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Preface

The past 30 years have seen the emergence of a growing desire worldwide that
positive actions be taken to restore and protect the environment from the degrading
effects of all forms of pollution—air, water, soil, and noise. Because pollution is a
direct or indirect consequence of waste, the seemingly idealistic demand for “zero
discharge” can be construed as an unrealistic demand for zero waste. However,
as long as waste continues to exist, we can only attempt to abate the subsequent
pollution by converting it to a less noxious form. Three major questions usually
arise when a particular type of pollution has been identified: (1) How serious is the
pollution? (2) Is the technology to abate it available? and (3) Do the costs of abatement
justify the degree of abatement achieved? This book is one of the volumes of the
Handbook of Environmental Engineering series. The principal intention of this series is
to help readers formulate answers to the last two questions above.

The traditional approach of applying tried-and-true solutions to specific pollution
problems has been a major contributing factor to the success of environmental engi-
neering, and has accounted in large measure for the establishment of a “methodology
of pollution control.” However, the realization of the ever-increasing complexity and
interrelated nature of current environmental problems renders it imperative that
intelligent planning of pollution abatement systems be undertaken. Prerequisite to
such planning is an understanding of the performance, potential, and limitations of
the various methods of pollution abatement available for environmental scientists
and engineers. In this series of handbooks, we will review at a tutorial level a broad
spectrum of engineering systems (processes, operations, and methods) currently
being used, or of potential use, for pollution abatement. We believe that the unified
interdisciplinary approach presented in these handbooks is a logical step in the
evolution of environmental engineering.

Treatment of the various engineering systems presented will show how an engi-
neering formulation of the subject flows naturally from the fundamental principles
and theories of chemistry, microbiology, physics, and mathematics. This emphasis on
fundamental science recognizes that engineering practice has in recent years become
more firmly based on scientific principles rather than on its earlier dependency on
empirical accumulation of facts. It is not intended, though, to neglect empiricism
where such data lead quickly to the most economic design; certain engineering
systems are not readily amenable to fundamental scientific analysis, and in these
instances we have resorted to less science in favor of more art and empiricism.

Because an environmental engineer must understand science within the context of
application, we first present the development of the scientific basis of a particular
subject, followed by exposition of the pertinent design concepts and operations,
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and detailed explanations of their applications to environmental quality control or
remediation. Throughout the series, methods of practical design and calculation are
illustrated by numerical examples. These examples clearly demonstrate how orga-
nized, analytical reasoning leads to the most direct and clear solutions. Wherever
possible, pertinent cost data have been provided.

Our treatment of pollution-abatement engineering is offered in the belief that the
trained engineer should more firmly understand fundamental principles, be more
aware of the similarities and/or differences among many of the engineering systems,
and exhibit greater flexibility and originality in the definition and innovative solution
of environmental pollution problems. In short, the environmental engineer should,
by conviction and practice, be more readily adaptable to change and progress.

Coverage of the unusually broad field of environmental engineering has
demanded an expertise that could only be provided through multiple authorships.
Each author (or group of authors) was permitted to employ, within reasonable limits,
the customary personal style in organizing and presenting a particular subject area;
consequently, it has been difficult to treat all subject material in a homogeneous
manner. Moreover, owing to limitations of space, some of the authors’ favored topics
could not be treated in great detail, and many less important topics had to be merely
mentioned or commented on briefly. All authors have provided an excellent list of
references at the end of each chapter for the benefit of interested readers. As each
chapter is meant to be self-contained, some mild repetition among the various texts
was unavoidable. In each case, all omissions or repetitions are the responsibility of the
editors and not the individual authors. With the current trend toward metrication, the
question of using a consistent system of units has been a problem. Wherever possible,
the authors have used the British system (fps) along with the metric equivalent (mks,
cgs, or SIU) or vice versa. The editors sincerely hope that this duplicity of units” usage
will prove to be useful rather than being disruptive to the readers.

The goals of the Handbook of Environmental Engineering series are: (1) to cover
entire environmental fields, including air and noise pollution control, solid waste
processing and resource recovery, physicochemical treatment processes, biological
treatment processes, biosolids management, water resources, natural control pro-
cesses, radioactive waste disposal, and thermal pollution control; and (2) to employ a
multimedia approach to environmental pollution control because air, water, soil, and
energy are all interrelated.

As can be seen from the above handbook coverage, no consideration is given
to pollution by type of industry, or to the abatement of specific pollutants. Rather,
the organization of the handbook series has been based on the three basic forms in
which pollutants and waste are manifested: gas, solid, and liquid. In addition, noise
pollution control is included in the handbook series.

This particular book Volume 9, Advanced Biological Treatment Processes, is a sister
book to Volume 8 Biological Treatment Processes. Both books have been designed
to serve as comprehensive biological treatment textbooks as well as wide-ranging
reference books. We hope and expect it will prove of equal high value to advanced
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undergraduate and graduate students, to designers of water and wastewater treat-
ment systems, and to scientists and researchers. The editors welcome comments from
readers in all of these categories.

The editors are pleased to acknowledge the encouragement and support received
from their colleagues and the publisher during the conceptual stages of this endeavor.
We wish to thank the contributing authors for their time and effort, and for having
patiently borne our reviews and numerous queries and comments. We are very
grateful to our respective families for their patience and understanding during some
rather trying times.

Lawrence K. Wang, Lenox, MA
Nazih K. Shammas, Lenox, MA
Yung-Tse Hung, Cleveland, OH
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Abstract Biological technologies can be used to treat a vast majority of organic wastewaters
because all organics could be biologically degraded if the proper microbial communities are
established, maintained, and controlled. Before environmental engineers design and operate
biological treatment systems that create the environment necessary for the effective treatment
of wastewater, a sound understanding of the fundamentals of microbial growth and substrate
use kinetics is essential. This chapter covers the above including basic microbiology and Kkinet-
ics, kinetics of activated sludge process, factors affecting the nitrification process, kinetics of
the nitrification process, denitrification by suspended growth systems and design examples.

Key Words Activated sludge « biological treatment * denitrification * kinetics * mathematical
modeling« allosteric kinetic model ¢ nitrification.

1. INTRODUCTION

Microorganisms are found nearly everywhere in the biosphere and thus are a force in the
environment. In the past decades, bacteria have been intensively exploited in wastewater
treatment processes. It is therefore the task of the environmental engineer and scientist to
understand the role of microorganisms first and then use them to beneficially transform the

From: Handbook of Environmental Engineering, Volume 9: Advanced Biological Treatment Processes
Edited by: L. K. Wang, N. K. Shammas and Y-T. Hung, DOI: 10.1007/978-1-60327-170-7_1 © Humana Press, New York, NY 2009
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particular environment, such as water or soil. Theoretically, biological technologies can be
used to treat a vast majority of organic wastewaters because all organics could be biologically
degraded if the proper microbial communities are established, maintained, and controlled.
In this regard, many environmental engineering principles have been developed for biological
wastewater treatment. Before environmental engineers design and operate biological treatment
systems that create the environment necessary for the effective treatment of wastewater, a
sound understanding of the fundamentals of microbial growth and substrate utilization kinetics
is essential.

2. BASIC MICROBIOLOGY AND KINETICS

Microorganisms are powerful and cheap bioagents of biological wastewater treatment. The
performance and stability of a biological treatment system relies on the interaction of different
species of living organisms, typically including bacteria, fungi, algae, and protozoa (1).

2.1. Microbial Growth Requirements

Biological processes designed for wastewater treatment must maintain rich microbial
populations and enough biomass to metabolize the soluble and colloidal organic wastes.
For a successful operation of the biological treatment process, several conditions must be
fulfilled, such as the type and concentration of organic waste (as electron donor), electron
acceptors, moisture, temperature, necessary nutrients, and the absence of toxic and inhibitory
compounds. A sound understanding of these microbial growth requirements is essential for
environmental engineers and scientists to design and manage biological wastewater treatment
systems.

2.1.1. Electron Acceptors

Aerobic and anaerobic processes are the two main biological technologies used for wastew-
ater treatment. Bacterial respirations for aerobic and anaerobic bacteria need different electron
acceptors. The choice of electron acceptors depends on which treatment process is desirable
for a specific wastewater (2). For aerobic biodegradation, dissolved oxygen (DO) serves as
the terminal electron acceptor. However, under anaerobic conditions, a variety of inorganic
compounds can be used as terminal electron acceptors, e.g., NO3~, SO, and so on.

In aerobic systems, the theoretical oxygen demand of an organic compound can be calcu-
lated from stoichiometry or determined by laboratory test. The theoretical oxygen demand is
the amount of oxygen required to completely oxidize the organic carbon to carbon dioxide and
water. As an example, for the complete oxidation of phenol (C¢HgO) the balanced equation is
written as follows:

CeHsO+ 70, — 6CO,+3H,0 (D)
94 224

From the molecular weights in Eq. (1) the theoretical oxygen demand of phenol is: 224/94 =
2.38 mg O, /mg phenol.



Principles and Kinetics of Biological Processes 3

2.1.2. Moisture

Because about 75% of cellular mass is water, and water is a good medium for nutrient trans-
portation, adequate moisture concentration is strongly required in biodegradation of organic
chemicals, especially in bioremediation of contaminated soil (3). It is generally accepted that
the minimum moisture content necessary for bioremediation of contaminated soil is around
40% of saturation (4). In fact, there is no moisture-associated problem in biological wastewater
treatment processes.

2.1.3. Temperature

The performance and response of a biological system depends on temperature variation.
The effect of process temperature on microbial activity or the rate of biodegradation can be
roughly described by the following simple equation:

rr = ryoa!’ 72 2)

where
rr = biodegradation rate at temperature 7
ry0 = biodegradation rate at 20°C
o = temperature-activity coefficient
T = temperature, °C

For most of biological treatment systems, « values are in the range of 1.0 to 1.14 (5).
Different groups of bacteria have various temperature optimums. For example, methanogenic
bacteria are slow-growing bacteria with a generation time of 3 days at 35°C and 50
days at 10°C, indicating that methane-producing bacteria are very sensitive to changes in
temperature (1).

2.1.4. pH

Most bacteria can optimally function only at a relatively narrow pH range of 6 to 8. In
biological treatment system, once the reactor pH falls outside the optimal range, the activity
of microbial population would drop significantly, and such a decline of activity in turn causes
a serious operation problem and may result in the failure of the system (1). Consequently,
it is recommended that on-site operators need to regularly monitor the system pH and pay
attention to its changes.

2.1.5. Nutrients

Typical elementary composition of bacterial cells based on dry weight is 50% carbon, 20%
oxygen, 15% nitrogen, 8% hydrogen, 3% phosphorus and <1% each of sulfur, potassium,
sodium, calcium, iron, and magnesium (6). Microbial metabolism requires these elements
as nutrients for synthesis and energy generation. The most commonly accepted empirical
forms of activated sludge biomass are expressed as CsH;NO, and CgHig9N11013P (7).
The empirical formulae of bacterial cells provide a basis for calculation of the N and P
requirements for synthesis of biomass from organic waste.
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2.2. Kinetics of Microbial Growth in an Ideal Medium

Bacteria can grow at high rates under suitable conditions because of their relatively sim-
ple structures and growth requirements. However, a particular environment will favor some
species more than others.

2.2.1. Kinetics of Microbial Growth

The growth of bacteria in an ideal medium can be described by the best-known Monod

equation:
= > 3)
M - /Lmax S + KS

where

n = specific growth rate

Mmax = maximum specific growth rate

S = waste concentration

K, = half-saturation constant

Thus, the rate of bacterial growth in term of mass per unit volume and time can be written

as:

dx S ¥ @
dr —Mmaxs_'_l<S

where:
X = biomass concentration in the system

In the environmental engineering field, it is accepted that the conversion coefficient of
organic waste to new synthesized cells is constant, thus the ratio of the increase in biomass to
the decrease in organic substrate is defined as the growth yield coefficient Y,

dX/dt
Y =
dS/de
Combination of Eqgs. (4) and (5) gives the following expression for the rate of waste
degradation:

&)

dS  fmax S S
@y Stk Iy X ©
or
S
9= Gmaxg K. (7
where,

gmax = Maximum specific substrate utilization rate = fyax/Y
q = specific substrate utilization rate defined as follows:

q—dt/
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Equation (7) is one of the most commonly used design equations for biological treatment
systems. In addition, it can be deduced from above equations that Y can also be defined as the

1/q ratio.
2.2.2. Microbial Decay and Endogenous Respiration

According to Pirt (8), part of the energy source would be used for maintaining the living
functions of microorganisms, which is so-called maintenance metabolism. This includes the
energy for turnover of cell materials, active transport, motility, and so on. The importance
of maintenance metabolism is that the maintenance-associated substrate consumption is not
synthesized to new cellular mass. Thus, the biosolids production should be inversely related to
the activity of maintenance metabolism (9, 10). On the other hand, to account for the decrease
in biomass production that is usually observed when the specific growth rate decreases,
Herbert et al. (11) postulated that the maintenance energy requirement could be satisfied
through endogenous metabolism. In this case, part of cellular biomass is oxidized to produce
the energy for maintenance functions. It is generally assumed that microbial decay occurs
following a first-order pattern as follows:

Decay rate = —KyX 9)

where,
K4 = constant decay coefficient

Endogenous respiration has profound effect on the production of excessive biosolids. It has
been suggested that the aim of both design and operation is to foster as much of this biological
decay as possible. Including the decay in Eq. (6) yields an expression for the net growth of
biomass in biological system:

ax _ S X — KgX (10)
dr = Mmax S I KS d
Equations (3) to (10) provide the basis for detailed kinetic analysis and basic design guidelines

of biological treatment systems.

2.3. Kinetics of Biological Growth in an Inhibitory Medium

Some substrates may inhibit their own degradation at increased concentrations. When
designing and running a biological system for inhibitory waste treatment, environmental
engineers must seriously account for the toxicity and inhibition of waste to bacterial growth.
It is obvious that the Monod equation does not include the toxic or inhibitory effect, thus
they must be modified for biological treatment of inhibitory waste. Figure 1.1 shows typical
growth patterns of bacteria in noninhibitory and inhibitory media. It seems that when the
concentration of inhibitory substrate is higher than a critical value, a sharp decline in microbial
growth is observed, on the other hand, if the concentration of inhibitory substrate is low
enough, the inhibitory effect would not be significant.
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RATE

NO INHIBITORY SUBSTRATE

INHIBITORY SUBSTRATE

v

SUBSTRATE CONCENTRATION

Fig. 1.1. Schematic presentation of inhibitory effect on bacterial growth.

So far, the Haldane equation has been most frequently used to describe the inhibitory effect
of a substrate on bacterial growth:

ds S
3 =X (1n
S+ +K

where,
K; = inhibition coefficient

When mixed inhibitory substrates are considered for biological treatment, the expression
for inhibitory kinetics will become very complicated because in such a waste mixture, one
substrate may inhibit the biodegradation of another.

Current practice shows that for a target inhibitory substrate, its concentration is critical
for biological treatment. If the threshold of substrate concentration that bacteria can bear
is exceeded, inhibition, and die-off of bacteria in the reactor will start on a continuing and
irreversible basis, leading to serious loss or even failure of the system’s purification efficiency
and capability. Predetermination of inhibitory threshold of substrate concentration is essential
for the design of a biological treatment system for inhibitory wastes. In industrial practice,
where inhibitory wastes are more common, there are some technical measures that can help to
mitigate inhibition, such as acclimation of bacteria, introduction of robust species, or dilution
of the waste stream.

2.4. Minimum Substrate Concentration

In many cases, the characteristics of soluble wastes found in soil and wastewater have dual
effects on biological treatment processes; one, when the concentrations of waste constituents
are generally low and two, when their toxicity to microbial activity is relatively high. A low
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waste concentration may be risky in case it could not support a sustainable and viable
biomass needed for biological treatment. As Eq. (3) indicates, the specific growth rate of
microorganisms is proportionally related to substrate concentration. Microbial growth could
cease as the substrate concentration diminishes to a certain low unsustainable concentration.
For a biological treatment system, a minimum substrate concentration is required to sustain a
viable biomass. In the environmental engineering field, the minimum substrate concentration
(Smin) is defined as the substrate concentration at which formation of new biomass equals
its loss by endogenous respiration (3). When the minimum substrate concentration occurs,
Eq. (10) shows that

Smin
—— X —KyX =0 12
Mmax S+ K. d (12)
that is,
K. K4
g .54 13
e Mmax — Kd ( )
or
KK
Smin = ———— (14)
YQmax - Kd

2.5. Mathematical Approximation for Wastewater Treatment

In many situations of wastewater treatment, a simple first-order approximation has been
used with reasonable accuracy to describe the biodegradation of organic wastewater. This
approximation is based on two main assumptions (4):

1. The target substrate or waste is at a relatively low concentration.
2. The biomass concentration in the system is at a steady state, consequently it changes little with
operation time and can be regarded as a constant.

Thus, Eq. (6) reduces to:

ds dmax
— = XS 15
dr K, (15)
or
ds
— =k S 16
” 1 (16)
where,

k1 = X@max/ K = first-order biodegradation rate constant
Integrating both sides of Eq. (16) yields
S = §,e kit (17)
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where,
t = reaction time
S, = initial substrate concentration at t = 0
S = substrate concentration at any time ¢

In case the substrate concentration is relatively higher than K and X is considered constant,
Eq. (6) can be simplified to

ds

dr

Equation (18) shows a zero-order reaction, that is,

= QmaxX (18)

S =38, — kot 19)

where,
ko = X@max = zero-order rate constant

Reported examples of zero-order biodegradation kinetics include substances such as glu-
cose, phenol, phthalic acid, aspartic acid, ethanol, and acetate (5).

