. In addition, organic nitrogen will be associated with
the particulate organic matter in the wastewater. All of this material will be converted
into soluble, biodegradable organic nitrogen, Sy, (i.e., the nitrogen associated with
amino acids and other soluble, nitrogen containing organic substrates) as the partic-
ulate substrate is hydrolyzed. The rate of generation of Sy (rexs) is numerically
equivalent to the rate of loss of particulate organic nitrogen (ry.s), which is propor-
tional to the hydrolysis rate of particulate organic matter:™

Tyns = TTans = _(X!\\/Xs)rxs (3.78)

where X, is the concentration of particulate, biodegradable organic nitrogen.

3.6 AMMONIFICATION AND AMMONIA UTILIZATION

Ammonification is the conversion of soluble organic nitrogen into ammonia-N that
occurs as bacteria consume soluble organic matter containing nitrogen. Actually, the
true rate of ammonification is difficult to measure because ammonia-N is being
consumed by the bacteria as they grow, and the only mecasurable event is the net
accumulation or loss of ammonia in the medium. If the amount of nitrogen available
in the organic substrate is just sufficient to meet the biosynthetic needs of the new
biomass, there will be no net change in the ammonia-N concentration in the medium.
On the other hand, if that amount exceeds the need, the ammonia concentration in
the medium will increase, whereas if that amount is less than the need, the ammonia
concentration will decrease. It should be recognized, however, that whether organic
nitrogen is incorporated directly into new biomass depends on its form. The nitrogen
in simple compounds like amino acids may be incorporated directly as the amino
acids are used for protein synthesis, while nitrogen in complex synthetic organic
chemicals may be released to the medium as ammonia.

In an effort to make this complex situation mathematically tractable, most mod-
elers assume that all nitrogen goes through the medium before being used. Thus,
ammonification is assumed to release all organic nitrogen to the medium as ammonia,
and nitrogen utilizing reactions are assumed to obtain their ammonia from the me-
dium. Whether ammonia accumulates or is removed depends on the relative rates of
its production and utilization.

Because ammonification occurs as heterotrophic biomass destroys nitrogen con-
taining soluble organic matter, it is likely that its rate is proportional to the rate of
soluble substrate removal. Relatively little work has been done 1o investigate the rate
of ammonification in complex substrates in which only a part of the soluble organic
matter contains nitrogen, and it is uncertain whether a direct proportionality can be
assumed between soluble substrate removal and ammonification. Consequently, am-
monification has been represented as a reaction that is first order with respect to both
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the heterotrophic biomass concentration and the concentration of soluble, biodegrad-
able organic nitrogen:™ ™"

fns = ~K,*Sny* X (3.79)

where k, is the ammonification rate coefficient (L/(mg biomass COD - hr)). Very little
information is available about its value. As discussed above, the assumed stoichi-
ometry of ammonification is such that all nitrogen removed from nitrogen containing
soluble organic matter is released as ammonia, although some may ultimately be
used for biomass synthesis. Thus, the rate of production of ammonia nitrogen (Su;)
through ammonification is:

fsnie = T Tsns (3.80)

Ammonia is removed from solution by two reactions. First, it is used in the
synthesis of new biomass as seen in Eq. 3.6 and others presented in Section 3.2.
Second, it is used as a substrate by autotrophic biomass. The rate expression for the
second use is the same as any other substrate, as discussed in Section 3.2.6. The rate
expression for the first use can be determined from the generalized rate expression
and the stoichiometry of growth. Since iy y, is the mass of nitrogen per unit of
biomass COD, the rate of ammonia removal through biomass growth is simply:

Tonn = ~ivan Xy (3.81)

Equation 3.81 is true for both heterotrophic and autotrophic growth, and thus the
general symbol for biomass, X;,, has been used in it.

3.7 PHOSPHORUS UPTAKE AND RELEASE

Biological phosphorus removal is a complex process that is dependent on the growth
of specialized phosphate accumulating organisms (PAOs), which store phosphorus
as polyphosphate (poly-P), as discussed in Section 2.4.6. Because biological phos-
phorus removal is still the subject of active experimental investigation, there is little
consensus concerning all of the rate expressions describing it. Furthermore, the mi-
crobial events involved are subject to complex control through the concentrations of
several constituents. As a consequence, a discussion beyond the scope of this chapter
would be needed to fully define the kinetics and stoichiometry of biological phos-
phorus removal. There are, however, two events that should be considered briefly
because they are distinctly different from the events discussed above. These are the
uptake and release of phosphorus by the PAOs.

It will be recalled from Section 2.4.6 that two conceptual models exist for
biological phosphorus removal, the Comeau/Wentzel model and the Mino model,
illustrated in Figures 2.5 and 2.6, respectively. The major difference between them
is that the Mino model incorporates glycogen formation and utilization, whereas the
Comeau/Wentzel model does not. In developing a mathematical model for biological
phosphorus removal, one group decided that the introduction of a detailed mecha-
nistically based mathematical model for the process was premature.™ Rather, they
preferred to recommend the simplest mathematical model that allows adequate pre-
diction of biological phosphorus removal. Consequently, they basically followed the
Comeau/Wentzel model. Furthermore, they assumed that PAOs cannot use nitrate as
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a terminal electron acceptor and that they can only grow on the PHB stored in the
cell. Although these assumptions are severe restrictions, we have chosen to use ac-
tivated sludge model (ASM) No. 2 as the basis for the rate expressions presented
herein because it represents a consensus among several investigators in the field.™
It should be recognized, however, that more complete expressions are likely to be
developed as more research is done.