3. KINETICS OF ACTIVATED SLUDGE PROCESSES
3.1. Brief Description of Activated Sludge Processes

The activated sludge process is the most widely used biological process for treatment of a
variety of wastewaters. In the past century many modifications of the basic activated sludge
process have evolved for various purposes (2):

1. Complete-mix activated sludge process: A completely mixed system can allow a more uniform
aeration of the wastewater in the aeration tank. This process has been applied to handle a variety of
wastewaters with great success, especially because the process can sustain shock and toxic loads.

2. Step-aeration activated sludge process: In this modified system, influent wastewater is distributed
through several points in the aeration tank. This leads to a relatively homogenous load distribution
along the length of the aeration tank resulting in a more efficient use of dissolved oxygen.

3. Contact-stabilization activated sludge: The influent contacts with a high concentration of biomass
in a small contact tank for a short period of time (20 to 40 min). The mixture then flows to the
secondary clarifier where it gets settled and the resulting biosolids are returned to a stabilization
tank with a hydraulic retention time of 4 to 8 h. In this contact tank, a rapid biosorption of organic
compounds is expected followed by the oxidation of the organics. This system would need smaller
tankage and produce smaller amounts of biosolids.

4. Tapered aeration process: In the basic activated sludge process, organic influent is one-point
loaded to the head of aeration tank, thus the oxygen demand is extremely high at the head of
the aeration tank, but very low at the exit end. To overcome this problem, in tapered aeration
process, the air supply tapers off with distance along the aeration tank so that supply and demand
can be balanced throughout the tank.

5. Pure oxygen activated sludge process: The pure oxygen activated sludge process is based on
such a simple idea that the rate of oxygen transfer in water is proportional to the partial pressure
of oxygen, that is, the rate of oxygen transfer is higher for pure oxygen than for atmospheric
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oxygen. Higher availability of oxygen for microorganisms leads to improved treatment efficiency
and reduced production of biosolids and reactor volume.

3.2. Kinetics of Completely Mixed Activated Sludge Process
3.2.1. Basic Design Models

Development of design models for a completely mixed activated sludge process is based on
a mass balances on microorganisms and substrate around the system together with the kinetics
of microbial growth and waste utilization Figure 1.2 shows the items of interest in the mass
balance.

To develop a mass balance for the reactor system, some basic assumptions are made (12):

1. Biodegradation of organic wastes takes place only in the aeration tank.

2. No biological reactions take place in the settling tank and the biomass in the secondary clarifier
is negligible.

3. No active biomass is present in the influent to the aeration tank.

4. The substrate is soluble so that it cannot settle out in the secondary clarifier.

In Fig. 1.2, X, X,, X, and X, represent the active biomass concentrations. The following is
based on the work by Lawrence and McCarty (12). The mass balance on biosolids is expressed
as follows:

Accumulation = in — out 4 generation (20)

According to Eq. (20), the mass balance for microorganisms around the whole system is:

dX
VE:D_ (QeXe+ QuXw) +[Y(ry)V — KgX V] (20
where,

rs = rate of soluble substrate utilization
V = Volume
O = flow rate

2MCLARIFIER

Qc, Sc, Xe
— X8,V
QU? SO
Qr’ Sr’ Xr
Q\\" SW” XW

Fig. 1.2. Mass flow chart of completely mixed activated sludge process.
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Similarly, the mass balance on substrate yields:

Vg = 0,8, — (QeSe + OwSyw) — 15V (22)

It should be pointed out that Eqgs. (21) and (22) are derived on the basis of a mass balance on
biomass and substrate, respectively, thus can be used to describe the operation of the system
under nonsteady or steady-state conditions. In practice, activated sludge processes are run
under steady-state conditions. At steady state, the changes in accumulation of both biomass
and substrate are zero, that is,

dx ds
V—=0and V— =0 (23)
dr dr

To facilitate the development of a design model, we need to define some very useful operation
and control parameters:
Mean hydraulic retention time for the aeration tank (6 ):

14

0= E (24)
Mean cell retention time or solids retention time (6, ):
_ biomass in the aeration tank (25)
discharge rate of biomass
That is,
- VX 26)
XeQe + Xy Ow
At steady state, Eq. (21) can be rearranged as follows:
XeQet XuQu _ Y0 _ o7
XV X
Comparing Egs. (26) and (27) one can deduce that:
LT g, (8)
0, X

Equation (28) is an important design relationship for the completely mixed activated sludge
process. It can be applied whatever the form of r; may be; a Monod equation, a first-order
approximation for dilute wastewater or the Haldane equation for high-concentration inhibitory
organics. If we assume that for a wastewater the Monod equation is applicable, then

1 QmaxSe
— =Y —K 29
. 5. 1 K. d (29)
Solving Eq. (29) for S. gives:
14+ K40,
Se=K TR (30)

SQX(YQmax - Kd) -1
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Equation (30) is one of the recognized design equations originally derived by Lawrence and
McCarty (12). This equation shows that the efficiency of substrate removal is proportional
to the sludge age. Thus, environmental engineers can expect to need a relatively large 0, to
obtain high treatment efficiency; while at the same time have a short hydraulic retention time,
which means a small reactor volume.

Similarly, at steady state, Eq. (22) can be rearranged to give r, as a function of S:

_ QOSD - QeSe - QWSW
Vv

The substrate concentration in the aeration tank, S, is equal to the concentration in the effluent
Se as well as in the waste sludge line, S,, because no biological reaction occurs in the settling
tank. Also from the continuity equation of fluid flows one can state that:

Qo = Qe+ Ow (32)
Using the above relationships, Eq. (31) becomes
_ QO(SO - Se) _ So - Se
Vv 0
Like Eq. (30), Eq. (33) is another general representation of the waste removal rate in terms of
system characteristics. Substitution of Eq. (33) into (27) produces,
0 Y(S, — Se)
T 0 1+ Kb,
Equation (34) indicates that the biomass concentration in the aeration tank depends on the

ratio of solids retention time to the hydraulic retention time, 6, /6. This equation is one of the
most commonly recognized design formulas (7, 12).

€1V

rs

(33)

I's

(34)

3.2.2. Process Control Parameters

Equations (30) and (34) can be useful in predicting the effects of various changes in
system parameters, but they are difficult to use from a design standpoint because of the
many kinetic constants involved. Environmental engineers and scientists have developed more
usable process design relationships enthatough are widely used in process design practice.
These include the specific removal rate of soluble waste (¢), mean solid retention time (6,),
and the food-to-microorganisms, F/M, ratio (7). The following discussion is based on material
from Metcalf and Eddy (7).

The specific removal rate of soluble waste, q: The specific removal rate of soluble wastes is
defined as,

rs Su_Se_QoSu_Se

=% 7 Tox vV X

To determine ¢, the liquid waste flow and the biomass effective in substrate utilized must
be known. The substrate utilized can be quantified by the difference between the influent
and effluent waste concentrations (S, — S,). However, the evaluation of the active biomass

(35)
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of microorganisms, X, is not an easy task, which in practice can be roughly quantified by
measuring the mixed liquor volatile suspended solids (MLVSS) in the aeration tank.

Solid retention time or sludge age (0,): 0, is defined by the expression in Eq. (25). In the
completely mixed activated sludge process with sludge recycle, as shown in Fig. 1.2, excessive
sludge wastage can be accomplished by directly discharging from the aeration tank or wasting
from the mixed-liquor return line. In practice, to obtain a thicker sludge, wasting is preferred
by drawing off sludge from the recycle line (2). If the system is operated correctly, X, (which
is equal to X,) is much larger than X, thus Eq. (26) can be simplified to

VX

X:Ow
Equation (36) shows that to control sludge age the biomass concentrations in both aeration
tank and return sludge line must be known. The biomass concentration in the return line (X,)
can be roughly estimated in the following way:

0, ~

(36)

10°

where
X = biomass concentration in the return line (mg/L)
SVI = sludge volume index

The sludge volume index (SVI) is a measure of the ability of sludge to settle and compact,
which can be easily determined from a laboratory column settling test (13). SVI is defined as
the volume in ML occupied by 1 g of activated sludge mixed liquor solids, dry weight, after
settling for 30 min in a 1-L graduated cylinder (16).

0, indeed describes the residence time of the sludge in the aeration tank. The sludge requires
a certain time to assimilate the liquid waste and reproduce itself. If the sludge is not able
to reproduce itself before being washed out of the aeration tank, the operation will fail. On
the other hand, higher sludge age may cause the sludge to undergo more endogenous decay
leading to poorer settleability of the sludge and effluent quality. The control of 8, means the
control of the sludge growth rate, and hence the degree of waste stabilization (2). To maintain
a desirable sludge age, a specific percentage of the biomass in the system must be wasted
daily. Substituting Eq. (35) into (28) gives

1 =Yq— Ky (38)
Ox
Equation (38) reveals a direct relationship between the net specific growth rate, 1/6,, and the
specific removal rate of liquid waste, ¢g. In addition, when the effect of endogenous respiration
on the true growth yield (Y) is taken into account, the observed growth yield (Y,ps) of biomass
is lower than Y and can be expressed as

Y

= — 39
1 4 K46, (39)

obs
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SVI

N

Fig. 1.3. Effect of F/M ratio on SVI of biosolids. (Source: Adapted from (6)).

» F/M

Food to microorganisms’ ratio (F/M ratio): In the environmental engineering field, food to
microorganisms’ ratio (F/M) is defined as
So
0X
The physical meaning of this parameter indeed describes the degree of starvation of the sludge
or the potential food availability to the sludge in the system. It is known that the F/M ratio

influences the ability of the sludge to swttle and compact. A typical plot of SVI against F/M
ratio is presented in Fig. 1.3.

F/M =

(40)

3.2.3. Process Management

For a completely mixed activated sludge process, the performance and stability of the
system is highly dependent on the system sludge age. For a target waste, a given biological
community and the known environmental conditions, the kinetic constants in Eq. (30), Y,
gmax, Ks, and Ky are fixed. In this case, Eq. (26) clearly shows that the target waste concentra-
tion in effluent (S.) is a function of the sludge age (6,). A schematic presentation of Eq. (26)
plotted as S. versus 6, is shown in Fig. 1.4. The figure reveals that there exists a critical value
of the sludge age below which waste biodegradation does not occur. This critical value of
0, is then defined as the minimum sludge age or minimum solid retention time (6, )min. The
physical meaning of this parameter is that (6, )i, reflects the retention time of sludge at which
the biomass is washed out or wasted from the system faster than it can be reproduced (7). It
seems from Fig. 1.4 that when washout occurs, the influent waste concentration (S,) should
equal the waste concentration in effluent (5), hence the minimum sludge retention time (SRT)
or sludge age can be calculated using Eq. (29), that is,

1 S,
—y Gmax — K, 41)
(Qx)min So + Ks
In many actual operation cases, S, is usually much greater than K. Hence, Eq. (41) can be
reduced to

=Yqmux — K 42)
(Gx)min ‘ ‘
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>0,
(ex)min

Fig. 1.4. Relationship between effluent concentration and biosolids age. (Source: Adapted from (14)).

It must be stressed that a biological treatment system requiring a certain target efflu-
ent concentration must be designed with 6, greater than its minimum value. According to
Eckenfelder and Argaman (14), in real system design, a safety factor of 2 to 20 is usually
considered. Hence,

Or = SF X (0x)min (43)

where,
SF = safety factor
(6x)min = minimum value of sludge age or sludge retention time (SRT)

For a given wastewater, many factors may affect the selection of SF. Such factors include
fluctuations in operation temperature, in wastewater flow rate and in wastewater strength
and characteristics: desired treatment efficiency; required reliability in operation; reactor
configuration and nutrient removal.

In addition, microorganisms are the main agents for the bio-oxidation of organics, thus
biomass concentration in the aeration tank is another key factor for maintaining the stability
of the system. The maintenance of suspended solids is dependent, to a great extent, upon the
settleability and recycling extent of the sludge. The recycle ratio of sludge from the secondary
clarifier is defined as

R = £ (44)
Q
where,
R = recycling ratio
A biomass balance around the aeration tank gives
R
X = (45)

X, ——
1+ R
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or

(46)

3.3. Oxygen Requirements

Air is supplied to the aeration tank to satisfy the biochemical oxygen demand (BOD) in
the process of organic oxidation. In addition, diffused air is used for turbulent mixing to
keep the biological sludge in suspension and provide initial contact with the substrate. This
is particularly true for diffused aeration although mechanical aeration provides good mixing
without relying on the diffused air in the wastewater. It is believed also that turbulent mixing
by diffused air facilitates mass transfer of oxygen into the biological flocs and transfer of
carbon dioxide and other waste products out of the flocs. In the activated sludge process,
the oxygen requirement consists of the amount of oxygen needed for both synthesis and
respiration. Consequently one needs to know the ultimate BOD of the wastewater that can be
calculated from BODs using an appropriate conversion factor. The respiration oxygen demand
is 1.42 g O,/g MLVSS (15). Because part of the MLVSS produced is wasted in the process
operation for the control of sludge retention time, the respiration oxygen demand is reduced
by an amount proportional to the amount of wasted sludge. According to Wang (16), the
theoretical oxygen requirement for an activated sludge process therefore is:

Daily theoretical O, requirement = BOD removed daily —1.42 (VSS wasted daily) (47)

in which all terms are expressed in mass per day. In practice, air is supplied to the aeration
tank mixed liquid to maintain a minimum dissolved oxygen concentration of 1 to 2 mg/L.
The objective is to maintain a dissolved oxygen gradient across the liquid—floc interface to
ensure an effective oxygen transfer into the biological flocs. The critical oxygen tension for
the biological floc is believed to be in the neighborhood of 0.1 mg DO/L. Equation (47) can
be used for the calculation of theoretical oxygen requirements of an activated sludge system.
In practice, oxygen uptake rate (OUR) is a useful process control parameter. Any changes in
OUR reflects the need for a change in operation (6, 17).

3.4. Biosolids Production

The activated sludge process has been applied worldwide in municipal and industrial
wastewater treatment practice. Removal of organic materials by biological oxidation is a
core technology in wastewater treatment processes. New biomass, carbon dioxide, soluble
microbial products, and water are the end products for this process. The daily production of
excess biosolids from a conventional activated sludge process is around 15 to 100 L/kg of
BODs removed, out of which more than 98% is water (18). For an activated sludge process
control, it is important to know the quantity of excess biosolids to be produced daily, as it
will affect the design of the biosolids treatment facilities. As discussed earlier, the rate of
change of biomass concentration in a reactor, V (dX/dt), is equal to the net rate of microbial
growth in the reactor, V (Y XQmax — KqX), minus the rate of biomass outflow from the system.
Therefore, to maintain a constant biomass concentration in the aeration tank, the excess
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biosolids production rate on a mass basis must be equal to V(Y X¢nax — KqX). The following
equation describes the above situation (19):

V(dX/dt)excess = QwXyw =V gmaxX — KgX) =VX/0, (48)

where,
V(dX/dt)excess = excess biosolids production rate
X,, = wasted biosolids concentration
0. = wasted biosolids flow rate

Many operating parameters can affect the production of excess biosolids from a bio-
logical treatment process. These include sludge age, temperature, and dissolved oxygen
concentration.

Different opinions can be found in the literature with regard to the effect of dissolved
oxygen concentration on biosolids production (7, 20-22). It is generally recognized that in
an activated sludge process, supply of dissolved oxygen plays a limiting role on any future
increase in the loading rate on the treatment facility. Results from purified oxygenation
activated sludge process show that the growth yield can be lowered by up to 54% as compared
with conventional air-activated sludge system even at high biosolids loading rate (20). Boon
and Burgess (23) compared the biosolids production in oxygen and air-activated sludge
systems. They found that for similar biosolids retention time, the observed biosolids yield in
the pure oxygen system was only 60% of that in the air system. Abbassi et al. (22) also reported
that the excess biosolids production decreased from 0.28 mg MLSS/mg BODs to 0.20 mg
MLSS/mg BODs as the reactor DO was increased from 1.8 to 6.0 mg/L in a laboratory-scale
conventional activated sludge reactor.

In the current activated sludge theory, sludge age (6,) is defined as the average time a unit
of biomass remains in the treatment system. Much research has shown that 6, is the most
important operational parameter in the activated sludge process. For a steady state system, the
6, is inversely related to the specific growth rate. It has been demonstrated that the relationship
between the observed sludge yield (Y,,s) and sludge age can be described by the following
expression (12):

1 1 0.Kq

=—+ (49)
Yobs Ymax Ymax

where,
Ymax 18 the maximum growth yield

Equation (49) shows that the observed growth yield is inversely proportional to sludge
retention time and endogenous decay rate in a steady state activated sludge process. This
equation also provides a theoretical basis for in-plant engineers to control the total biosolids
production by adjusting 6, during the wastewater biological treatment. Stall and Sherrard (24)
reported that excess biosolids production was reduced by 60% when the 6, was increased from
2 to 18 days, while no effect on COD removal efficiency was observed. On the other hand,
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Wunderlich et al. (25) showed that in a high-purify oxygen activated sludge system, biosolids
production was reduced from 0.38 to 0.28 mg MLVSS/mg COD removed as the 6, increased
from 3.7 to 8.7 days. It seems from these results that the pure oxygen aeration process operated
at a relatively long 6, would be much more beneficial to the reduction of excessive biosolids
production.

The general purpose of the activated sludge process is the removal of organic pollutants
rather than the cultivation of excess biosolids. With increase of population and expansion in
industrialization, the management of the increased excess in biosolids production is generating
a real challenge in the field of environmental engineering. So far the regulations in biosolids
management in most countries are becoming more and more stringent in relation to the
application of biosolids on agricultural land, dumping into sea, or disposal in landfill. Waste
activated sludge production is an important economic factor because the generated biosolids
have to be treated before reuse or disposal in an environmentally sound and cost-effective
manner. The treatment of excess biosolids may account for 25% up to 65% of a total plant
operation cost (26, 27). Also it is necessary to look for appropriate ways to recycle the
excess biosolids production for beneficial uses. Hence, an ideal way to solve the biosolids-
associated problems is to reduce their production in first place rather than spending valuable
resources in post-treatment of the generated product (27). Strategy for minimization of excess
biosolids production from biological treatment processes has become a very practical and
urgent issue (28).

4. FACTORS AFFECTING THE NITRIFICATION PROCESS

The Michigan studies on the significance of nitrogenous oxidation in creating oxygen sag
in receiving streams and other studies showing the role of ammonia and nitrate nitrogen in
stimulating algal blooms have demonstrated the need for information on how wastewater-
treatment plants can be designed to optimize nitrification and denitrification processes.

Nitrogen removal from wastewater can be accomplished through a variety of alternative
processes. The popular approach is by biological nitrification-denitrification (29-37), which
has the additional advantage of returning nitrogen to the atmosphere in its natural form. In
this regard, it has been shown that the efficiency of nitrogen removal is strictly correlated
with the degree of nitrification achieved (31). Moreover, the process of denitrification is
quite effective and the nitrification phase is the limiting step in determining the efficiency of
nitrogen extraction. It can be concluded that further perfection of the overall process depends
on the improvement of the nitrification phase, which is the less reliable phase in the process
sequence. In simple terms, nitrification in treatment plants can be maintained only when the
rate of growth of nitrifying bacteria is rapid enough to replace organisms lost through biosolids
wasting. When these bacteria can no longer keep pace, the ability to nitrify decreases and may
become extinct.

To be able to evaluate accurately the effect of the environmental factors and to present a
consistent and valuable basis for application, it is clear that a kinetic description of the process
is essential. Several equations have been proposed to describe the nitrification process (38).
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The kinetic expression most extensively used to describe biological systems is the one postu-
lated and experimentally sustained by Monod (39-43). Egs. (6) and (7) discussed in a previous
section can be expressed in the following form:

ds S S
= =k

=— = =Vn (50)
dr S+ K S+ K

v

where

v = (¢ X) = rate of substrate (NH3-N) utilization, mg/L/d

S = substrate ammonia nitrogen concentration, mg/L

t = time, day

dS/dt = rate of substrate (NH3-N) utilization, mg/L/day

k = (gmax) = rate of NH;3-N utilization per unit weight of microorganisms, mg/L NH3-
N/mg/L MLVSS/day

X = concentration of microorganisms, MLVSS, mg/L

K = half-velocity coefficient, mg/L

Vin = kX = (¢max X) maximum rate of ammonia utilization, mg/L. NH3-N/day or
mg/L/day

The inverse of the above equation is shown in Eq. (51), which plots as a straight line when
1/v is drawn versus 1/S.

11 1 K1 1 K1
=—+

- vt 51)

v dS/de TkX kXS Vi
Shammas (29, 44) carried out an extensive and systematic research involving 45 separate
experimental studies under various controlled operational conditions to determine the best
suitable kinetic model for the nitrification process (more on kinetic modeling in Section 5).
The first step for evaluating the kinetic parameters V;,, K, and k is to determine the nitri-
fication rate, v, as a function of substrate concentration. From plots of ammonia-nitrogen
concentration versus time (0 to 8 h) for all 45 experiments, values of v were determined from
the slopes of the tangents at different substrate concentrations. K¢ and V,,, (hence k) were
determined from the reciprocal plots of 1/v against 1/S, taking advantage of the linearity of
the plots at high values of v. The intercepts on the 1/v axis yield the values of V;,, (hence k);
the values of K are obtained from the slopes (44).

4.1. Factors Affecting the Half-Velocity Coefficient, K

The variation of this parameter with temperature and pH at different MLVSS concentrations
is shown in Table 1.1. At low (430 mg/L) MLVSS, K decreases with increasing temperature
(4°C to 33°C) and pH (7.0 to 8.3). While the K values for higher MLVSS concentrations also
tend to decrease with increasing pH and temperatures to 10°C and 17°C, the trend reverses
itself at higher temperatures. This reversal seems to begin at 10°C to 20°C, with a small
variation in K after 25°C (44).

An interesting feature of this change in behavior created by the increase in microbial mass
is that it altered both the pH and temperature effects on K (44). The shift is much more
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Table 1.1
Variation of K with pH, temperature, and MLVSS (44)
Ky (mg/L)
Nominal MLVSS (mg/L)

pH T (°C) 430 1200 3200

7.0 4 22 20 9.5
10 19 15 3.8
17 16 L5 7.4
25 5.7 3.4 8.0
33 4.7 4.0 8.0

7.7 4 20 19 14
10 10 8.8 3.0
17 8.8 4.3 22
25 5.6 5.7 12
33 3.8 6.8 12

8.3 4 14 13 7.3
10 7.2 7.0 2.5
17 5.4 4.8 3.0
25 4.4 6.2 16
33 3.5 7.0 16

pronounced at the highest MLVSS concentration. For a microbial mass of 3,200 mg/L the
values of K at 25°C and 33°C were far higher than those at 10°C and 17°C. The minimum
values of K (which correspond to higher oxidation velocities) at 430, 1,200, and 3,200 mg/L
MLVSS occur at temperatures of 25°C to 33°C, 17°C, and 10°C to 17°C, respectively, for all
pH values. Low K values for 430 mg/L. MLVSS occur at pH 8.3 for all temperatures, whereas
at the higher concentrations (1,200 and 3,200 mg/L. MLVSS), low values of K occur at either
pH 8.3 or 7.0, depending on whether the temperature is below or above 17°C.

Thus, there is a significant interaction between pH and temperature and MLVSS. Each of
the parameters studied affects the K value in a way that depends on the biomass concentration
(44). This behavior may explain the variations in values of design parameters reported by
authors using several different rate equations (38, 40). Downing et al. (45) found that the
half-velocity coefficient was usually very small, thus rendering the Monod model close to a
zero-order reaction (not substrate limiting). This was supported by Knowles et al. (46) who
stated that K is 0.2 to 1.7 mg/L for Nitrosomonas and 0.18 to 0.25 mg/L for Nitrobacter. On
the other hand, Stratton and McCarty (47) showed that K ranged from 1.25 to 5.59 mg/L for
ammonia-nitrogen oxidation. Similarly, Painter (13) reported that the K values for ammonia-
nitrogen oxidation varied between 1.0 mg/L at 20°C to 3.5 mg/L at 25° and 10 mg,/L at 30°C.
For nitrite-nitrogen oxidation, the coefficient changed from 5 mg/L at 25°C to 8.4 mg/L at
32°C. Randall and Buth (40) demonstrated that the nitrification rate changes from zero-order
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to a higher order simply because of temperature changes. In this study (44), the sensitive
temperature range at which this occurs is between 10°C and 17°C. This may very well explain
the different reaction orders and constants reported by the other researchers.

4.2. Factors Affecting the Maximum Rate Constant, k.

The values of the rate constant were 0.0085/day at 4°C and pH 7, to 0.175/day at 33°C and
pH 8.3. These values correlate well with the results of different studies on nitrifier-enriched
activated sludge. However, they are much lower than those reported for either river water or
pure culture. This should be expected because the rate in activated sludge is based on MLVSS,
which, even when enriched with nitrifiers, is not completely composed of nitrifying organisms.
Painter and Jones (48) reported that the highest rate they could obtain was 0.144/day and that
the rate was usually between 0.05 and 0.07/day; the maximum rate constant was only about
2% of that of a pure culture. Wild et al. (49) found that the rate varied from 0.185/d at pH 8.4
to a minimum of 0.020/d at pH 6. Bishop et al. (50) reported a rate of 0.11/d at 27°C, which
decreased to 0.032/d at 15°C. Sutton et al. (39) demonstrated that at a MLV SS concentration of
1,700mg/L, pH 7 to 8, and 21°C, k was 0.0216/d. They also reported that the sludge retention
time had to be doubled from 30 to 60 ds to attain the same extent of nitrification at 10°C.

The results of the effect of temperature and pH on k at different MLVSS concentrations
are shown in Figs. 1.5 to 1.7. The data from each of the 45 runs are depicted by three sets of
curves. Each set represents the variation of £ with temperature at three different pH values and
for a particular MLVSS concentration (44).

The linear fit of the data indicates that the maximum rate constant varies logarithmically
with temperature from 4° to 33°C in the case of low solids concentration, and from 4° to 25°C
for high MLVSS concentrations. The parallel regression lines for the different pH values for
each of the MLVSS concentrations indicate that pH and temperature do not interact but affect
the maximum nitrification rate constant independently (44). However, because the slope of
each set of lines is different at each of the MLV SS values, it follows that MLVSS concentration
has an influence on the extent of temperature and pH effects.

The equation of the regression line fitted to the data is similar to the popular modified
Arrhenius relationship, Eq. (2):

k= k20 eb(T_ZO) (52)

where
k = maximum rate constant at temperature 7' (1/d)
koo = maximum rate constant at 20°C (1/d)
T = temperature (°C)
b = temperature coefficient (¢’ = «)

From the above discussion, and as indicated in Figs. 1.5 to 1.7, the value of b is constant
with respect to pH, and variable with MLVSS concentration. Figure 1.8 shows a log—log plot
of the temperature coefficient (o) against the MLVSS concentration (X). The equation of the
fitted line is (44):
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Fig. 1.5. Variation of rate constant with temperature at different pH values (44).

b = 0.00044 x % (53)
or, in terms of a known value b at X,
X 0.69
b=b <X—> (54)
1

The values of b are presented in Table 1.2 with comparable values from other sources. This
table shows that temperature coefficients reported in different studies under different condi-
tions fall within the range of coefficients determined in this study (44) The highest coefficient
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Fig. 1.6. Variation of rate constant with temperature at different pH values (44).

for ammonia oxidation in an activated sludge medium (0.12) was reported by Downing (51).
This value corresponds to the coefficient determined in this study for 3,200 mg/LL MLVSS.
The lowest temperature coefficients for Nitrobacter (0.056 and 0.059) reported by Stratton and
McCarty (47) and Knowles et al. (46) are equivalent to the value for 1200 mg/L. MLVSS. Other
reported coefficients, 0.073 (52), 0.075 (33, 35), 0.084 (47), and 0.095 (46), were scattered
among these maximum and minimum values.

Although the maximum rate constant k is supposedly independent of the MLVSS concen-
tration, the variation in the temperature coefficient with MLVSS, indicated by the slopes of
the lines in Figs. 1.5 to 1.7, implies that this is not always the case. To clarify this behavior,
the maximum nitrification velocity (V) was plotted against temperature in Fig. 1.9. The
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Fig. 1.7. Variation of rate constant with temperature at different pH values (44).

plot reveals that at low temperatures the maximum nitrification velocity does not increase in
proportion to the increase in MLVSS. In fact, at 4°C there is very little difference in velocity
for the MLVSS concentrations of 430, 1200, and 3200 mg/L. However, the effect of MLVSS
on Vy,, becomes more apparent with increasing temperature. Ultimately, at 25°C and 33°C, V;,

is perfectly proportional with MLVSS.

This limitation on V;, caused by low temperatures is shown in Fig. 1.10. The V,, values
at different temperatures were plotted against the MLVSS concentrations. The linear plots at
25°C and 33°C reflect the proportionality between V;;, and MLVSS. The slope of the lines
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Fig. 1.8. Variation of temperature coefficient with MLVSS concentration (44).

that represent the values of k is constant; however, this does not occur at low temperatures
and especially at 4°C, where an increase from 1,200 to 3,200 mg/L. MLVSS did not produce
any increase in Vy,. Subsequently, the calculated value of k, obtained by dividing a constant
Vm value by an increased amount of MLVSS, will show a decreasing value for k at increased
MLVSS and lower temperatures (Figs. 1.5 to 1.7).

Figure 1.10 suggests that the limitation imposed on the maximum nitrification velocity
by temperature is a genuine behavior and not a consequence of variations in experimental
procedure. This interpretation is supported by the following observations (44):
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Table 1.2
Comparison of temperature effects on maximum nitrification rate constant, k (44)
Temperature coefficient (b) Conditions
Activated Sludge (44)
Ammonia to nitrate, pH = 7.0 to 8.3
0.028 MLVSS = 430mg/L, T = 4°to 33°C
0.059 MLVSS = 1,200 mg/L, T = 4°to 25°C
0.121 MLVSS = 3,200mg/L, T = 4°to25°C

Pure culture (52)

0.073 Ammonia to nitrite

Thames estuary water (46)

0.095 Ammonia to nitrite
0.059 Nitrite to nitrate
River water (47)
0.084 Ammonia to nitrite
0.056 Nitrite to nitrate
Activated sludge (51)
0.120 Ammonia to nitrite
Single stage activated sludge (33, 35) nitrogen removal system
0.075 Nitrification
1. The data for pH 7.0, 7.7, and 8.3 show the same behavior.
2. The activated sludge used in the oxidation rate studies was taken from the same batch of nitrifying
sludge.
3. At high temperatures, where the same procedure was used, k was independent of MLVSS
concentration.
4. Further elaboration on this behavior will be detailed and modeled in the following section on

kinetics.

This study related to the influence of biomass, temperature, and pH on the nitrification rate
carried out by Shammas (44) can be summarized in the following eight points:

1.

2.
3.

Differing environmental and operating conditions can affect the performance of the nitrification
process.

There is no interaction between pH and temperature in their effect on the nitrification rate.
MLVSS concentration influences the extent of temperature and pH effects so that there is a
significant interaction between MLVSS and the other two variables. Consequently, a relationship
that expresses the temperature coefficient as a function of MLVSS concentration was developed.
The values of the nitrification rate constant k, ranged from 0.0085/d at 4°C and pH 7 to 0.175/d
at 33°C and pH 8.3.

The modified Arrhenius relationship could be used successfully to estimate the change in nitrifi-
cation rate with temperature.
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Fig. 1.9. Variation of maximum nitrification velocity with temperature, pH, and MLVSS concentra-

tion (44).

The extremely depressed nitrification rates at low ammonia concentrations indicate that high
nitrification efficiencies can only be obtained with either an unreasonably long detention time
or a combination of high mixed-liquor volatile solids concentration and elevated temperature.
An increase in the MLVSS concentration at very low temperatures does not significantly improve
nitrification efficiency.

Design and operation of the nitrification process must be based on combined environmental and
operational conditions (pH, temperature, and MLVSS concentration).
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4.3. Design Criteria of Nitrification Systems

This section discusses the design criteria suggested by US EPA (53) as a basis for the design
of nitrification suspended growth systems.

4.3.1. Aeration Tank Layout

The tank configuration should insure that flow through the tank follows the plug-flow mix-
ing model as closely as possible. Such configuration can be accomplished by dividing the tank
into a series of compartments with ports between them. Figure 1.11 shows three compartments
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Fig. 1.11. Model nitrification system (53).

as a minimum number. Tanks can be designed for either diffused-air or mechanical-aeration
systems. Because the oxidation rate of the process varies widely with temperature, special
provisions may be necessary to incorporate the necessary flexibility in the oxygen supply
system.

4.3.2. pH Control

Nitrification tanks should be sized to permit complete nitrification under the most adverse
combination of ammonia load and temperature expected, and at a pH as near optimum as
feasible. The range of 7.6 to 7.8 is recommended to allow carbon dioxide to escape to the
atmosphere.

The nitrification process destroys alkalinity and the pH may fall to concentrations that will
inhibit nitrification unless excess alkalinity is present in the wastewater or lime is added to
maintain favorable pH concentrations.

2NH4HCO;3 + 40, — 2HNOj; + 4H,0 + 2CO, (55)
2HNOj + Ca(HCO3), — Ca(NO3), + 2CO; + 2H,0 (56)

Overall, the addition of Equations (55) and (56) yields:
2NH4HCO; + 40, + Ca(HCO3), — Ca(NOj3), 4+ 4CO, + 6H,0 (57)

Theoretically, 7.2 Ib of total alkalinity are destroyed per pound of ammonia nitrogen oxidized
to nitrate. One-half of this destruction is attributable to loss of alkalinity caused by ammonia
and the remainder is attributable to destruction of natural alkalinity, as shown in Egs. (55) to
(57). Whether lime additions will be required depends upon the alkalinity of the wastewater
and the desired pH of operation. For operation under the most adverse temperature conditions
and at operating pH, enough lime must be added initially to raise the pH into the desired
range, and then 5.4 1b of hydrated lime per pound of ammonia nitrogen will be required to
maintain the pH. An actual titration test should be conducted to obtain design criteria. In
Boston sewage, about 250 1b of hydrated lime are needed per MG to raise the pH initially to
optimum pH range, and an additional 700 1b are needed to hold it there during the course of
oxidation of the ammonia. The total hydrated lime requirements are estimated to be about
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Fig. 1.12. pH control for nitrification system, plan view (53).