Under anaerobic conditions, PAQOs do not grow, but store acetic acid as PHB
through the cleavage of Poly-P with the associated releasc of soluble phosphate. (In
the following equations, all phosphate concentrations are expressed as phosphorus,
P, and all organic materials are expressed as COD). The rate of removal of acetic
acid, ry,, can be modeled with an interactive, dual limiting nutrient expression:

- S/\ Xl'l’/xli.f’
- X, 3.82
sn = 70a (KA n s,\) [K,,,. ¥ XpelXug) | T8 (3.:82)

where . is the maximum specific rate of acetic acid uptake, hr !, S, is the acetic
acid concentration in COD units, K, is a half-saturation coefficient for acetic acid,
Xpp is the poly-P concentration in the biomass, expressed as a liquid phase P con-
centration, K, is a half-saturation coefficient for poly-P in the same units, and X,
is the concentration of PAO biomass in COD units. The stoichiometry of the reaction
is such that each mg/L of acetic acid COD removed from the medium forms a
mg/L of PHB COD in the biomass. Thus, the rate expression for PHB (Xp) for-
mation, fypyy, iS:

(3.83)

Txpnp = T Tsa

Furthermore, Y, units of soluble phosphate, S,, are released for each unit of acetic
acid stored as COD, increasing S, by an amount equal to the decrease in stored Poly-
P concentration. Thus:

(3.84)

Top = —Txpp = Yo~ Ixpyn

The value of Y, selected by Henze et al.™ was 0.40 mg P/mg COD, reflecting the
average stoichiometry for the process. The values of K., and K,, were chosen to be
small to make the parenthetical terms in Eq. 3.82 serve as switching functions that
change rapidly from one to zero, thereby turning the reaction on and off. The value
chosen for K, was 4.0 mg COD/L whereas the value chosen for K, was 0.01 mg
P/mg PAO COD.

Under aerobic conditions, the PAOs grow by using the stored PHB as a carbon
and energy source. This is assumed to be their only substrate for growth, even though
they are capable of growth on soluble substrates. Because little soluble substrate is
likely to be present in the aerobic portion of a biological phosphorus removal process,
Henze et al.™ ignored it to simplify the model. Furthermore, because the process can
only occur under aerobic conditions, a switching function for oxygen was included
to make the rate go to zero when oxygen is absent. Considering all of these factors,
the rate of PAO growth can be described by:

) Koo/ Xue ( Se ) ( S, )
Ixpp = Mp X p 3.85
xur = e [K + (X.x,..‘/x.,..,)] Ko + S/ \Ki, +S,/ ™ (3-89

where [, is the maximum specific growth rate coefficient for PAOs, X, is the
stored PHB concentration in mg/L as COD, S, is the soluble phosphate concentration
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in mg/L as P, K, is the half-saturation coefficient for soluble phosphate, S, 15 the
dissolved oxygen concentration, and K, is the half-saturation coefficient for dissolved
oxygen. It should be noted that the expression for the effect of PHB concentration
on biomass growth is written in terms of the amount of PHB available per unit of
biomass COD because the PHB is not free in the medium, but is stored in the
biomass. As a result, K, has units of mg PHB COD/mg PAO COD. Because of
biomass lysis, phosphate will continually be released to the medium. Consequently,
S, will never reach a zero concentration and phosphorus will always be available
for growth. The values chosen for the half-saturation coefficients by Henze et al.™
were (.01 mg PHB COD/mg PAO COD, 0.20 mg P/L, and 0.20 mg O./L. for Kpyy,
K,. and K,,, respectively.

The stoichiometry of the acrobic growth reaction on a COD basis is the same
as that in Eq. 3.33, except that PHB is the growth substrate. Conscquently. the
relationship between iy, Typnw, and ry, (with all in COD units) will be the same as
the relationship between ryy, Iss, and ry, in Eq. 3.34, or:

LESTIIT - %) RAC (3.86)

<___‘__) . _(l_t_‘{»-;\(:) :
Yo D Yoo

where Yy, is the yield coefficient for PAOs growing on stored PHB. The value
assumed for it in ASM No. 2 is 0.63 mg PAO COD/mg PHB COD.™ It should be
noted that the rates of PHB loss and oxygen consumption expressed by Eq. 3.86 are
that associated only with PAO growth.