115 mg/L. Additional amounts of lime may be required if chemicals, such as alum, have been
added previously for phosphorus removal.

Marked reductions in lime requirements will result in any system that can be designed
to operate at pH levels of 7.8 or less, because carbon dioxide resulting from destruction of
alkalinity and organic matter will be washed out of the liquid phase by air contact. The pH
of such systems will vary with the rate of aeration (ventilation). The type and sensitivity of
the pH control system will depend on the character of the wastewater and the variations in
the ammonia load fed to the system. Fig. 1.12 shows a proposed system for pH control in the
most demanding situation. In many situations, a lesser degree of control will be feasible; in
some none will be needed.

In any event, enough alkalinity should be present to leave a residual of from 30 to 50 mg/L.
after nitrification is completed. As a general rule, where phosphorus removal is accomplished
in the first stage of a two- or three-stage system by use of alum or ferric salts, it will be
necessary to provide lime-feeding facilities, and the optimum pH of operation becomes more
or less an academic matter. In situations where feeding of lime is not essential, good engi-
neering normally will indicate that additional tankage be provided to overcome the limitations
of reduced activity, as opposed to providing lime-feeding facilities to keep the tankage at a
minimum.

4.3.3. MLSS and MLVSS Concentrations

Designs based on MLSS (mixed liquor suspended solids) concentration alone should
be avoided, because MLSS will not truly reflect the biological mass in the system. The
ratio of MLVSS (mixed liquor volatile suspended solids) to MLSS may vary depending on
the nonvolatile suspended solids (including residual chemical precipitates) in the feed. For
nitrification systems receiving normal secondary effluents, MLVSS concentrations of 1,500 to
2,000 mg/L seem to be safe for design.

4.3.4. Aeration Tank Capacity

The choice of the design-peak load depends on the circumstances of the specific project,
and need not necessarily be the absolute maximum expected load. For many projects, the
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Fig. 1.13. Permissible nitrification-tank loadings (53).

use of a peak-load factor of 1.5 represents a reasonable peak at low-temperature conditions.
Fig. 1.13 shows the permissible volumetric loading of the nitrification tanks at a pH of 8.4 and
at various temperatures and MLVSS concentrations.

Figure 1.14 shows the corrections that must be applied to the permissible loadings when the
pH is different from 8.4. In plants with well-buffered wastewater, it may be more economical

to provide the additional tankage to permit operation at a lower pH, rather than to add an
alkaline material.
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4.3.5. Oxygen Requirements

Stoichiometrically, each pound of ammonia nitrogen that is nitrified requires 4.61b of
oxygen. (The amount of ammonia nitrified is usually slightly more than the amount of nitrate
measured because some denitrification occurs.) Usually, it is assumed that all of the ammonia
fed will be nitrified. An additional oxygen allowance must be made for carbonaceous BOD
that escapes from the secondary treatment process.

Nitrification seems to be uninhibited at DO concentrations of 1 mg/L or more. Design based
on maintaining 3 mg/L of DO in the mixed liquor under average loading conditions includes
a reasonable factor of safety. Under peak loading the DO concentration may be permitted to
fall, but not below 1 mg/L.

The rate of nitrification will vary significantly with temperature and pH, and compensation
for this variation must be made in the design of the plant. During the summer, the following
methods can be used to match the oxygen demand rate to the oxygen supply rate:

1. Reduce MLSS concentration
2. Reduce pH by reducing chemical supply
3. Reduce tankage in service while increasing oxygen supply to the tanks remaining in service

4.3.6. Settling Tanks

Surface Loadings: The maximum permissible hydraulic surface loading is 1, 000 gpd/ft>.
Average surface loadings should be in the range of 400 to 600 gpd/ft?. It may be necessary to
reduce this loading if the MLSS concentration is greater than 2,500 mg/L, because of limiting
sedimentation-tank-solids loadings.

Number of Tanks: Because of the relatively slow growth and settling rates of nitrifying
biosolids it is desirable to provide more than two settling tanks to insure that the biosolids
are kept within the system when a tank is down for maintenance and repair. Four tanks are a
desirable minimum number.
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Depth: Depths of 12 to 15 ft are recommended.

Biosolids-Collection Equipment: Experience has shown no evidence of rising biosolid
problems, probably attributable to complete nitrification and very low residual carbonaceous
BOD concentrations. Use of rapid-removal suction-type biosolids-collection equipment is
not mandatory, but it may be desirable in large circular tanks. The settling tanks should be
equipped with skimmers and provision should be made to use the scum system to pump
floating biosolids, should it ever occur, to the nitrification tank influent.

Biosolids: 1t is recommended that capacity be provided for a return-biosolids rate of 50% to
100% of average flow, because the nitrification biosolids are lighter and do not compact as well
as carbonaceous biosolids. Continuous biosolids wasting is not normally necessary. Periodic
adjustments of MLSS concentration are necessary, however, and provisions should be made
to dispose of waste nitrification biosolids with the waste biosolids from the carbonaceous
treatment process.

5. KINETICS OF THE NITRIFICATION PROCESS

As was discussed earlier in Section 4 various reaction rate equations have been suggested
in the literature to describe the nitrification process. Shammas (29, 44, 54) carried out an
extensive and systematic kinetic analyses under various controlled operational conditions to
determine the best suitable kinetic model.

The sigmoidal characteristic exhibited in the variation of the reaction velocity as a function
of ammonia-N concentration led to the adoption for the first time of an allosteric kinetic
model in the environmental engineering field (54). The nitrification data obtained were found
to have an excellent fit to the model. The model parameters were determined, thus making it
possible to predict the extent of nitrification under a given set of operational and environmental
conditions. The results and conclusions of this study would help in the process of obtaining an
optimum design and operation of a wastewater treatment plant that is designed and operated
for the extraction of nitrogen from its influent.

5.1. Analysis of Nitrification Data

A typical plot of reaction velocity against ammonia nitrogen concentration is shown in
Fig. 1.15. All data at different concentrations of MLVSS, pH, and temperature showed the
same form of curves indicating a sigmoidal characteristic. This distribution cannot be fully
described by the hyperbolic kinetic model of Monod. This fact is made clearer by plotting the
inverse of the Monod relationship as shown in Eq. (51):

b LKL K] 51
v dS/dt kX kXS Va VaS

The plot of 1/(dS/dt) versus 1/S should be a straight line. However, the plot of the calcu-
lated data, as illustrated in Fig. 1.16, indicates otherwise. At high substrate concentrations, the
points do fit a straight line relationship, while at low ammonia-nitrogen concentrations, the
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Fig. 1.15. Variation of nitrification rate with NH3 concentration (29).

curves are far from being linear. Evidently, a different and more complicated kinetic model is
needed to describe the sigmoidal character in the variation of reaction velocity as a function
of ammonia nitrogen concentration (54).

5.2. Allosteric Kinetic Model

It has been shown that many enzymes portray kinetic properties in such a way that
the velocity as a function of substrate concentration shows a sigmoidal dependence. This
realization had led to the proposal of several theories to explain this phenomenon (55-60).
Of these, the one that has received experimental support and gained the widest acceptance
(61, 62) is the allosteric model of Monod, Wyman, and Changeux (55).

The Monod, Wyman, and Changeux model (M—W-C model) comprises both new ideas
and terminology that have not been touched upon in the water pollution and waste treatment
literature. Therefore it seems appropriate at this point to introduce the principles upon which
Monod and co-workers based their model (Fig. 1.17):

1. Allosteric enzymes are polymers that are composed of identical and finite number of subunits
(protomers).

2. Allosteric enzymes are proteins having several substrate binding sites. (Fig. 1.17 illustrates a
dimer, i.e., number of binding sites, n, equals 2.).

3. Allosteric effects result from the interaction among such distinct specific sites.

4. These allosteric effects are brought about by a molecular transition (allosteric transition), which
is induced in the enzyme after binding with the substrate (allosteric ligand).

5. Two states are reversibly accessible to allosteric polymers. These states (R and T) differ by the
distribution and/or energy of interprotomer bonds.
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6. As aresult, the affinity of one (or several) of the stereo-specific sites towards the corresponding
ligand is altered when a transition occurs from one to the other state (L is the equilibrium constant
for the Rg<>T) transition).

Based on the equilibria expressions for the R and T states and considering the probability for
the dissociation of the different complexes Monod and coworkers (55) derived the following
M-W-C saturation function:
_ZA+ 2"+ LeZA +ceZ)!
N (1+2)"+ L1 +cZ)"

(58)
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Fig. 1.17. Schematic diagram of M—W-C model illustration for an enzyme having two binding sites
(29).

where,
Y = the fraction of sites bound with substrate
= saturation function, a dimensionless number
Z = the reduced substrate concentration, a dimensionless number = S/ Ky
Kr = the microscopic dissociation constants of a substrate (S) bound to a site in the
R state
Kt = the microscopic dissociation constants of a substrate (S) bound to a site in the T
states
n = number of binding sites or protomers
= an interaction coefficient
S = substrate concentration
¢ = a dimensionless number, c = Kgr/Kr
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L = allosteric constant. It represents the equilibrium constant for the Ry<>T, transition
(i.e., in the absence of substrate)
T, R = represent the two states or conformations of the enzyme

5.3. Application of M-W-C Model to Nitrification

The velocity of a biochemical reaction is proportional to the sites actually bound by the
substrate. In the case of simple enzyme kinetics, the velocity of the reaction (v) is proportional
to the concentration of the enzyme—substrate complex, so that:

v = k[ES] (59)

where

k = specific rate constant or max rate of NH3-N utilization per unit weight of microorgan-
isms

mg NH;3-N/mg MLVSS/d or 1/d

v = rate of substrate utilization, mg/L. NH3-N/d or mg/L/d

[ES] = concentration of the enzyme—substrate complex, mg/L

In the allosteric case, the velocity of the reaction is given by (63),

v=kEY (60)

where
E = total enzyme concentration, mg/L.

Thus the M—W-C equation can be expressed as follows:

ZA+Z)" '+ LeZ( + cZ)"!
v=kE ( ) ( ) (61)
A+2)"+LA+cZ)
It is of interest to note that when the allosteric constant, L, approaches zero, or in other words,
for enzymes showing no allosteric effects, the M—W-C kinetic equation simplifies to:

Z(1 4+ zZ)"!
v kg2 62)
(1+2z)
Z
V=kE—— (63)
1+Z
and because Z = S/Kg, therefore:
kES
S+ Kr

which is the known and familiar Michaelis—Menten kinetic model (54).
At this point a comparison between Michaelis—Menten expression and the Monod model,
Eq. (50), introduced previously in the form:
kXS

S+ K

(50)
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is in order. It is quite clear that both expressions have the same form (note that when there is
one state of the enzyme then Ks = KR), although the former was based on theoretical analysis,
while the latter was purely empirical, and based on substrate utilization studies in biological
processes (54). In the first expression the velocity is proportional to the enzyme concentration,
while in the second, it is proportional to the microorganisms’ concentration. By applying the
same analogy to the M—W-C model, one can rewrite the kinetic expression in the following
final form (54):

ds ZA+ 2" '+ LeZ( 4 ¢cZ)!
L9 _ x ZU DT 4 LeZ(1 + cZ) (65)
dr A+2Z)+ LA +cZ)
or
ds ZA+ 2"V + LeZ(1 + cZ)r!
dr (1+2Z2)"+ LA +cZ)"

5.4. Determination of Kinetic Parameters

The procedure for the analysis of experimental data for the determination of the kinetic
model parameters is based on the use of the limiting conditions along with the general features
of the allosteric kinetic model. The mode of analysis and basic interpretations were developed
by Frieden (56) and by Boring and Horon (64). For details of the procedure, the reader is
referred to the above two references.

A complete listing of the values of parameters obtained by using the above technique (54),
for various concentrations of MLVSS, pH, and temperature values, is shown in Tables 1.3
to 1.5.

Figure. 1.18 illustrates a typical fit of curves for a MLVSS concentration of 3,200 mg/L
and a pH value of 7 (54). The curves shown are for temperature values of 4°C, 10°C, 17°C,
25°C, and 33°C. Figure. 1.19 shows these same data plotted in terms of Y against Z. This is
comparable to a plot showing the variation of reaction velocity with substrate concentration.
The deviation of the kinetic data from the hyperbolic function (Michaelis—Menten or Monod)
is quite evident. The deviation seems to widen as the temperature increases from 4°C to 10°C
(this is reflected in the increase of the L value). The gap narrows at 17°C and reaches a
minimum at 25°C and 33°C. Generally the same behavior was found for other pH and MLVSS
values (54).

The excellent fit of the M—W-C model to experimental data is illustrated in Figs. 1.18
and 1.19. The same condition was obtained at all other environmental conditions. This
indicates that the allosteric model could be an extremely useful tool for the analysis and
prediction of ammonia oxidation rates under different environmental conditions (54). It should
be remembered that fit alone is no absolute proof of allosterism. This may be only proved by
isolating the specific enzymes and running binding studies, which is a rather complicated
and uncertain procedure. It has been found that most allosteric enzymes dissociate and lose
their allosteric properties on isolation and purification (62). However, the lack of enzyme
verification does not decrease the importance and value of the theoretical model. As elucidated
below, the model describes quantitatively and in detail the complex interrelationships between
the parameters involved and their overall effect on the nitrification rate (54).
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Table 1.3
Variations of M-W-C model parameters with pH and temperature-MLVSS = 430mg/L
(29)

k
MLVSS So Vin (mg N/mg Kr
pH T(°C) (mg/L) (mg/L) (mg/L/day) MLVSS/day) (mg/L) ¢ n L
7.0 4 470 13.5 24.9 0.0530 22 0o 15 2,000
10 470 13.5 29.9 0.0635 19 0 15 2,000
17 458 14.0 35.7 0.0780 16 0 11 100
25 430 14.1 41.7 0.0970 5.7 0 6 100
33 430 14.1 53.2 0.124 4.7 0 6 100
7.7 4 436 13.9 27.5 0.0630 20 0o 15 200
10 436 13.9 32.7 0.0750 10 0 6 20
17 419 13.9 40.0 0.0955 8.8 0 6 50
25 421 14.5 45.5 0.108 5.6 0 6 20
33 421 14.5 58.8 0.140 3.8 0 6 2
8.3 4 436 12.7 343 0.0785 14 0 15 1000
10 436 12.7 40.0 0.0916 7.2 0 15 50,000
17 430 14.2 50.0 0.116 5.4 0 11 5,000
25 420 14.0 55.6 0.132 4.4 0 6 50
33 420 14.0 73.5 0.175 3.5 0 6 25

Table 1.4
Variations of M-W-C model parameters with pH and temperature-MLVSS = 1200 mg/L
(29)

k
MLVSS So Vin (mg N/mg Kr
pH T(°C) (mg/L) (mg/L)  (mg/L/day) MLVSS/day) (mg/L) ¢ n L
7.0 4 1360 13.6 26.3 0.0193 20 0 15 500
10 1360 13.6 35.7 0.0262 15 0 15 500
17 1140 14.3 51.3 0.0450 1.5 0 15 -
25 1186 13.9 79.4 0.0670 34 0 15 50
33 1186 13.9 96.2 0.0812 4.0 0 15 50
7.7 4 1200 10.6 443 0.0370 19 0 15 300
10 1200 10.6 62.5 0.0520 8.8 0 15 15,000
17 1250 14.2 103 0.0825 4.3 0 15 3,000
25 1136 15.2 143 0.126 5.7 0 15 1,000
33 1136 15.2 169 0.149 6.8 0 15 20
8.3 4 1086 8.3 42.3 0.0390 13 0 15 300
10 1086 8.3 58.8 0.0540 7.0 0 15 3,000
17 1252 13.2 110 0.0877 4.8 0 15 1,000
25 1160 11.8 154 0.133 6.2 0 15 10
33 1160 11.8 175 0.151 7.0 0 15 10
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Table 1.5
Variations of M—W-C model parameters with pH and temperature-MLVSS = 3200 mg/L
(29)

k
MLVSS So Vin (mg N/mg Kr

pH T(°C) (mg/L) (mg/L) (mg/L/day) MLVSS/day) (mg/L) ¢ n L

7.0 4 3,260 15.6 27.8 0.0085 9.5 0 15 10,000
10 3,260 15.6 54.9 0.0169 3.8 0 15 5% 100
17 3,200 15.0 256 0.0800 7.4 0 15 600
25 3,200 15.0 333 0.104 8.0 0 15 75
33 3,200 15.0 333 0.104 8.0 0 15 75

7.7 4 3,240 13.3 39.2 0.0121 14 0 15 300
10 3,240 13.3 84.0 0.0260 3.0 0 15 40,000
17 3,220 114 182 0.0565 2.2 0 15 10x10°
25 3,120 13.8 416 0.133 12 0 15 35
33 3,120 13.8 416 0.133 12 0 15 35

8.3 4 3,100 13.3 40.6 0.0131 7.3 0 15 40,000
10 3,100 13.3 93.3 0.0301 2.5 0 15 400,000
17 3,170 14.0 225 0.0710 3.0 0 15 -
25 3,240 15.2 500 0.154 16 0 15 15
33 3,240 15.2 500 0.154 16 0 15 15

5.4.1. Dissociation Constants (Kg, Kr) and ¢

The ratio of dissociation constants (¢ = Kr/Kt) was always zero, for all values of micro-
bial mass, pH, and temperature that were investigated. This indicates that there is an exclusive
substrate binding by one conformation of the enzyme (54). For this condition of ¢ = 0, the
kinetic equation reduces to:

Z(1+ zZ)~!
— Za+2)™ 67)
L+0+2Z)y
because Y =v/Vy, v =—dS/dr and Z = S/Kg, the nitrification rate equation can be
expressed as:
S <1 + S )n—l
ds K K
—— =V, R (68)

dr " Lo (14 S\"
Kr

It should be noted that for ¢ = 1, that is when the affinity of both conformations towards the
substrate is the same, the saturation function simplifies to

.z S
T 14+Z S+ K

(69)
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Fig. 1.18. Fit of data to theoretical curve (29).

or,
V=kEY = ——— (70)

which is the Michaelis—Menten model, Eq. (50). Thus, it is clear that with respect to the value
of ¢, the data belong to a set having the maximum deviation from the hyperbolic function
that this model provides. In other words for ¢ = 0, the sigmoid characteristic of the data is a
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Fig. 1.19. Fit of data to theoretical curve (29).

maximum (considering that L is constant). However, it should be pointed out that at low values
of the allosteric constant, L, and whatever the value of ¢ may be, the sigmoid characteristic is
minimal (54).

A consequence of the fact that ¢ = 0, is that the dissociation constant Kt of the substrate
and T state of the enzymes is infinite. As a result the T conformation could exist only in
the unbound state Ty. The binding of the substrate to the R conformation is reflected in
the dissociation constant Kg. The variation of this parameter with temperature and pH at
different MLVSS concentrations is shown in Table. 1.3 to 1.5. At low MLVSS (430 mg/L),
Table 1.3 indicates that the dissociation constant decreases with increasing temperature (4°C
to 33°C), and pH (7.0 to 8.3). It should be pointed out that the velocity of ammonia utilization
is inversely proportional to the K value. Consequently the decrease in the value of Kr with
increasing temperature and pH indicates an increase in the velocity of nitrification. However,
for the higher concentration of MLVSS at 1,200 mg/L (Table 1.4), although the Ky value does
decrease with increasing temperature and pH up to 17°C, a reverse trend occurs at the higher
temperature. This reversal in relationship seems to occur in the temperature range of 14°C to
20°C. A very small variation in the value of Ky occurs after 25°C.

The interesting feature of this change in behavior created by the increase in microbial
mass is that it altered both the pH and the temperature effects as far as Kr is concerned. It
should also be noticed that the shift in trend is much more pronounced at the highest MLVSS
concentration. For a microbial mass of 3,200 mg/L the values of Ky at 25°C and 33°C were
far higher than those at 10°C to 17°C (54). The minimum values of Kg (which correspond
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to higher oxidation velocities) at MLVSS of 430, 1,200, and 3,200 mg/L occur at temperature
values of 25°C to 33°C, 17°C, and 10°C to 17°C, respectively for all pH values.

The minimum value of Kg at MLVSS of 430 mg/L occurs at a pH value of 8.3 for all
temperatures, whereas at the higher concentrations of MLVSS, the minimum value of Ky is
at either pH 8.3 or 7.0 depending on whether the temperature is below or above 17°C.

It is of special interest that a significant interaction among the environmental parameters
exists. In other words, each of the three parameters studied is not affecting the dissociation
constant independently. Also it is unrealistic to compare the value of Kg with K, of the
hyperbolic function. For, in addition to the basic difference in their significance, it can be
shown that to some extent the value of Ky is related to K, by the following expression (64):

Kr = f(Kn)'" (71)

Thus any variation in the value of the interaction coefficient, n, (or number of binding sites)
by temperature, pH, or microbial mass will be reflected in the value of K. No studies are
available for comparison. Kirschner (65) states that many challenging questions remain open.
Among the first is the pH and temperature dependence of the model parameters.

5.4.2. Allosteric Constant, L

One of the main assumptions of the model is that allosteric effects “are attributable to
the displacement of equilibrium among discrete states assumed to exist, at least potentially,
apart from the binding of a substrate” (55). Thus the allosteric constant, L, defines “the
contribution of the protein itself to the interaction, as distinct from the dissociation constants
of the substrates.” Because L represents an equilibrium constant, it would be expected to show
a temperature and pH dependence. Examination of Table. 1.3 to 1.5 indicates that far more
allosteric effect is exhibited at lower temperatures. The ratio of the allosteric constant at 25°C
to that at 4°C varied from 10 to 4,000 times. At higher MLVSS, even greater ratios were
shown between those at 25°C and 10°C. As far as the pH is concerned, the effect was much
less dramatic than that of temperature. In general, the allosteric constant was smaller at pH
values of 7.7 and 8.3 than at pH 7.0 (54).

The significance of these results on the nitrification process should be made clear. The
degree of sigmoid characteristic in the data is, to a great extent, represented by the allosteric
constant, L. Furthermore, allosterism, or sigmoidness is more exhibited, the lower the sub-
strate concentration. Also the lower the substrate concentration, the smaller becomes the
saturation function Y. Consequently, the ratio of v to V,;, gets smaller with increasing values
of L; as a result, a very low percentage of the maximum possible velocity is attained at low
temperatures and substrate concentrations. When this effect is combined with the slow reac-
tion rate displayed at depressed temperatures (see Section on “k”), extremely low efficiencies
will be shown in the nitrification process (54). Based on these findings, it is recommended
to treat the ammonia-rich digester supernatant in combination with the raw wastewater. If the
temperature is low, then heating the return sludge becomes an attractive possibility. However,
in case it is deemed necessary to remove the last mg/L of ammonia nitrogen from the treated
effluent, it is suggested that a supplemental process be used. Breakpoint chlorination is a
possibility (54).
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5.4.3. Number of Binding Sites, n

Monod and coworkers (55) state that oligomeric enzymes undergo conformational changes
and dissociate into smaller oligomers, and that this dissociation is markedly dependent on
temperature. Examination of Table 1.3 indicates a similar behavior. The number of sites n
decreased from 15 at 4°C to 6 at 25°C and 33°C. The same tendency for dissociation was
exhibited at the three different pH values. However, for 10°C and 17°C, smaller values of n
were obtained at pH 7.7 than at either 7.0 or 8.3. This may imply that at certain temperatures
some association among oligomers takes place as the pH increases from 7.7 up to 8.3 (54).

Ipata and Cercignani (66), in a study on the enzyme 5'-nucleotidase, reported the same
variations in the value of n at pH 7, 7.5, and 8.0. They reasoned that this might be a
consequence of a change in the protein structure, causing a variation in the accessibility of
the binding sites.

For higher MLVSS (1,200 and 3,200 mg/L) shown in Table. 1.4 and 1.5, no variation in the
value of n occurred at any temperature or pH. This tendency by the enzymes to undergo
association at high enzyme concentrations and dissociate at low concentrations has been
reported for many enzymes, including glutamate dehydrogenase, and phosphorylase a (56).
Because of this mechanism of association—dissociation, Frieden (56) explains that an enzyme
may show normal kinetic behavior (Michaelis—Menten) at low enzyme concentrations, and a
sigmoidal behavior at higher concentrations of enzyme concentration.

Because the kinetic behavior is dependent on the enzyme concentration, it stands to reason
that the kinetic properties of such enzymes may depend upon the particular protomers present
and their relative concentrations. Such behavior of allosteric enzymes may explain the depen-
dence of the kinetic parameters on the MLVSS concentration as shown in these data (54).

5.4.4. Maximum Nitrification Rate Constant, k

The values of the maximum nitrification rate k (Table. 1.3 to 1.5) ranged from a low of
0.0085 at 4°C and pH 7, to a high of 0.175 mg/LL NH3-N/mg/L. MLVSS/d at 33°C and pH 8.3.
These values show good correlation with the results indicated by different studies on nitrifier
enriched activated sludge. However, they are much lower than those reported for either river
water or pure culture. In fact this should be expected because in activated sludge, the rate
is based on MLVSS, which even when enriched with nitrifiers, is not completely composed
of nitrifying organisms (54). Painter and Jones (48) reported that the highest rate they could
attain was 0.144, and that the usual rate was between 0.05 and 0.07 mg N/mg MLVSS/d. The
maximum rate they obtained was only about 2% of that of a pure culture. Wild, Sawyer, and
McMahon (49) found that the rate varied from a maximum 0.185 at a pH of 8.4 to a minimum
of 0.020 mg N/mg MLVSS/d at a pH of 6. Bishop et al. (34) reported a rate of 0.11 mg N/mg
MLVSS/d at 27°C that decreased down to 0.032/d at 15°C. Sutton et al. (39) showed that at
a MLVSS concentration of 1,700 mg/L, pH 7 to 8, and a temperature of 21°C, the rate, k,
was 0.0216 mg N/mg MLV SS/day. They also reported that the sludge retention time had to be
doubled from 30 up to 60 ds to attain the same extent of nitrification at 10°C.

The effect of temperature and pH on k at different MLVSS concentrations indicates that
the optimum operating temperature and pH values are just above 25°C and 8.0, respectively
(54, 67-72).
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The conclusion is that the sigmoidal characteristics exhibited in the variation of the velocity
of the nitrification process can be well described by an allosteric kinetic model. The nitrifi-
cation data were found to have an excellent fit to the model. The model parameters were
determined thus making it possible to predict the extent of nitrification under a given set of
operational conditions (54).

6. DENITRIFICATION BY SUSPENDED GROWTH SYSTEMS

To achieve the desired nitrogen removal it is required to follow the nitrification process by
denitrification to convert the nitrate-nitrogen to nitrogen gas (71-76)

US EPA Report (53) on nitrification and denitrification facilities contains information that
may serve as a basis for the design of a denitrifying suspended growth system. Figure 1.20
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Fig. 1.21. Percent of maximum rate of denitrification versus pH (53).

shows the kinetics of the denitrification reaction in relation to temperature for a given
pH range.

6.1. Effect of pH

Studies have indicated that optimum pH for the denitrifying organisms is in the range of 6.5
to 7.5, the same as for most saprophytic bacteria. Figure 1.21 shows the corrections that must
be applied to the permissible tank loading when the pH is different from the optimum range.

That the pH of the effluent from the nitrifying units may exceed 7.5 at some time during a
year is no particular problem, because carbon dioxide generated from oxidation of carbona-
ceous matter in the denitrification unit quickly reduces the pH into the favorable range below
7.5. There is no need for addition of chemicals to control pH.

6.2. MLSS and MLVSS

Experience has shown that denitrifying biosolids have settling properties comparable to
biosolids from activated sludge. It seems reasonable to assume, therefore, that mixed-liquor
solids in the range of 2,000 to 3,000 mg/L can be maintained without excessive rates of
returning sludge. The volatile matter in denitrifying biosolids is about two-thirds of its total
suspended solids.
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6.3. Effect of Temperature

Reference to Fig. 1.20 will show that the minimum temperature to be allowed for will play
a great role in determining the size of the denitrification tanks, as well as the MLVSS that can
be carried in the system.

Systems that are usually designed for operation at a minimum temperature of 10°C would
have more than twice the tankage needed at 20°C. For this reason, good design will allow
for idle operation of part of the capacity during the warm months of the year. A design
similar to that shown for the nitrification system in Fig. 1.11 is recommended. The tankage
allowance must be considerably more generous—possibly three or four times as great if
complete denitrification is to be required in the winter months. However, it is questionable
whether denitrification will be needed during the low-temperature months of the year, because
of the flushing action of high river flows during the spring months.

6.4. Size of Denitrification Tank

The denitrification tank layout should assure that the plug-flow mixing model is followed
as closely as possible, because nitrates are not adsorbed by biological growths and detention
periods may be quite short. Whether covered tanks are required to minimize absorption of
oxygen from the atmosphere is a matter of conjecture. There is evidence to indicate that
properly designed denitrification units can be made to seal themselves by formation of a
floating scum. In any event, airtight or walk-in covers are to be avoided, because nitrogen
and carbon dioxide are both released during the denitrification reaction. Figures 1.21 and 1.22
may be used to compute the size of the denitrification tanks.

6.5. Carbonaceous Matter

Effluents from nitrifying units are exceptionally free of carbonaceous BOD. For this reason,
denitrification is very slow unless a readily oxidizable source of carbonaceous matter is
added. Methyl alcohol (methanol) is the cheapest commercial source of carbonaceous matter.
Glucose (corn sugar) is the next cheapest source. Methanol is preferable because it is more
completely oxidized than glucose and, consequently, produces less sludge for disposal.

In some areas, nitrogen-deficient industrial wastes, such as brewery wastes, might be
available and suitable for use. All such waste materials should be used as well as the bypassing
of a small stream of original wastewater directly to the denitrification tank before considering
the addition of methanol.

When methanol is used for denitrification the basic reaction involved is

5CH;0H + 6H* + 6NO; — 5CO; + 3N, + 13H,0 (72)
(5 x32) =160 (6 x14) =284

From the foregoing equation and weight relationships, it might be concluded that each pound
of nitrate nitrogen would require about 2 Ib of methanol for its reduction, which is true, but
some of the methanol is used to produce new cell growth (biosolids) as follows:
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(CH;0H), — CO, + (CH,0), + H,0 (73)

Also, nitrified effluents normally carry some dissolved oxygen (DO) into the denitrification
tank and some DO may enter the mixture as a result of agitation. This increases the amount
of methanol required. An equation commonly used to estimate methanol requirements is:

Ib/d methanol = 2.471b NO3;—N + 1.531b NO,—N + 0.871b DO (74)

Reports indicate that from 3 to 4 1b of methanol/Ib of nitrate nitrogen are required to consume
DO and leave sufficient amount to reduce the nitrate to nitrogen gas.

The amount of methanol fed must be very closely controlled by a system such as that
shown in Fig. 1.23 to insure that enough is fed to reduce the nitrates and to avoid an excess.
Any excess is not only a waste of chemical; it creates an undesirable residual BOD.

6.6. Other Requirements

Equipment: The contents of the denitrification tanks are mixed with underwater mixers
comparable to those used in flocculation tanks. The energy provided must be enough to keep
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Fig. 1.23. Methyl alcohol feeding system for denitrification tanks (53).

the MLSS in suspension, but must be controlled to prevent pickup of atmospheric oxygen
as much as possible, unless the tanks are covered or some other method is used to exclude
contact with the air.

Power: Power requirements of 1/; to 12 hp/1,000 ft* have been found to be adequate.

Nitrogen release: The denitrification reaction results in the formation of carbon dioxide and
nitrogen gas. Both have limited solubility in water, especially the latter. Because of the gentle
mixing used in the denitrification tanks, the mixed liquor leaving the tanks is supersaturated
with nitrogen, and possibly carbon dioxide. As a result, gas bubbles tend to form and adhere to
the MLSS and inhibit settling in the final clarifier. Supersaturated conditions can be relieved
by using an aeration tank or aerated open tanks (77). It is recommended that from 5 to 10 min
detention be provided at peak flow. Such a facility will also provide the ability to remove small
amounts of excess methanol. Another alternative is to take advantage of the supersaturated
conditions by using flotation (78, 79) rather than sedimentation for separation of biosolids
from the denitrification tank effluent.

Settling tanks: Experience indicates that the settling properties of denitrifying biosolids, fol-
lowing relief of supersaturation, are very similar to conventional activated sludge. Tank depths
of 12 to 15 ft are recommended, and surface overflow rates should not exceed 1,200 gal /ft*/d
at peak flows. MLSS concentrations greater than 2,500 mg/L. may require larger tanks owing
to the higher settling-tank solids loadings. A suction-type sludge collector is recommended for
large circular tanks. Long rectangular tanks should be equipped with mid tank sludge-drawoff
systems. Skimming facilities should be provided on the settling tanks and provisions should
be made for returning the scum to the denitrification tank when desired.

Biosolids: Capability of returning biosolids to the denitrification tank of up to at least 50%
and preferably of up to 100% of average flow is recommended. Provision should be made
for periodic wasting of biosolids from the denitrification systems similar to that used for
carbonaceous systems. Normally, the biosolids should be wasted to mix with primary and/or
waste-activated sludge and be disposed of with them. The waste-biosolids line, however,
should be designed to transport biosolids to the nitrification tank when desired. It is reported
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Table 1.6

Expected effluent quality at 10°C (53)

Component Concentration (mg/L)
Suspended solids 10

BOD 5
Organic-N 1.0

NH3-N 0.5

NO3-N 0.5

Total N 2.0

that about 0.2 Ib of biosolids will be generated for each pound of methanol fed. This would
correspond to about 0.7 Ib/lb of nitrate nitrogen reduced.

Effluent quality: Table 1.6 indicates the expected effluent quality from a nitrification—
denitrification system designed for operation at 10°C wastewater temperatures. At warmer
temperatures improved quality can be expected.

Thus, it seems that more than 90% removals of total nitrogen can be achieved in actual
practice.

7. DESIGN EXAMPLES
7.1. Example 1

A biochemical reaction that follows first-order kinetics has a measured reaction rate con-
stant of 15/d at 20°C.

1. Using o = 1.072, calculate the rate constant, k; at 25°C
2. Find the corresponding required time for the substrate to decrease in concentration from 200 to
20 mg/L
Solution:
1. The rate constant, kj at 25°C

rr = ryaT 29 2)

kas = 15(1.072) 320
ks = 15 x 1.416 = 21.2/d

2. The required time, ¢

S = S, (17)
In — = —kqt
0
1 S
t=——1In—
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1 20
— In=—
21.2 200

t =0.11 day

t =0.11 x 24 =2.64h

1 =

7.2. Example 2

An industrial wastewater stream, which is produced at a rate of 476m?/d, contains a
pollutant concentration of 300 mg/L. A bench-scale study showed that the pollutant removal
follows a first-order kinetic reaction, where k; = 2.5/d.