Storage of polyphosphate also occurs under acrobic conditions and the energy
for it also comes from PHB utilization. The rate expression includes all of the par-
enthetical terms in Eq. 3.85. It has been observed, however, that storage of poly-P
stops if its content in the PAOs becomes too high.™ It is necessary to include a term
that decreases the rate of Poly-P storage as the Poly-P concentration per unit of PAOs
approaches a maximum value of K,y.x. Considering these factors, the rate of Poly-
P storage, ry., can be expressed as:

o = [ Xons/ X ( S )( S, )
M Ko + Ko/ Xar) | \Ko + S0/ \K, + S,

[ Kp\m,\' B (Xm'/xu.v) }
KIPP + Kp.\mx - (va/xn.r) .

where @, is the maximum specific rate of Poly-P storage, which has a typical value
of 0.06 mg P/(mg PAO COD-h) at 20°C. K, is the inhibition coefficient for Poly-
P storage, with an assumed value of 0.02 mg P/mg PAO COD. All other terms were
defined following Eq. 3.85. Soluble phosphate is removed from the medium in direct
proportion to the amount incorporated into Poly-P. Furthermore, PHB is lost and
oxygen is utilized proportionally as well. The relationship between the rates is de-
termined from the stoichiometry as:

(3.87)

I'xpup - T'so _ i _ Txep (3.88)
(‘Ymm) (_ l)('—Ymm) -1 1

where Y, is the PHB requirement for poly-P storage, which has a typical value of
0.20 mg PHB COD/mg P.™ The rates of PHB loss and oxygen consumption in this
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expression are those associated with only Poly-P storage. The total rates of cach
under aerobic conditions must be obtained by adding the expressions from Eqgs. 3.86
and 3.88. Furthermore, Eq. 3.88 does not give the total rate of soluble phosphate
loss since polyphosphate formation is not the only mechanism for removing soluble
phosphate from the liquid. Rather, phosphorus is also a required nutrient for biomass
synthesis. If i,y is the mass of phosphorus incorporated into cell material per unit
of PAO COD formed, the total rate of removal of soluble phosphorus by the PAOs
will be:

Top = —(ip xn Txue) — Tupp (3~89)

where ry,, 15 given by Eq. 3.85. Cellular biomass contains about 2.5 percent phos-
phorus on a mass basis, so on a biomass COD basis, i, v, has a value around 0.02
mg P/mg biomass COD. If heterotrophs and autotrophs arc growing in the system,
they will also consume soluble phosphate for incorporation into biomass with the
same stoichiometry.

3.8 SIMPLIFIED STOICHIOMETRY AND ITS USE

In Chapter 5, we use the concepts developed in Section 3.1.3 to construct mathe-
matical models that incorporate the various events discussed in this chapter. There
are many circumstances, however, in which the use of stoichiometric concepts would
be very useful even without the development of rigorous equations. For example,
examination of Eq. 3.13 expressing biomass growth and Eq. 3.52 expressing biomass
decay by the traditional approach reveals that they could be combined into a single
equation that incorporates both reactions. Since biomass is a product in Eq. 3.13 and
a reactant in Eq. 3.52, the effect would be to reduce the net amount of biomass
formed. Likewise, since nutrients arc reactants in Eq. 3.13 and products in Eq. 3.52,
the net amount of nutrients used would also be reduced. The electron acceptor, on
the other hand, is a reactant in both equations, so the effect of combining them
would be to increase the amount of electron acceptor required. Consideration of what
is occurring when the equations are combined, in combination with the discussion
of yield in Section 2.4.1, reveals that the net stoichiometric coefficient on biomass
in a mass-based combined equation is the observed vyield. In other words, it is the
yield when maintenance energy needs and decay are taken into account. By making
use of the fact that the observed yield is a function of the growth conditions imposed
on the biomass, the combined equation may be used to show how the nutrient and
electron acceptor requirements change as the growth conditions are changed.'"

3.8.1 Determination of the Quantity of Terminal
Electron Acceptor Needed

Although other stoichiometric equations can be used, the COD-based equation is the
most useful for determining the quantity of terminal electron acceptor required for
growth of heterotrophs. Writing the combined stoichiometric equation for heterotro-
phic biomass growth in COD units illustrates a very important point that will be
used throughout this book. When ammonia serves as the nitrogen source, the sum
of the oxygen (or oxygen equivalents of nitrate) used and the biomass (active plus
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debris) formed (in COD units) must equal the COD removed from solution. This
follows from the fact that COD is a measure of available electrons. In other words,
all of the electrons available in a substrate being biodegraded are either removed
and transferred to the terminal electron acceptor or they are incorporated into the
biomass formed. As discussed in Section 3.2.1, when ammonia serves as the nitrogen
source, no electrons are transferred to nitrogen during biomass synthesis. When ni-
trate serves as the nitrogen source, however, some of those electrons must be used
to reduce nitrogen from the +V state to the —III state, and thus those electrons are
incorporated into the biomass even though they will not be measured in the COD
test. This is because nitrogen does not accept or give up electrons in the COD test.
Consequently, if biomass is represented by C:H,O;N, its COD must be multiplied
by 1.4 for the balance to work, as suggested by Eq. 3.17. Thus, to generalize:

COD removed = O, equivalents of terminal electron acceptor used

+ an{(COD of biomass formed) (3.90)
where:
an = 1.0 NH; as nitrogen source
an = 1.4 NO,; as nitrogen source

Equation 3.90 is generally applicable and is much casier to use for determining the
amount of terminal electron acceptor required than the writing of a molar or mass-
based stoichiometric equation. Thus, it is widely employed and will be used fre-
quently herein. Ammonia will be assumed to be the nitrogen source throughout this
book, unless specifically stated otherwise. Thus, ay will generally be set equal to 1.0