If the National Standards require a minimum removal of 85% of the pollutant before the
effluent is allowed to be discharged into the sewerage system, determine the required size of
a completely mixed reactor that can accomplish the job.

Solution:
Change = input — output — sink
v§=QSO—QS+Vr
dr
For a first-order reaction, r = —k;S
ds
va =08, — 0SS+ V(—kS)

ds
At steady state, — =0
steady state m
0S,—05S—VikiS=0
Because V = Ot
0S,— 08— 0tk)§ =0
So — S —kSt=0
So — S
[ =
ki S

178,
f=— |2
kl[s ]

1 300 |
2.5 [ 300(1.00 — 0.85)

5.67
t = —— =2.27day
2.5
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7.3.

V=0t
V =476 m%/d x 2.27 day
V =1,080m*

Example 3

It is required to design a nitrification tank using US EPA criteria under the following
operating conditions:

(a)
(b)
(c)
(d)
(e)
()

Design flow = 10 MGD

Average BODs = 30mg/L

Average concentration of NH-N = 15 mg/L
Minimum temperature 10°C

Operating pH = 7.8

MLVSS concentration = 1,500 mg/L

Determine:

1.
2.
3.

Required tank size
Required detention time
Oxygen requirements

Solution:

Average NH3 load = 10 x 8.34 x 15 =1,2501b/d
Maximum NH; load = 1250 x 1.5 = 1,8701b/d
BODs load = 10 x 8.34 x 30 = 2,5001b/d

1.

Tank Size
From Fig. 1.13 (at 10°C, MLVSS = 1500 mg/L and optimum pH 8.4) volumetric loading =
8.21b/d/1,000 ft>

1870
Tank volume = <3 % 1000 = 228,000 ft*

From Fig. 1.14 (at pH 7.8) volume adjustment = 0.88
228,000
0.88

Tank Size = = 260, 000 ft>

Detention time
(260, 000)(24)(7.48)

=4.67h
(10)(100)

Detention time =

Oxygen requirements

Each 1b of ammonia-nitrogen that is nitrified requires 4.6 b of oxygen
Oxygen requirement for NH3 oxidation = 1,870 x 4.6 = 8,6501b/d
BODs = 2/3 BODuiiimate

Oxygen requirement to satisfy remaining BOD = 2500 x 1.5 = 37501b/d
Total oxygen requirement = 8,650 + 3,750 = 12,4001b/d
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7.4. Example 4

It is required to design a denitrification tank using US EPA criteria under the following
operating conditions:

1. Design flow = 10 MGD
2. Average NO3-N + NO»-N concentration = 15 mg/L
3. Minimum temperature 10°C
4. Expected operating pH = 7.3
5. MLVSS = 2,000 mg/L
6. Assume complete conversion is desired
Determine:

1. Required tank size
2. Required detention time

Solution:
Average NO3-N + NO,-N loading = 10 x 8.35 x 15 = 1,2501b/d
Peak NO3-N + NO,-N loading = 1,250 x 1.5 = 1,8701b/d

1. Required tank size
From Fig. 1.22, tank loading {at 10°C, MLVSS = 2,000 and optimum pH}= 271b/1,000 ft?
1870
27

From Fig. 1.21, (at pH 7.3) volume adjustment = 1.0
Tank volume = 70,000 x 1.0 = 70,000 ft’

Tank volume 1000 = 70,000 ft3

2. Required detention time
(70,000)(7.48)(24)

= 1.26h
(10)(10%)

Detention period =

NOMENCLATURE

b = temperature coefficient (¢! = «)

¢ = a dimensionless number, c = Kr/Krt

dS/dt = rate of substrate (NH3-N) utilization, mg/L/d

E = total enzyme concentration, mg/L

[ES] = concentration of the enzyme-substrate complex, mg/L

F/M = Food to microorganisms’ ratio

k = (gmax) = maximum rate constant of NH3-N utilization per unit weight of microorganisms,
mg/L NH3-N/mg/L. MLVSS/d or 1/d

ko = X@max = zero-order rate constant, mg/L/d

k1 = X@max/ K = first-order biodegradation rate constant, 1/d

koo = maximum rate constant at 20°C, 1/d

kr = maximum rate constant at temperature 7', 1/d

K4 = constant decay coefficient
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K; = inhibition coefficient
Kgr = the microscopic dissociation constants of a substrate (§) bound to a site in the R state,
mg/L
K = half-velocity coefficient or half-saturation constant, mg/L
Kt = the microscopic dissociation constants of a substrate () bound to a site in the T states,
mg/L
L = allosteric constant
= equilibrium constant for the Ry <> T transition
n = number of binding sites or protomers
= an interaction coefficient
q = specific substrate utilization rate, mg/L. NH3-N/mg/L. MLVSS/d or 1/d
gmax = maximum specific substrate utilization rate = [y.x/Y, mg/L NH3-N/mg/L MLVSS/d
or 1/d
Q = flow rate, MGD, gal/h, gal/min, ft* /s
Q, = initial or influent flow rate, MGD, gal/h, gal/min, ft*/s
Q. = effluent flow rate, MGD, gal/h, gal/min, 3 /s
O, = return line flow rate, MGD, gal/h, gal/min, 3 /s
w = wasted biosolids flow rate, MGD, gal/h, gal/min, ft3 /s
rs = rate of soluble substrate utilization, 1/d
rr = biodegradation rate at temperature 7', 1/d
rro = biodegradation rate at 20°C, 1/d
R = recycling ratio
S = substrate concentration at any time ¢, mg/L
S, = initial or influent substrate concentration at t = 0, mg/L
Se = effluent substrate concentration, mg/L
Smin = minimum substrate concentration, mg/L
S; = substrate concentration in returned biosolids, mg/L
Sw = substrate concentration in wasted biosolids, mg/L
SF = safety factor
SVI = sludge volume index
t = time, h or day
T = temperature, °C
T, R = represent the two states or conformations of the enzyme
v = g X = rate of substrate utilization, mg/L. NH3-N/d or mg/L/d
Vin = kX = (¢maxX) maximum rate of ammonia utilization, mg/L. NH3-N/d or mg/L/d
V = Volume, ft* or gal
X = concentration of mixed liquor volatile suspended solids (MLVSS), mg/L
= biomass concentration, mg/L
X. = biomass concentration in effluent, mg/L
X, = biomass concentration in the returned biosolids, mg/L
X, = wasted biosolids concentration, mg/L.
Y = the fraction of sites bound with substrate
= saturation function, a dimensionless number
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Y = growth yield

Ymax 18 the maximum growth yield

Yobs = observed growth yield

Z = the reduced substrate concentration, a dimensionless number = S/ Ky
o = temperature-activity coefficient

W = specific growth rate

Umax = Maximum specific growth rate

6 = Mean hydraulic retention time for the aeration tank, h

6, = Mean cell retention time or solids retention time (SRT), day

(6,)min = minimum value of solids retention time (SRT), day
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Abstract The Vertical Shaft Bioreactor (VSB) treatment system is essentially a high rate
activated sludge process capable of operating at food to microorganism ratios (F/M) of
between 0.5 and 2.0kg BODs/kg MLVSS/d. These extremely high loadings are achievable
because of the capability of the system to carry and maintain mixed liquor volatile suspended
solids (MLVSS) concentration values between 5.000 and 10,000 mg/L. As a result, a much
lower volume (aeration period) is required than in the conventional activated sludge process.
The process consists of a vertical subsurface reactor shaft 0.75 to 6 m in diameter and 75 to
125 m deep, with hydraulic mean residence times in the order of 60 min.

The following aspects of the VSB process are covered: Process description, technical
development, vertical bioreactor system and its variations, process theory and design basis,
process design, operation, and maintenance, comparison with equivalent technologies, and
case studies.
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1. PROCESS DESCRIPTION

The vertical shaft bioreactor (VSB) treatment system is essentially a high-rate activated
sludge process capable of operating at food to microorganism ratios (F/M) of between 0.5
and 2.0kg BODs/kg MLVSS/d (1). These extremely high loadings are achievable because
of the capability of the system to carry and maintain mixed liquor volatile suspended solids
(MLVSS) concentration values between 5,000 and 10,000 mg/L.. As a result, a much lower
volume (aeration period) is required than in the conventional activated sludge process (2, 3).

The process consists of a vertical subsurface reactor shaft, which in early configurations
was between 90 and 150 m (300 to 500ft) deep, with hydraulic mean residence times in
the order of 60 minutes (4). The reactor is typically installed using conventional drilling
equipment as illustrated in Figs. 2.1 and 2.2. In general, carbon steel shafts are used for the
exterior casing (Fig. 2.3). The shafts are typically grouted with sulfate-resistant cement to
allow isolation from the surrounding geological formation.

Fig. 2.1. Drilling rig and cutting bit (Courtesy NORAM Engineering and Construction Ltd.)
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Fig. 2.3. Reactor placement (Courtesy NORAM Engineering and Construction Ltd.)

The reactor is divided basically into two sections, namely, a downflow section called a
downcomer and an upflow section called a riser. In the initial reactor configuration, the raw
wastewater and return sludge are introduced into the downcomer section of the reactor, and
the mixed liquor is withdrawn from the riser section. Compressed air is introduced into both
the downcomer and the riser sections to serve as a source of oxygen, as well as the driving
force for fluid transport through the shaft. The air requirements and air injection depth are
determined by taking into consideration the minimum liquid circulation velocity and BODs
removal requirements. In general, liquid circulation velocities between 0.9 and 1.5m/s (3 to
5 ft/s) are maintained within the VSB (4). Depending on the operating mixed liquor volatile
suspended solids (MLVSS) concentration, the effluent from the reactor can be treated for
solids separation using either a flotation or sedimentation process.

In the case of domestic wastewater treatment, the raw influent wastewater generally under-
goes preliminary treatment for the removal of large particles (screenings) and grit. Experience
with the VSB process indicates that the process can operate successfully without primary
clarification. Figure 2.4 shows a conceptual flow diagram for the treatment of domestic
wastewaters using an early generation VSB. Figure 2.5 shows the general concept and
hydraulic flow pattern occurring within a VSB.
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Fig. 2.4. Conceptual treatment process flow diagram (4)

2. TECHNICAL DEVELOPMENT

VSB use in biological treatment of wastewaters has its origin in the United Kingdom and
was developed from research efforts for the synthesis and production of single cell protein
using methanol as feedstock (5). The process required the operation of the system with high
bacterial density. In order to satisfy the extremely high requirements for dissolved oxygen,
Imperial Chemical Industries Limited (ICI) adopted a pressure cycle aerobic fermentor verti-
cal shaft in which an increased hydrostatic pressure between 90 and 150 m (300 to 500 ft)
was used to increase oxygen transfer capabilities. The pressure cycle fermentor used air-
lift principles in which the air for biochemical oxidation also provided the air for liquid
circulation. An extension of this basic research and development work is the application of
the process principles for wastewater treatment. Wastewater treatment application normally
involves the operation of the VSB with lower bacterial density, less biodegradable substrate
(BODs), and a slower growth rate of microorganisms than in the single-cell protein reactor.
For these reasons, ICI, modified the reactor configuration and increased the typical design
depth of the reactor to achieve equivalent oxygen transfer efficiency and power economy (6).
In addition, ICI initiated several pilot and demonstration projects involving municipal and
industrial wastewaters.

The first version of the VSB process consisted of a deep subsurface well, a head tank, and a
solids separation clarifier. The unit configuration, along with the gas voidage and dissolved
oxygen profiles, are presented in Fig. 2.6. Gas voidage refers to the volume fraction of
entrapped gas bubbles in the mixed liquor, and can be expressed as follows:

Gas voidage = Vi /(Vg + V1) (D
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where

Vi = Volume of gas bubbles
VL = Volume of liquid

The gas voidage difference between the riser and the downcomer sections of the VSB is
used to initiate and maintain liquid circulation within the reactor.

The ICI vertical shaft bioreactor is also divided into two concentric sections similar to the
early fermentor. Raw wastewater and recycle sludge are introduced into an open head tank
from which the mixed liquor flows down the downcomer and upward through the annular
riser section to the head tank. Mixed liquor is also withdrawn from the head tank for solids
separation and to provide for recycle sludge. Based on these operating principles, a pilot plant
was started by ICI in Billingham, England during 1974. The pilot plant had a design capacity
of approximately 363 m?/d (96,000 gpd). A 39 cm (15.25in.) diameter shaft, 130 m (426 ft)
deep provided the outside shell for the VSB process (4).

During the initial operation of the pilot plant, the solids separation process consisted
of a dissolved air flotation unit followed by a mechanical degasser and clarification unit.
The flotation separator was included in the process to make use of the potentially available
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dissolved gases present in the VSB mixed liquor. Subsequent experience with the VSB
system indicated that the flotation unit and the mechanical degasser can be replaced with a
vacuum degasser before clarification. Further testing using the clarification mode indicated
that the process is capable of producing better than secondary quality effluent (BODs =
15mg/L, SS = 18 mg/L) when operating at mixed liquor suspended solids concentration
(MLSS) values between 2,000 and 6,000 mg/L (6-8).

In summary, the process development and successful demonstration at Billingham, England
created sufficient interest in Europe, North America, and Japan to warrant extensive marketing
efforts. Accordingly, ICI extended process licenses to Canadian Industries Limited (CIL) of
Canada for carrying out the marketing efforts in North America. Eco Technology (Eco), a
division of CIL, assumed this responsibility in mid-1975 and contributed significantly to the
exposure and development of this technology.

Eco recognized that the VSB volume can be significantly reduced if the overall system
could be designed to operate with high mixed liquor suspended solids (>6,000mg/L). Eco
also realized that the limiting constraint for operating the system with high mixed liquor
suspended solids was the gravity separation of the mixed liquor solids leaving the VSB. The
use of a gravity separation process unit (e.g., clarifier) has generally been limited to MLSS
concentration values below 6,000 mg/L (9, 10). This is due to the recommended design criteria
for solids flux through the gravity separation unit. Figure 2.7 shows the relationship between
MLSS, hydraulic overflow rate, and solids flux rate for conventional clarification.

Based on this consideration, Eco’s development work was directed toward incorporating
the flotation separator with the VSB process. As a result of Eco’s research work, the VSB
and the flotation separator unit will be operating under constant hydraulic and solids loading.
The air supply requirements will also be maintained at a steady rate to achieve desired liquid
circulation velocities inside the reactor. Figure 2.8 shows the typical hydraulic profile and the
flow routing for the Eco-III reactor system.

When the raw wastewater flow rate exceeds the normal design conditions, the liquid level
inside the head tank rises to maintain flow through the reactor. A liquid level or pressure
sensor inside the head tank will actuate and increase air supply to accommodate the increased
hydraulic flow or to provide additional oxygen requirements. The output signal from the liquid
level control can also be interconnected with the float skimmer drive mechanism to attain
increased recycle float sludge.

3. VERTREAT BIOREACTOR

VERTREAT " is a compact, high-pressure bioreactor system that replaces the earlier
VSB systems. Vigorous mixing and high oxygen transfer are critical design limitations in
many conventional plants. The VERTREAT system has both intensive mixing and high
oxygen transfers in a compact subsurface reactor, making it an efficient high-rate biological
system (11-13).
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3.1. Key Process Features and Advantages

™ . . . .

The VERTREAT  treatment system is a state-of-the-art high-rate aerobic activated sludge
process. It uses an in-ground hyperbaric aeration reactor, a device that has been proven
effective through more than 30 years of commercial operation. According to the manufac-

turer, the VERTREAT " reactor’s patented design results in a smaller reactor volume and
reduced energy consumption, giving it significant capital and operating cost advantages over
conventional hyperbaric aeration systems.

The following features give VERTREAT' " a strong advantage over other competing
biological treatment processes (11-13):

(a)
(b)
(©)

(d)
(e)

(2)
(h)
()

Itis a proven process with similar systems already operating successfully in numerous municipal
and industrial applications worldwide

Operating costs are substantially lower, usually less than half that of conventional aeration
processes

volatile organic compounds (VOCs) emissions are minimal compared with conventional aeration
processes, which can discharge up to 60% of the VOCs contained in the influent stream to
atmosphere.

The system is very compact and has a low space requirement, usually <20% of the space used
by conventional processes

There are no open aeration basins; therefore, visual impact and odor emissions are minimal
The system can be economically enclosed in a building in locations where climatic conditions
are unfavorable or if it is desirable for the plant to blend in architecturally with the surrounding
environment

The system is uncomplicated, easy to operate and maintain, and well suited to fully automated,
unattended operation

Concentrated waste streams with fluctuating flow rates and strengths can be treated to a high
effluent quality

The in-ground aeration reactor is much less likely to sustain damage in an earthquake than
above-ground aeration ponds or reactors.

3.2. Process Applications

The VERTREAT process is ideal for treating biodegradable industrial wastewater
streams and municipal wastewater. It has particular advantages in applications with the
following conditions that can make conventional processes unsuitable (11-13):

(a)
(b)
(©)
(d)
(e)
()
(2)
(h)
(1)
()

Sites with space constraints

Wastewater streams with high VOC content

Retrofits and plant expansions

Applications with very concentrated wastewater streams
Sites with high precipitation or extreme temperatures
Sites close to residential areas

Applications with fluctuating loads

Locations where large unsightly plants are undesirable
Sites in areas with high seismic activity

Wastewater streams prone to foaming
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3.3. Reactor Features

The principal difference between VERTREAT " and other technologies employing in-

. . . ™
ground hyperbaric aeration reactors is that the VERTREAT  reactor has been reconfigured to
incorporate three separate treatment zones (Fig. 2.9), giving it, according to the manufacturer,
a significant capital and operating cost advantage over similar old-generation VSBs (11-13).

(a) The oxidation zone is the upper portion of the reactor and includes a central concentric draft tube
for mixed liquor circulation.

(b) The mixing zone is immediately below the oxidation zone. Air, as required for high-rate bioox-
idation within the upper zone of the reactor, is injected into the mixing zone. The injected air
also provides the drive mechanism for airlift circulation.

(¢) The polishing zone, or oxygen soak zone, occupies the bottom of the reactor.

Installed by conventional drilling or excavation techniques, the VERTREAT " reactor is
typically 75 to 110m (250 to 350 ft) deep, occupying only a fraction of the area used by
conventional surface basins and using only about 10% of the air consumed by conventional
aeration systems. The diameter of the reactor, nominally 0.75 to 6 m (2.5 to 20 ft), is deter-
mined by the quantity and strength of the material to be treated. A schematic of the process and

Tank Flotation

Vent Air <= Head Tank Hold
I

Fig. 2.9. The VERTREATTM process (Courtesy NORAM Engineering and Construction Ltd.)
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its treatment stages are included in Fig. 2.9. The seven stages in the VERTREAT ' Process
are (11-13):

Ist Stage—Aeration. Rising bubbles travel up the annulus creating a density gradient that results in
airlift circulation within the oxidation zone.

2nd Stage—Influent Injection. Untreated influent is introduced to the recirculating liquor through the
influent pipe at a level above the air injection point in the mixing zone.

3rd Stage—Biodegradation. High oxygen transfer rates due to the pressure and depth of injection
insure high dissolved oxygen content and reaction rates within the oxidation zone.

4th Stage—De-gassing. Entrained spent off-gas bubbles are released to the atmosphere.

5th  Stage—Polishing. High dissolved oxygen concentrations and residence times result in a high
degree of residual BOD oxidation in this zone. Dissolved gas saturation is also utilized to drive
solids separation by flotation in the clarification step that follows.

6th Stage—Withdrawal. Polished mixed liquor is forced from the shaft to the flotation clarifier by
hydrostatic pressure.

7th  Stage—Flotation. Rapid depressurization of the mixed liquor as it travels to the surface results in
a well-aerated, low-density floc. The flotation clarifier produces a highly concentrated biomass
and a high quality liquid effluent.

While space saving of the vertical bioreactor is readily apparent, the energy saving aspects
may not be. The vertical reactor receives air at pressure, and requires four times the compres-
sion energy of a conventional aeration system per pound of air fed to the system (Note: at
100 psi a compressor delivers 4.7 cfm/hp, and at 7 psi a blower delivers 13 to 20 cfm/hp).
However, this increased compression requirement is more than offset by the increase in
oxygen transfer efficiency (OTE) in the system—approximately 70% compared to 8% OTE
in conventional processes (70/8 = 8.75:1). The net result is 11% of the aeration requirement
and a power consumption that is 2.2 to 2.4 times lower than that in a conventional system.

This air that is economically and efficiently introduced to the bioreactor aids in several
other process functions at no incremental cost. Not only does the air satisfy the primary
requirement of providing the microbes with dissolved oxygen, it serves as an air lift pump—
eliminating the need for mixers in the bioreactor. Activated sludge withdrawn from the
reactor is saturated with air at pressure and separates spontaneously from the mixed liquor
by flotation; this flotation separation occupies a smaller area than a traditional sedimentation
clarifier. In addition, the greatly reduced off-gas flow is economically treated in a small off-gas
bio-filter—an achievement that would be very costly in a conventional activated sludge system
due to the increased aeration requirements. Finally, if nitrification is required, the dissolved
oxygen in the saturated effluent from the clarifiers carries over to the polishing nitrification
biofilters, reducing the oxygen supply requirements for the blowers.

4. PROCESS THEORY AND DESIGN BASIS
4.1. Process Fundamentals

VSB treatment is a high-rate activated sludge process in which a very high mixed liquor
microbial population can be maintained to achieve proportionally increased organic removal
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rates. It is well known that biochemical oxidation of organic compounds is basically controlled
by the following process parameters (14, 15):

(a) Concentration of organics (BOD)
(b) Concentration of active biological solids (MLVSS)
(c) Relative biodegradability of the organic mixture

Biological oxidation results in the generation of excess sludge and carbon dioxide as the
primary end-products. In aerobic systems, such as those employed in the conventional acti-
vated sludge process, the respiratory or oxidative reactions provide the energy required for
both synthesis and growth of biological population. Also, dissolved oxygen serves as the
terminal electron acceptor, and, therefore, is essential for producing the desired end-products.
In summary, the biological reactions are controlled by two basic transport mechanisms, as
follows:

(a) Transport of organics (BOD)
(b) Transport of oxygen

The oxygen transport mechanism is controlled by the transfer rate of oxygen from the gas to
the liquid phase, and from the liquid phase to the biological solids. When unlimited oxygen
supply is available in the liquid phase, the efficiency of the biological process becomes
primarily a function of the capacity of the microorganisms to assimilate organic molecules.
The rate of assimilation or the rate of organics removal can be increased by increasing
the MLVSS concentration and by intense mixing. Effective mixing of biological solids and
organic substrate is accomplished by maintaining high liquid circulation velocities within the
Vertical Shaft Bioreactor. The liquid flow velocity inside the shaft has been estimated on the
order of 1 m/s (3 ft/s) with a Reynolds number greater than 100,000 (16, 17). As a result,
high turbulence and intense mixing is achieved within the shaft. The driving force for liquid
circulation and mixing is provided by a compressor that serves the dual function of supplying
air for both liquid circulation and biological oxidation. The air supply requirements and air
injection depth are generally a function of the following:

(a) Average and maximum design flow rate
(b) Strength of wastewater undergoing treatment
(¢) Shaft diameter and associated friction losses due to fluid flow

The driving force for hydraulic circulation is best understood by considering the VSB start-up
sequence (18). Air is injected into the riser side of the shaft. The rising bubbles, or voidage,
create a density difference between the riser and downcomer causing the contents to circulate
in the manner of a conventional air-lift system. The velocity of circulation increases until
balanced by friction. When an equilibrium velocity is achieved (normally about 2 to 4 ft/s
and certainly faster than the free-state rise rate of small air bubbles) a small quantity of air is
added into the downcomer. The downward flow of the liquor drags this air to the bottom of the
shaft and into the riser. The imbalance is maintained such that the overall density of liquor in
the riser is always less than that in the downcomer. As equilibrium is once again established,
more air is added to the downcomer injection point. This stepwise process proceeds until
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eventually a dynamic equilibrium is achieved with a ratio of riser to downcomer air providing
the necessary stability and oxygen demand requirements.

Because the VSB treatment process utilizes the same process concepts as the activated
sludge process, the classical relationships between such process design parameters as the
BODjs loading ratio (F/M), oxygen requirements per kg BOD5 removed, waste sludge produc-
tion (kg TSS per kg BODs removed) are also applicable for the process design of the VSB.

The VSB process differs from conventional activated sludge systems in terms of equipment
design and operating features. These features include the high mixed liquor suspended solids,
mode, and efficiency of oxygen transfer, flow regime, and type of solids separation process.
These design and operating features are summarized in Table 2.1.

4.2. Biological Properties

Principally, the VSB treatment process involves the use of aerobic metabolic capabilities for
converting dissolved organics into gaseous (CO,) and solid (waste sludge) end products. The
VSB process differs from the conventional activated sludge process with respect to its flow
regime, operating pressure, and oxygen tension inside the reactor. A study initiated to compare
the effects of these process features on the biological properties of the sludge revealed that
the waste sludge from the VSB process does not differ significantly from those experienced
in conventional activated sludge systems (15). The results of this study are summarized in
Table 2.2.

4.3. Oxygen Transfer

Proper design of an oxygen transfer system is essential to maintain desired minimum
dissolved oxygen concentration values under both average and peak loading conditions. On a
conventional activated sludge system using diffused air or mechanical surface aeration, the
oxygen transfer rate is limited by the driving force (concentration differential) across the
air/water interface to approximately 0.2kg/m?/h (200 mg/L/h). As a result, the operating
parameters (mixed liquor volatile suspended solids, organic loading ratio, etc.) should be
carefully selected such that the oxygen demand values will not exceed the oxygen transfer

capabilities.
The basic expression involved in estimating the oxygen transfer rate is (4):
dc/dt = Kya(Csw — C) (2)
where:

dc/dt = the rate of change in dissolved oxygen concentration, kg/m?/h
K1 o = the oxygen transfer rate coefficient, h!

Csw = the oxygen saturation concentration in wastewater, mg/L

C = the minimum dissolved oxygen concentration, mg/L

According to this expression, the oxygen transfer rate in a specific waste stream or mixed
liquor can be increased only by increasing the attainable saturation value (Csw).
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Table 2.2

Comparison between VSB and conventional activated sludge (4, 5)

Sludge properties® Deep shaft Conventional
(or) components reactor activated sludge
ATP content (mg/L) 0.806 0.537-0.991
Specific oxygen uptake rate (g/kg.h) 40 14.5-57.7
Michaelis-Menton? growth constant—K (mg/L) 50 20-50
Physical Characteristics®

Specific resistance (m/kg x 10'%) 1.29 8.54¢
Compressibility index 0.85 0.78
Waste sludge concentration (%) 2.1 0.94

% Average values for sludge properties are reported; comparison was made of sludges produced from the
treatment of primarily domestic wastewaters.

bRefers to the concentration of BODj (raw wastewater) at which the specific oxygen uptake rate is one-half the
maximum value. The term “Michaelis-Menton Growth Constant” is used for comparison of specific oxygen uptake
rate values because of the belief that the theory of enzyme reaction kinetics is directly applicable in describing the
growth or BOD5 removal kinetics in the activated sludge process.

“Physical characteristics for waste activated sludge from conventional air activated sludge was determined
utilizing aerobically digested sludge samples.

According to Henry’s law, the saturation value can be increased by raising the partial
pressure of the gas requiring dissolution. This can be accomplished by either of the following
methods:

(a) Increasing the mole concentration of oxygen in the source (enriched oxygen systems) such as
those used in the pure oxygen activated sludge process
(b) Increasing the system operating pressure as in the case of the VSB

In a pure oxygen activated sludge system, the oxygen transfer rates are approximately five
times greater than in systems using air diffusion or mechanical surface aeration. In the case of
a VSB, the operating pressures are increased to 1,520 kPa (15 atm) and, therefore, the oxygen
transfer rate is similarly increased to 2,000 to 3,000 mg/L/h (150 to 2001b/1,000 3 /h). The
aeration bubble contact time in the vertical bio-reactor is in the order of 3 to 4 min rather
than 10 to 15 s in a shallow surface basin (19). The increased oxygenation capacity allows the
system to operate with higher mixed liquor suspended solids concentrations and, therefore,
with lower aeration periods than in the conventional activated sludge process.

4.4. Organic Loading

A relationship was developed between organic loading ratio (F/M) and the oxygen transfer
requirement for various MLVSSs. This relationship is illustrated graphically in Fig. 2.10,
which indicates that there is a limiting loading ratio (F/M) for each mixed liquor suspended
solids concentration, above which the oxygen demand requirements cannot be satisfied by
conventional methods. For illustrative purposes, the upper limit for oxygenation capacity
has been assumed at 0.08 kg/m?/h (51b/1000 ft*/h) of aeration volume for conventional air
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Fig. 2.10. Relationship between organic loading (F/M) and oxygen requirement (4)

systems. For example, the organic loading ratio (F/M) must be maintained below 0.55 when
the operating MLVSS is 3000 mg/L in order that the aeration capabilities of the conventional
equipment will not be exceeded. By reiteration of this technique, a limiting envelope was
developed that relates the organic loading ratio (FM), MLVSS, and oxygenation capacity (4).

Similarly, another limiting envelope was developed for pure oxygen systems with a maxi-
mum oxygenation capacity assumed at 0.40 kg/m>/h (251b/1,000 ft* /h). Figure 2.11 shows
these limiting envelopes for the conventional and enriched oxygen systems as well as the
operating zones for conventional, enriched oxygen and VSB systems. It is to be recognized
that these limiting curves are developed with assumed or preselected values for oxygenation
capacities. Actual limiting values may differ depending on the aeration device selected for
a particular application (e.g., fine bubble, coarse bubble, aeration basin depth, mechanical
surface aeration). In addition, the limiting envelopes for the different technologies may
overlap.

It is evident from this process evaluation that one of the major constraints imposed on the
design of an aerobic biological treatment process is the capability of the aeration equipment
to maintain an aerobic environment. The VSB process is capable of exceeding these limits as
the system can achieve up to 75% or even 90% oxygen transfer efficiency. As a result, organic
loading ratios (F/M) as high as 2.0 can be used with mixed liquor volatile suspended solids
concentration values of up to 10,000 mg/L, thereby reducing the aeration periods to 30 min or
less (4).
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4.5. Solids Separation

One of the major considerations in the design of an aerobic biological wastewater treatment
system involves the incorporation of an effective solids separation process unit. Gravity
sedimentation units have served this purpose reasonably well within the operating range for
conventional systems (MLSS between 2,000 and 3,000 mg/L) and oxygen-enriched systems
(MLSS between 4,000 and 6,000 mg/L). These units serve the dual purpose of producing
a clarified effluent and a source of sludge for recirculation. This latter function is critical
in maintaining the biological integrity of the aeration basin to produce a flocculant biomass
that can readily settle. Extensive studies on the gravity settling and thickening characteristics
of activated sludge have indicated that the process is effective when the suspended solids
concentration values are maintained below 6,000 mg/L (9, 10). This will permit operating the
gravity sedimentation units with a reasonable sludge blanket depth (0.25 to 1 m) and within a
recommended solids flux of 29 to 120 kg/m?/d (6 to 251b/ft>/d).
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Table 2.3
Design and operating parameters for VSB solids separation processes (4, 20)
Parameter Flotation mode Sedimentation mode
Hydraulic overflow rate (m®/m”/d (gpd/f2)) 20 (500) 10 (250)
Mass loading (kg/m?/d (Ib/d/ft%)) 320 (66) 103 (21)
Float solids concentration (%) 7-10 ND
Sink solids concentration (%) 34 1-2
ND: No Data.

Earlier versions of the VSB process recognized these limitations and the process was
designed to operate with suspended solids concentration values between 5000 and 6000 mg/L.
However, the North American versions of the VSB process have adopted a dissolved air
flotation process as the terminal unit operation, and utilize the available dissolved gases.
The dissolved gases present in the VSB simulate the pressure vessel in the dissolved air
flotation process, and provide the driving force during solids separation. The process possesses
additional advantages in producing a significantly higher float solids concentration (4% to 7%)
than the underflow solids concentration from a typical gravity sedimentation unit (1% to 3%).
Table 2.3 summarizes the design and operating features of the two concepts (20).

5. VARIATIONS OF THE BASIC VSB

The vertical shaft bio-reactor can be designed to create the environment that is optimal for
the desired biological process. For instance, in order to maximize cell production, a multiple
port feed injection is required. This minimizes the period of time for cell digestion of organic
carbon starvation. Additionally, research indicates that substrate to cell conversion is reduced
by cycling DO concentrations. This is due to a disruption of the energy balance in the cell,
which interrupts the cell synthesis step in favor of converting more of the carbon to CO,.
Conversely, to minimize biomass production, such as in waste water treatment, a longer period
of carbon limitation is required. In other applications of wastewater treatment, the reactor can
be designed for nitrogen and phosphorus removal by creating the appropriate aerobic, anoxic,
and anaerobic zones. In the biological nutrient removal (BNR) application, the bio-reactor
is configured to provide successive zones that favor the preferred type of biological activity
similar to the function of an oxidation ditch but oriented vertically instead of horizontally. The
following subsections give is a brief description of the various variations (19).

5.1. Single Zone Vertical Shaft Bioreactors

The basic vertical shaft bio-reactor comprises an outer casing and an inner tube extending to
within 2 to 3m (6 to 10 ft) of the bottom of the reactor. The inner tube is a down-flow conduit
while the annular space between the downflow tube and the casing is the upflow passageway.
Air can be injected in both the downflow stream and the upflow stream or only in the upflow
stream. The basic design vertical bioreactor provides a rapid removal of organic contaminants
(BOD), with low energy cost and very small foot-print. This design is suitable for treatment
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of wastewater where the effluent criteria requires <90% to 95% BODs removal and total
suspended solids are in the order of 25 to 75 mg/L. A typical application would be a roughing
plant discharging to a sewer collection system or to an on site polishing plant. In this design the
organic loading can be in the order of 8 kg BODs/m? (0.51b BODs/ft?). Sludge production
can be expected to be in the order of 0.5 to 0.6 kg solids/kg BODs removed because at these
loadings, there is virtually no zone of carbon starvation in the reactor. However, the effect
high energy mixing continue to function in the vertical bioreactor thus producing less sludge
than a conventional high rate system operating under similar conditions. Solids separation and
dewatering are expected to be rather difficult.