3.8.2 Determination of Quantity of Nutrient Needed

The amount of nitrogen required for heterotrophic biomass growth can also be cal-
culated from the combined stoichiometric equation. Since the only use of nitrogen
in the equation is for synthesis of biomass, the equation may be used to establish a
relationship that is very useful for estimating nutrient requirements. If the ammonium
ion requirement is expressed per unit of biomass COD formed, it is found to be
0.112 mg of NH; per mg of biomass COD formed. Or, expressed as the amount of
nitrogen required, it is 0.087 mg of N per mg of biomass COD formed. Actually,
this can be considered to be a generality that is independent of the source of the
nitrogen, provided that C;H,O.,N represents the composition of biomass. This sug-
gests that once the observed yield has been determined, the amount of nitrogen
required can be estimated easily, allowing adequate amounts to be provided if they
are not naturally present in the wastewater. Likewise, cach time a mg of biomass
COD is destroyed, 0.087 mg of nitrogen will be released to the medium, and this
fact must be considered in operations such as aerobic digestion which are designed
to destroy biomass. As with determination of the electron acceptor requirement, the
main purpose of traditional stoichiometric equations has been to provide simplified
relationships such as these for engineering use. Thus, the conversion factor is gen-
erally used in lieu of writing a new balanced stoichiometric equation for each
situation.
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Table 3.3 Approximate Micronutrient Requirements for
Bacterial Growth

Approximate requirement,* pg/mg

Micronutrient biomass COD formed
Potassium 10
Calcium 10
Magnesium 7
Sulfur 6
Sodium 3
Chloride 3

Iron 2

Zinc 0.2
Manganesc 0.1
Copper 0.02
Molybdenum 0.004
Cobalt <0.0004

* Estimates based on the judgment of the authors after considering
information in Refs. 30. 99, and 127.

As mentioned in Section 3.2.1, the phosphorus requirement for normal micro-
bial growth can be estimated as one-fifth of the nitrogen requirement on a mass
basis. Consequently, about 0.017 mg of phosphorus will be required for each mg of
heterotrophic or autotrophic biomass COD formed, and an equal amount will be
released for each mg destroyed. If PAOs are in the system, the amount released
by destruction of the biomass will be different and will depend on the amount of
poly-P stored.

The provision of sufficient nutrients is essential if efficient wastewater treatment
is to be achieved, because without them the microorganisms will not be able to
perform their synthesis reactions. Although nitrogen and phosphorus are the nutrients
needed in greatest quantity (macronutrients), many other elements are required by
the microorganisms but are not normally included in the stoichiometric equation
because of the complicating effect they would have. The nced for them should not
be ignored nor should their presence be taken for granted because severe problems
can result if sufficient quantities are not available.''"” Table 3.3 lists the major
micronutrients required for bacterial growth.”” There is little agreement in the liter-
ature concerning their quantities in biomass. One reason is that different bacteria
have different requirements. Another is that bacteria tend to adsorb cations, thereby
making it difficult to determine exactly the quantity actually incorporated into bio-
mass. The values listed in Table 3.3 are the authors’ best estimates of the quantities
required based on examination of several sources.”""'*’

3.9 EFFECTS OF TEMPERATURE

Temperature can exert an effect on biological reactions in two ways: by influencing
the rates of enzymatically catalyzed reactions and by affecting the rate of diffusion
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of substrate to the cells. The importance of both has not always been recognized and
this has led to some confusion in the quantification of temperature effects. For ex-
ample, temperature effects observed in the laboratory are often more pronounced
than those observed in the field. This is due in part to the fact that full-scale reactors
are apt to be diffusion controlled. Consequently, the temperature coefficients given
below are provided simply to give an idea of the importance of temperature to
various microbial processes. For system design, actual temperature cffects should
always be measured in prototype systems that simulate the anticipated mixing
regime.

3.9.1 Methods of Expressing Temperature Effects

There are three techniques commonly used to quantify the effects of temperature on
biochemical operations. The oldest is that of Arrhenius,” who first applied it in 1889
to quantify the cffects of temperature on the enzymatic hydrolysis of sugar. It is:

k=A-e¢ "™ (391

where k is the temperature dependent rate coetficient, A is a constant, u is the tem-
perature coefficient, R is the gas constant, and T is the absolute temperature. The
value of u may be obtained by plotting In k versus 1/T and determining the slope.
For normal SI units, the units of u are kJ/mole and a positive value means that k
increases as the temperature is increased.

Although microorganisms have been found in extreme environments that can
grow at temperatures approaching cither the freezing point or the boiling point of
water, most microorganisms ¢xhibit a relatively narrow temperature range over which
they can function. Within that range, most reaction rate coctficients increase as the
temperature is increased, but then eventually decrease as the heat begins to inactivate
cellular enzymes. The Arrhenius equation, as well as the others to be discussed below,
are only applicable over the range where the coefficient increases with increasing
temperature. Microorganisms are grouped into three categories depending on that
temperature range. Of chief concern in biochemical operations are mesophilic or-
ganisms, which grow well over the range of 10-35°C. The two other groups, psy-
chrophilic and thermophilic, have ranges on cither side and find use under special
conditions. Unless otherwise specified, all parameter values given in this book will
be for mesophilic microorganisms.

If a rate coefficient is known at one temperature, it may be calculated at another
through rearrangement of the Arrhenius equation:

In(k, /oy = 20— T (3.92)

T RT T o
Because the mesophilic temperature range is small when T is expressed in K. the
term (R-T,-T,) does not vary appreciably and may be considered to be constant.
Consequently, a more commonly used expression is:™

k, = koo (3.93)

where

= ——— = (J.0015 394
CER®RTTY v (3:99)
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for the normal mesophilic temperature range. Note that when Eq. 3.93 is used, the
temperature may be expressed in °C because only the temperature difference enters
into the equation. In that case the units of C arc °C '. The value of C may be
determined by plotting In(k) versus T, giving a slope equal to C.

Finally, a third equation has found considerable use in the environmental en-
gineering literature:™

k, = k-0 (3.95)
Actually, Eqgs. 3.93 and 3.95 are the same since:
C = In(8) (3.96)

Thus, the coefficient 8 may also be estimated by plotting In(k) versus T, giving a
slope equal to In(0). 9 is dimensionless.
The temperature cocfficients for the three equations may be interconverted by:

In(8) = C ~ 0.0015 u (3.97)

in which the temperature is expressed in °C or K.

3.9.2 Effects of Temperature on Kinetic Parameters

Biomass Growth and Substrate Utilization. It will be recalled from Eqgs. 3.35
and 3.43 that biomass growth and substrate utilization are proportional to each other,
with the yield being the proportionality coefficient. It will also be recalled from
Figure 2.4 that temperature can influence the value of the yield. This suggests that
temperature can influence growth and substrate utilization in quantitatively different
ways. Nevertheless, because of the uncertainty associated with the impact of tem-
perature on Y, most engineers assume it to be independent of temperature, thereby
allowing the same temperature coefficient to be used for both growth and substrate
utilization.

Two parameters are required to characterize biomass growth, (L and K. The
first is clearly a rate coefficient, and as such, its value increases with increasing
temperature. The second describes how substrate concentration influences the specific
growth rate, and thus the impact of temperature on it is less clear, with it increasing
under some circumstances and decreasing under others. Consequently, there is no
consensus about its relationship to temperature, and each situation must be experi-
mentally determined.

Most studies of the impact of temperature have been done on the aerobic
growth of heterotrophs. Two studies'”™ have reviewed the literature, and have re-
ported values of u for {1 ranging from 21.3 to 167.4 kJ/mole. The average value for
the larger data base'” (18 values) was 59.8 kJ/mole, which converts to C and 8 values
of 0.090 °C ' and 1.094, respectively. Very few studies reporting the effects of tem-
perature on K, were cited, and there was no consensus among them as to whether
it increased or decreased with increasing temperature.

Very few studies have been done to quantify the effects of temperature on
microbial growth under anoxic conditions. van Haandel et al.'*" recommend that a 6
value of 1.20 (C = 0.182 °C, ' u = 121 kJ/mole) be used for q. This value is near
the upper range for the aerobic values reported above, which suggests that it may
be high. Until more data are available, it may be prudent to adopt a value more
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consistent with aerobic growth and substrate utilization since the two processes are
mechanistically similar. No values have been reported for the effect on K. under
anoxic conditions.

Temperature is a critical consideration for nitrifying bacteria because their
values are low even under the best of circumstances. Characklis and Gujer'” reported
four temperature coefficients for . for nitrification, with an average u value of 71.8
kJ/mole (C = 0.108 °C ', 8 = 1.114). However, there appears to be little consensus
about the relative effects of temperature on the two major genera of nitrifiers. For
example, Characklis and Gujer'” reported an average u of 74.3 kJ/mole (C = 0.111
°C ', 8 = 1.118) for {1 of Nitrosomonas and 44.0 kl/mole (C = 0.066 °C *, 8 =
1.068) for Nitrobacter. In contrast, Hall and Murphy‘7 reported a u value of 62.4 kJ/
mole (C = 0.094 °C ', 8 = 1.098) for q for Nitrosomonas and 71.1 kJ/mole (C =
0.107 °C ', 8 = 1.112) for Nitrobacter. Nevertheless, there still seems to be a general
consensus that the temperature coefficient for Nitrobacter is smaller than it is for
Nitrosomonas. In contrast to heterotrophs, for which temperature appears to have
variable effects on K, increases in temperature cause the half-saturation cocfficient
for nitrifiers to increase. The most widely cited data is that of Knowles et al.,” for
which u associated with the K, for Nitrosomonas was 78.7 kI/mole (C = 0.118 °C ',
8 = 1.125) and u associated with the K for Nitrobacter was 97.3 kJ/mole (C = 0.146
°C ', 8 = 1.157).

Temperature is also known to play an important role in anaerobic operations.
Most studies, however, have looked at overall system performance rather than at the
impact on each of the groups of microorganisms discussed in Section 3.2.6. For
example, Henze and Harremoés™ combined data from seven studies to estimate the
temperature coefficient for methanogenesis and found u to be 66.7 kl/mole (C =
0.10 °C ', 8 = 1.105) for a temperature range of 10—30°C. The methane production
rate was constant from 30-40°C, and decreased for higher temperatures. Characklis
and Guijer'” used data from the literature to estimate that the value of u associated
with Ky for acetic acid was —132.9 kJ/mole (C = —0.199 °C ', § = 0.819), showing
that K, decreases as the temperature is increased for this process.

Maintenance, Endogenous Metabolism, Decay, Lysis, and Death. Most studies
have used the traditional decay concept to quantify the impacts of maintenance, etc.
on microbial systems, and thus all temperature data are available in terms of the rate
coefficient b (Eq. 3.56). However, because b and b, are proportional to cach other
(Eq. 3.67), the resulting temperature coefficients should also be applicable to b,.

Because the factors contributing to decay of heterotrophs are the same as those
contributing to growth, it is logical to expect temperature to have similar effects on
b and . and that has been observed, with data from three studies giving u values
for b equal to 1.1 times the u values for . for a given culture.”” Thus, from the
effects of temperature on . reported earlier, a typical u value for b might be expected
to be 65.8 ki/mole (C = (.120 °C ', 8 = 1.104). Others,™ however, have used much
smaller values for the effects of temperature on decay, with a u value of 19.1 kJ/
mole (C = 0.029 °C ', 8 = 1.029).

In spite of the importance of temperature to nitrification, few studies have
systematically studied the effects of temperature on the decay coefficient for nitri-
fying bacteria. Dold et al.™ used the same u value for autotrophic decay that was
used for heterotrophic decay, although no data were presented.
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Solubilization of Particulate and High Molecular Weight Organic Matter. As
might be anticipated from the discussion in Section 3.5, relatively little work has
been done on the effects of temperature on the hydrolysis of particulate substrate.
However, because it is an enzymatic step, the hydrolysis coefficient, k,, is likely to
rise as the temperature is increased. From comparison of experimental data to sim-
ulation results from a complex system model, van Haandel et al.'** concluded that a
u value of 38.8 ki/mole (C = 0.058 °C "', 6 = 1.060) was appropriate for both acrobic
and anoxic environments. No information was given for the effect of temperature on
Ky, the half-saturation coefficient for hydrolysis.

Other Important Microbial Processes. Insufficient data are available to allow
quantification of the effects of temperature on other processes, such as phosphorus
release, but it is likely that appropriate temperature coefficients will be developed
for them in the future.

3.10 KEY POINTS

1. Stoichiometric equations may be written on a mass basis rather than a
molar basis. When this is done the total mass of reactants equals the total
mass of products. When a stoichiometric equation is written on a mass
of COD basis, only constituents containing elements that change oxida-
tion state are included. The COD of the reactants must equal the COD
of the products.

2. When nitrate serves as the terminal electron acceptor, nitrogen changes
oxidation state from +V to 0. Consequently, the oxygen equivalence of
nitrate is —2.86 mg COD/mg N (2.86 mg O./mg N). When nitrate serves
as the nitrogen source for biomass growth, the nitrogen is reduced to the
amino level; i.e., from the +V to the —III state. In that case the oxygen
equivalence is —4.57 mg COD/mg N (4.57 mg O,/mg N).

3. If the general form of the mass-based stoichiometric equation is written
as:

(=DA, + (=W)A, + - + (mV)A + VA
+ -+ (P)AL =0
then, r, the generalized reaction rate is given by:

I I Iy Ty I

DT W) T (V) T W) T (W

Furthermore, if there are j reactions (where j = 1 — n) involving i com-
ponents (where i = 1 — m), the overall reaction rate for component i will
be given by:

n
I'i = 2 ‘]"‘.j'rj
=1

If r; is negative, component i is being consumed, whereas if it is positive,
the component is being produced.
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Knowledge of the yield is required before the stoichiometric equation for
microbial growth can be written. If McCarty’s half-reaction approach is
used to write the stoichiometric equation, f, the fraction of the electron
donor captured through synthesis, is directly related to the yield.

When the electron donor is an organic compound, ammonia serves as the
nitrogen source, and the yield is expressed as biomass COD formed per
unit of substrate COD used, f, and Y are equal. For other circumstances,
f, may be either greater than or smaller than Y.

Bacteria divide by binary fission. Thus, their rate of growth is first order
with respect to the concentration of active biomass present:

I\p = Mxn

The rate coetficient, W, is called the specific growth rate coefficient. It is
influenced by the substrate concentration. If the substrate is noninhibitory,
the most commonly used expression is that of Monod:

. S

Mz“K,vLS\

If the substrate is inhibitory to its own biodegradation, the Andrews cqua-
tion is commonly used:

— 1 SS
“H K+ s+ SUK,

Ty

When the substrate concentration is large relative to K, the Monod equa-
tion may be simplified to an expression that is zero order with respect to
the substrate concentration. When the substrate concentration is small
relative to K, the specific growth rate coefficient is approximately first
order with respect to the substrate concentration.

Complementary nutrients are those that meet different needs by growing
microorganisms whereas substitutable nutrients arc those that meet the
same need. The effects of limitation by two complementary nutrients may
be depicted by interactive and noninteractive models. The interactive ap-
proach is more appropriate for modeling wastewater treatment systems.
Biochemical operations can be designed most easily when the nutrient
the system is being designed to control acts as the growth limiting nutrient
for the biomass in the system.

The kinetic parameters in the Monod and Andrews equations depend
strongly on the species of microorganism and the substrate upon which
the microorganisms are growing. Since wastewater treatment operations
use mixed cultures, and wastewaters contain many compounds, the pa-
rameters used to describe such operations should be characterized by
ranges rather than by single values.

Nitrifying bacteria have lower maximum specific growth rate coefficients
than heterotrophic bacteria and are more sensitive to pH and to low dis-
solved oxygen concentrations.
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The kinetic parameters describing the growth characteristics of the dif-
ferent types of anaerobic microorganisms are difficult to assess because
of the strong interactions within the microbial communities. Nevertheless,
it can be stated that the aceticlastic methanogens have the lowest maxi-
mum specific growth rate coefficient, and thus represent the weak link in
the chain.

Two approaches have been used to model the loss of viability and bio-
mass in biochemical operations: the traditional decay approach and the
lysis:regrowth approach. In the traditional approach, loss of active bio-
mass leads directly to the use of electron acceptor and the production of
biomass debris, which accumulates and acts to reduce the viability. In the
lysis:regrowth approach, active biomass is lost by lysis, which releases
particulate substrate and biomass debris. Electron acceptor consumption
occurs only after soluble substrate, which is formed by hydrolysis of the
particulate substrate, is used for new biomass growth. Because the yield
is always less than one, the amount of new biomass formed is always
less than the biomass lost by lysis, leading to a loss of biomass in the
bioreactor.

Both the traditional and the lysis:regrowth approaches to modeling decay
and loss of viability depict the rate of active biomass loss as being first
order with respect to the active biomass concentration, as is the generation
of biomass debris. However, the decay coefficient in the traditional ap-
proach is smaller than the coefficient in the lysis:regrowth approach, al-
though the fraction of the biomass leading to debris is larger.

Although soluble microbial product formation is known to occur in bio-
chemical operations, there has been insufficient research on the subject
to allow consensus concerning the rate expressions to be used.

For modeling purposes, solubilization of particulate and high molecular
weight organic matter is assumed to occur by hydrolysis, with conser-
vation of COD. The rate expression adopted to describe hydrolysis is
similar to the Monod equation, except that it is controlled by the partic-
ulate substrate to biomass ratio rather than by the particulate substrate
concentration:

XS/XMH
= —k, | —2sAmn
I'xs h [Kx + (XS/XB.H)] -

This is necessary because the reaction is thought to be surface mediated.
Even though organic nitrogen may be used directly in biomass synthesis,
it is simpler to model the flow of nitrogen in biochemical operations by
assuming that nitrogen is released to the medium as ammonia and then
taken up for biomass synthesis as needed. The release as ammonia, called
ammonification, is assumed to be first order with respect to both the
biomass and soluble, biodegradable organic nitrogen concentrations. The
uptake of ammonia for growth is assumed to be proportional to the rate
of growth.

During biological phosphorus removal, the uptake of acetic acid, the for-
mation of PHB, and the release of soluble phosphate by PAOs under
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anacrobic conditions are all coupled. The rate of acetic acid uptake is
controlled by both the acetic acid concentration in solution, S,. and the
polyphosphate concentration in the biomass, X,:

i _ - S,\ xpp/xu.l' X
SA qa K,\ + S,\ Kl’l’ + (pr/xll.l’) ILI,

Under acrobic conditions, the PAOs grow by using the stored PHB as a
carbon and encrgy source, storing polyphosphate in the process:

; - [ Xonw/Xup :I ( Sy ) ( So ) X
N A Ko + KonXoo) | \Ke + Sp/ \K, + S, "

The rate of phosphorus storage is coupled to the rate of biomass growth
and thus is expressed by a similar equation. An additional term is re-
quired, however, to reflect the fact that there is a limit to the amount of
polyphosphate that the PAOs can accumulate.

The COD-based stoichiometric equation states that the COD removed by
a biological reaction must equal the oxygen equivalents of the terminal
electron acceptor used plus a times the COD of the biomass formed. The
value of « depends on the nature of the nitrogen source. It is 1.0 when
ammonia is the source and 1.4 when nitrate is.

If C:H-O.N can be considered to be representative of the elemental com-
position of biomass, then 0.087 mg of nitrogen is required to synthesize
a mg of biomass COD. Conversely, each time a mg of biomass COD is
destroyed by decay, 0.087 mg of nitrogen is released. Although not shown
in the empirical equation for biomass, approximately 0.017 mg of phos-
phorus will be required (released) each time a mg of biomass COD is
formed (destroyed).

Within a relatively narrow physiological range, the maximum specific
growth rate coefficient, |1, increases as the temperature is increased. Fur-
thermore, tor rapidly growing cultures the effect of temperature on the
traditional decay coefficient, b, appears to be closely correlated with the
effect on . No conclusions can be drawn about the effects of temperature
on the half-saturation coefficient, K.

Three expressions are commonly used to relate the rate cocefficients in
biological operations (k) at different temperatures (T):

—A'C u RT
k _C('(l; I'a

k‘-()"‘ T

~ = =
i

The temperature coefficients for the three equations may be interconverted
by:

In() = C =~ 0.0015 u
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3.11 STUDY QUESTIONS

1. Why must the yield be known before the stoichiometric equation for
microbial growth can be written? Which type of yield, the truc growth
yield or the observed yield, is most appropriate for doing this? Why?
How is knowledge of the yield used to write the stoichiometric equation
using McCarty’s half-reaction approach?

2. Using the half-reaction-technique, write the molar stoichiometric equation
for microbial growth for each of the following situations:

a. Aerobic growth on domestic wastewater with ammonia nitrogen as the
nitrogen source. The yield is 0.60 mg biomass COD formed/mg sub-
strate COD removed.

b. Growth on a carbohydrate with nitrate as the terminal electron acceptor
and ammonia as the nitrogen source. The yicld is 0.50 mg biomass
COD formed/mg substrate COD used.

¢. Growth on a carbohydrate with nitrate as the terminal electron acceptor
and nitrogen source. The yield is 0.40 mg biomass COD formed/mg
substrate COD used.

d. Normalize them with respect to the electron donor.

3. Convert the molar stoichiometric equation from Study Question 2a into
a mass based equation with the electron donor as the reference com-
ponent.

4. Convert the molar stoichiometric equation from Study Question 2a into
a COD based equation with the electron donor as the reference com-
ponent.

5. Write the rate expression for bacterial growth and relate it to the rates of
substrate and oxygen utilization for heterotrophic biomass growth on an
organic substrate. Then state the Monod and Andrews cquations relating
the specific growth rate coefficient to the substrate concentration. Finally,
draw sketches depicting the effects represented by both equations and use
them to define the parameters in the equations.

6. State the zero- and first-order approximations of the Monod equation.
Under what circumstances may they be used?

7. Explain the difference between complementary and substitutable nutri-
ents. Then differentiate between interactive and noninteractive models for
describing the effects of two complementary nutrients. Finally, state why
the interactive approach was adopted herein.

8. Draw a sketch depicting the effects of two interactive, complementary
nutrients on the specific growth rate of biomass and use it to explain why
it is easier to design a biochemical operation to achieve a desired con-
centration of a given nutrient if that nutrient serves as the sole growth
limiting nutrient for the biomass.

9. Even though it is best to characterize the kinetic parameters in the Monod
and Andrews cquations by ranges rather than by unique values, it is pos-
sible to state several generalities about the sizes of those parameters. Use
such generalities to contrast and compare the growth characteristics of
heterotrophic and autotrophic biomass.
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10.

1.

17.
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Discuss the effects that organic compounds and heterotrophic biomass
can have on the growth of nitrifying bacteria.

Describe the major groups of microorganisms participating in anacrobic
operations and contrast their growth characteristics as described by their
kinetic parameters.

Describe in detail the traditional and lysis:regrowth approaches to mod-
eling the loss of biomass and viability observed in biochemical operations.
In your description, contrast the routes of carbon, nitrogen and clectron
flow, and explain how they influence the magnitudes of the kinetic pa-
rameters used to characterize the events.

Write the rate equations for loss of active biomass as depicted by the
traditional and lysis:regrowth approaches. Then explain the relationships
between the kinetic and stoichiometric parameters used in the two ap-
proaches.

Write the rate equation for the hydrolysis of particulate substrate, compare
it to the Monod equation, and explain any differences.

Discuss the fate of nitrogen in biochemical operations and state the rate
equations used to model that fate.

State the rate equations that have been proposed to represent acetic acid
uptake, PHB formation, and phosphorus relcase by PAOs under anacrobic
conditions in a biological phosphorus removal system. Then state the rate
equations depicting PAO growth, soluble phosphorus uptake, and poly-
phosphate formation under aerobic conditions. Use those equations in a
discussion of the events occurring in such systems and explain why the
various terms were included in the rate expressions.

An aerobic culture is growing on a mixture of organic matter, such as
that found in domestic wastewater, with ammonia as the nitrogen source.
How many mg of nitrogen (N), phosphorus (P) and oxygen (O.) must be
provided per mg of COD removed for each of the following situations?
What quantitics of micronutrients will be required? Do not derive the
stoichiometric equations. Rather, answer the question using gencraliza-
tions presented in the text.

a. Yo = 0.70 mg biomass COD formed/mg substrate COD removed.
b. Yy = 0.57 mg biomass COD tormed/mg substrate COD removed.
¢. Yy = 0.36 mg biomass COD formed/mg substrate COD removed.
Demonstrate why the value of ay in Eq. 3.90 is 1.40 when nitrate serves
as the nitrogen source and biomass is represented by C.H,O.N.

Three techniques are often used to describe the effects of temperature on
microbial cultures. Describe each of them and tell how you would plot
data to determine the values of the temperature cocfficients in the cqua-
tions.

The data on the following page describe the effects of temperature on the
traditional decay coefficient, b. Use that data to determine the temperature
coefficient by each of the three techniques. Use 20°C as the reference
temperature. Discuss the utility of each technique for describing the ef-
fects of temperature on this parameter.
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T b
°C hr '
10 0.0037
20 0.0095
30 (0.0229

40 0.0372
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