5.2. Multi-Zone Vertical Shaft Bioreactors

When higher quality effluents are required, the organic loading on the basic design bioreac-
tor must be lowered or; the bioreactor can be reconfigured to incorporate an internal polishing
zone. In the basic reactor, the entire re-circulating flow is treated down to effluent endogenous
respiration rate (about 4 to 6 mg O,/g TSS/h) that is equivalent to 2 to 3mg/L of filtered
effluent BODs). In the multi zone reactor, a separate polishing zone is provided either above
or below the circulating zone. The circulating zone in the reactor comprises the head tank,
the down flow tube and the annular space between the down flow tube and the casing. The
polishing zone receives only the effluent portion of the circulating flow and treats only that
portion down to endogenous respiration rates. Typically the effluent flow is 2% to 20% of
the circulating flow, depending on the waste strength, and therefore a relatively small volume
of the reactor is required for polishing treatment. The multi zone reactor is about twice as
efficient as the basic reactor design.

The polishing zone is positioned at the bottom of the reactor when solids separation is
by flotation clarification and at the top of the reactor when solids separation is by sedi-
mentation clarification. The basic design and the multi-zone reactor design take advantage
of the generally accepted notion of ‘first order’ rate of substrate oxidation (actually, in a
vertical bio-reactor the kinetic rate of reaction is closer to 0.6-order rate). That is to say, when
essentially complete treatment of the readily biodegradable substrate is required, about 80%
of the BODs is removed in 20% to 30% of the calculated retention time while substantially
all of the remaining 20% of the BODjs is removed in the remaining 70% to 80% of the time.
In the basic reactor design case, these long residence times lead to low organic loading rates
in the entire reactor. This detracts from the high oxygen transfer capability of the reactor
and reduces the overall efficiency. However in the multi zone reactor design, by routing only
the effluent flow through the polishing zone, and not the entire circulating flow, the required
residence time in the polishing zone can be achieved in 2% to 20% of the reactor volume.

5.3. Multi-channel Vertical Shaft Bioreactors

When refractory compounds are known to exist in the waste water the VSB system can be
designed with two reactors, a smaller reactor inside a larger reactor. The larger reactor treats
substantially all the readily biodegradable BOD. A portion of the concentrated return activated
sludge (RAS) from the clarifier is directed to the smaller reactor. The dissolved air flotation
separation process results in a high percentage of refractory and surface active compounds
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being adsorbed onto or trapped in the return sludge. The concentrated RAS stream, or a portion
thereof, is directed to the smaller shaft for stabilization. Typically, a residence time of 4 to
6 hours for brewery wastewater and 24 to 48 hours for refinery wastewater is required to
biodegrade the adsorbed refractory compounds. After partial digestion in the small reactor,
the RAS is recycled to the big reactor or sent to wasted sludge tank. The operating principle
of this smaller reactor is similar to that of a contact stabilization process. This type of multi-
channel reactor produces about 20% to 40% less sludge than the basic reactor configuration.

5.4. Multi-Stage Vertical Shaft Bioreactors

When biological nutrient removal (BNR) is required, the reactor is reconfigured to provide a
nitrification step/polishing zone, a denitrification step/feed tank arrangement, and an anaerobic
step (either internal or external to the reactor) for the production of volatile fatty acid (VFA).
The nitrification step consumes about 30% of the oxygen required for BOD removal and
requires a source of inorganic carbon (alkalinity) preferably in the form of carbonic acid or
carbonate. A convenient method of satisfying these conditions in a vertical bioreactor is to
aerate the nitrification zone with the reactor off gas that contains typically about 45% oxygen
and 16% to 17% CO, for a domestic wastewater application. Since the bioreactor off-gas
is under pressure, no air blowers are required. Surplus sludge from the nitrification zone is
returned, along with a small denitrified recycle stream, to the bio-oxidation step.

5.5. Thermophilic Vertical Shaft Bioreactors

For some very high strength industrial wastes the vertical shaft bioreactor can be operated
in the thermophilic range of 50°C to 70°C. Typically the change in temperature across the
reactor is about 3°C/1,000 mg/L of BODs. The advantages of thermophilic operation are:

(a) Low sludge production
(b) Low nutrient consumption
(c) Higher rates of bio-oxidation

Typically, industrial waste water is alkaline (e.g., brewery, refinery, dairy) and the CO, con-
centration from the bio-oxidation process in the bioreactor is sufficient to neutralize influent
pH levels of 10 and higher. The disadvantages of thermophilic operation are:

(a) Poorer oxygen transfer due to the high temperature

(b) Thermophilic bacteria are less robust than the mesophilic bacteria

(c) Bio-diversity is less and because dispersed thermophilic bacteria dominate the biomass, the
solids separation is more difficult

6. PROCESS DESIGN CONSIDERATIONS

The activated sludge process requires relatively large amounts of energy to transfer ade-
quate amounts of oxygen for carrying out the biological reactions. When these demands
exceed the oxygen transfer capabilities of conventional equipment (diffused air or mechanical
surface aeration), the aeration basin volume is generally increased to balance the oxygen
demand-supply characteristics. As a result, the design and operating characteristics of con-
ventional systems are often dictated by the limitations imposed by oxygen transfer equipment.
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Vertical Shaft bioreactors are designed to operate with 90 to 150 m (300 to 500 ft) of hydro-
static pressure with oxygenation capacities between 2,000 and 3,000 mg/L/h. As a result, the
design of Vertical Shaft bioreactors is basically dependent on the organic removal rate and the
availability of a consistent source of recycle biomass. In general, the design of a biological
reactor involves consideration of the following (4):

(a) Providing adequate mixing to maintain mixed liquor solids in suspension, and to improve the
opportunity for contact between biological solids and organics

(b) Providing adequate residence time in the reactor for achieving the desired removal efficiency

(c) Providing adequate facilities for recycling sludge and for maintaining the desired mixed liquor
volatile suspended solids concentration

Mixing in VSB is accomplished by maintaining sufficient velocities and turbulence through
the shaft (1 to 2 m/s). During startup, the flow inside the VSB is initiated by injecting air into
the riser section. The differential hydrostatic head, developed due to the voidage difference
between the downcomer and the riser sections, is adequate to initiate and maintain flow
through the shaft. The driving force (F) required to maintain flow through the reactor is
estimated from the voidage head difference and the friction loss, as follows:

F = voidage head — friction loss 3)

In general, the voidage head difference is adjusted by controlling the air injection depth
to the downcomer. The air requirements and the air injection depth are usually selected to
maintain forward flow under all conditions (average and peak flow conditions). For domestic
wastewaters (BODs = 200mg/L), the air flow requirements are primarily dictated by the
required driving force to maintain flow. In the case of high strength wastewaters, the air
flow requirements may be dictated by the wastewater’s organic strength and oxygen require-
ments (4).

The residence time and extremely high pressure (up to 1,520kPa; 15 atm) available in
the lower sections of the Vertical Shaft Bioreactor are sufficient to achieve nearly complete
dissolution of oxygen. For design purposes, it is usually assumed that 90% of the oxygen
supply goes into solution during passage through the reactor. This is equivalent to 0.25-
kg oxygen for each cubic meter of air injected into the reactor. The total air requirements
for biological oxidation can thus be estimated from the raw wastewater characteristics and
treatment requirements.

Optimization studies conducted with air diffusion in Vertical Shaft Bioreactors indicate
that, at 90% oxygen absorption efficiency, oxygen demand rates of up to 1kg/m?/h can be
satisfied with a 135 m (450 ft) deep reactor. In general, an operating depth of between 100 and
150m (328 to 492 ft) is usually selected for design of the VSB, taking into consideration the
patent regulations on other similar processes (21). Figure 2.12 shows the dissolved oxygen and
BOD profiles normally anticipated inside reactor systems. The design and operation criteria
were presented in Table 2.1.

VSBs have the same process concepts and capabilities as conventional activated sludge
systems. Because of the high mixed liquor volatile solids maintained in the VSB, volumetric
organic removal rates are higher than in the equivalent conventional concept. As a result, the
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Fig. 2.12. Dissolved oxygen and BOD profiles for VSB (4)

aeration period is relatively low and is on the order of 30 to 60 min. Based on an average
flow-through velocity of 1 m/s (3.05 ft/s) inside the VSB, the average turnover rate for the
mixed liquor is approximately once every 5 minutes when the reactor depth is 150 m (457 ft)
(22). This circulating turbulent mixed liquor serves as the dilution medium for the influent
waste stream to the reactor. The dilution factor is a function of the mean residence time (t) of
the influent waste stream in the reactor and the flow-through velocity inside (v). The dilution
factor can be expressed as follows:

Qi/Qr = (H/v)/1 “4)
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where:

Q; = influent waste flow rate, m’ /h

Qr = mixed liquor flow rate through the VSB, m?/h
H = depth of VSB, m

v = flow-through velocity inside the reactor, m/h

t = mean residence in the reactor, h

This design feature of the VSB aids in minimizing the effects of shock loads on system
performance.

Even though the flow pattern inside the reactor resembles plug flow for each passage, the
mixed liquor turnover rate and the external dilution aid the system to approach complete-mix
status, and therefore the system is relatively stable to variations in influent characteristics.
Figure 2.13 shows the comparison in concentration profile within completely mixed, plug
flow, and VSB.

Because of the ability of the VSB to achieve oxygen transfer efficiencies of up to 90%, the
system is suitable for the joint treatment of high-strength industrial and municipal wastewa-
ters. Similarly, the system is also suitable for pretreatment of industrial wastewaters (23-25).

Because of the relatively low residence time utilized in the design of the VSB, the system
is susceptible to upsets due to sustained hydraulic peak flows. The reactor is usually equipped
with a two-speed drive mechanism for the float skimmer for adjusting the recycle sludge flow
rate. For the same reason, it is essential to adequately define the average and maximum flow
conditions during the design of a VSB.

7. OPERATION AND MAINTENANCE CONSIDERATIONS

The VSB is very simple in configuration and has no moving parts inside the shaft. As a
result, the requirement for maintenance of the shaft components themselves is minimal and
is less than what is required for conventional activated sludge processes equipped with air
diffusers. The high pressure (790 kPa; 100 psi) compressors used in the VSB process, however,
will require increased maintenance as compared to the low pressure blowers (<79 kPa) or
mechanical surface aerators used in conventional systems (24). Similarly, the operation of
the dissolved air flotation process will require additional training and increased operator
monitoring as compared to a gravity sedimentation process.

One Eco version of the VSB has eliminated most automatic instrumentation and controls,
thereby making it less complicated than conventional processes. This is especially true with
respect to the sludge recirculation system that is set at a constant rate during normal flow
conditions.

Because the VSBs are installed subsurface, the mixed liquor inside the reactor is not subject
to wide seasonal variations in temperature. Therefore, process operating parameters can be
maintained at a steady rate year-round and less operator attention will be required.

A disadvantage of the VSB process, however, is the inability to visually observe mixed
liquor contents so that process upsets can be detected immediately (4). In general, the VSB
process is not appreciably different from conventional activated sludge systems, and it is not
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Fig. 2.13. Comparison of BOD concentration profiles for conventional and VSB systems (4)

expected to require any specialized skills. Therefore, the staffing requirements will be similar
to the conventional systems of equivalent size. Because of this similarity, the VSB process may
be suitable for expanding existing activated sludge plants where space restrictions prevail.

8. COMPARISON WITH EQUIVALENT TECHNOLOGY
8.1. Equivalent Conventional Concept

The VSB treatment system is a high rate activated sludge process in which the shallow
aeration basins of 3 to 10m (9 to 30 ft) are replaced with deep subsurface reactors of 90 to
250m (270 to 760 ft). In addition, the North American version of the VSB process utilizes
dissolved air flotation for final clarification of mixed liquor suspended solids. According to
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an EPA report (4), the most suitable equivalent technology for comparison purposes is the
enriched oxygen process (pure oxygen). Aside from other similarities, the pure oxygen system
is usually designed to operate with high mixed liquor suspended solids (4,000 to 6,000 mg/L)
and with a high dissolved oxygen concentration (5 to 7mg/L). These design features allow
the bioreactor to operate under high organic loadings (F/M) end with reduced aeration volume
similar to those achievable in the VSB process.

Other similarities between the pure oxygen activated sludge and VSB alternative include
the high oxygen tension within the bioreactor and the resultant low waste sludge generation.
A comparative analysis of these design features and operating criteria were presented in
Table 2.1. This comparison indicates that design criteria such as the nominal detention time,
mixed liquor suspended solids (MLSS), organic loading, and sludge age are within the same
range for the oxygen-activated sludge and the VSB process. In general, the comparative
analysis of design and operating criteria indicates that the two processes are similar except
for the oxygen utilization efficiency and the return sludge concentration values. For these
reasons, the pure oxygen system is selected as the equivalent technology for comparison with
the VSB process. The air-activated sludge process is included in the evaluation in order to
establish a baseline technology in the comparative analysis. For the 1892 m?/d (0.5 MGD)
facility, conventional activated sludge was used as the baseline technology, whereas high-rate
activated sludge was used as the baseline technology for the 16,925 m?/d (5.0 MGD) and
37,850 m?/d (10.0 MGD) facilities (4).

8.2. Land Area

One of the significant advantages of the VSB system is the reduced land area requirement as
compared to the conventional air or pure oxygen activated sludge systems (4, 12, 13, 26). This
feature makes the VSB system especially attractive for consideration in land restricted areas,
and in expanding existing facilities where land availability is limited. Figure 2.14 shows the
relative land area requirements for the VSB and conventional air-activated sludge systems (4).
Based on the design criteria presented in Table 2.1, it is likely that the land area requirements
for the pure oxygen-activated sludge system will be similar to the conventional air-activated
sludge process. This is due to the fact that any space reductions realized in aeration tank sizing
will be compensated by the additional area required for installing oxygen supply equipment.

8.3. Cost

Based on experience with the VSB process, the major cost element is associated with
the installation of the reactor itself. The fixed cost associated with well drilling and shaft
installation, including electrical, mechanical, and instrumentation devices, has been estimated
to be between 30% and 50% of the total project cost (27-29) The cost of drilling is subject to
variation depending on geological conditions, the availability of drilling rigs, and their demand
for other more competitive purposes (e.g., oil well drilling).

For industrial wastewater treatment, the capital cost of a VSB system is lower than that
in conventional plants of similar size. Decreased land requirements, considerably less surface
tanks (less concrete) and fewer pumps are some of the key elements decreasing the capital
cost (13).
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Fig. 2.14. Land area requirements for conventional activated sludge and VSB processes (4)

Several factors support the reduced capital costs and land requirements of VSB systems.
These factors account for their requiring 20% of the total land required for conventional plants
of equivalent capacity—reducing visual and environmental impact. Some of these factors
include (13):

(a) Eighty percent of the bioreactor volume is below grade—eliminating large surface tanks.
(b) Due to the high oxygen transfer efficiency, the residence time required in the bioreactor is
decreased relative to conventional technologies—making the required reactor volume smaller.
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(c) The solids are easily float-thickened to 4% solids concentration. Float thickening in this manner
significantly reduces the size of the clarification system and the downstream dewatering facility.

The most significant savings realized in the VSB process relate to the aeration system (13).
The basis of the process is that the oxygen transfer efficiency is significantly higher than that in
a conventional aerobic biological treatment system due to the pressure at the depth where air
is introduced to the bioreactor. The oxygen transfer efficiency exceeds 75% vs. conventional
air activated sludge facilities that can achieve only 8% to 10% oxygen transfer efficiency. Air
that is economically and efficiently introduced to the bioreactor aids in several other process
functions at no incremental cost. Not only does the air satisfy the primary requirement of
providing the microbes with dissolved oxygen, it serves as an air lift pump—eliminating the
need for mixers in the bioreactor. Air indirectly provides the dissolved gases necessary for
solids flotation in the flotation clarifier that follows the bioreactor—decreasing the size of
the downstream separation equipment. The highly efficient aeration system allows for low
power consumption and low chemical usage. This amounts to low direct variable operating
costs in the system—approximately USD 3.27/100 1b BODs destroyed compared to direct
variable operating costs in conventional systems that are approximately USD 8.70/100 lb
BODs destroyed (13).

Economic analysis of three technologies for the treatment of municipal wastewater was
considered by a US, EPA report (4). The initial investment cost (capital cost), the annual
operation and maintenance cost, and the present worth cost of the total treatment systems
were evaluated. The cost estimates developed by the US EPA for evaluating innovative and
alternative technologies were used as the primary source for estimating installed capital and
annual operation and maintenance costs for the pure oxygen and conventional activated sludge
processes. These cost estimates were supplemented with cost figures from the Area-wide
Assessment Procedures manual to include structural and nonstructural cost components (e.g.,
influent pumping or lift station, and miscellaneous structures such as control and operations
buildings, outfall sewer) (30).

The VSB portion of the treatment plants included the vertical shaft bioreactor(s), flotation
separator units, and the control building for these components. These cost estimates were
supplemented with estimates for remaining process units (e.g., sludge handling and treatment,
preliminary treatment, disinfection, influent, and effluent structures) utilizing the same cost
curves as the equivalent and baseline technology alternatives. All cost estimates were updated
from 1980 to reflect 2008 construction costs using the Cost Index for Utilities (Appendix); all
costs were multiplied by a factor of 522.16/277.60 = 1.99 (31).

The VSB process showed between 26% and 33% savings in installed capital costs over the
pure oxygen activated sludge system for the treatment of municipal flows ranges for which
the comparative analysis was prepared. For the treatment of highly concentrated industrial
wastewaters, the VSB process will in most cases be even much more outstanding and compet-
itive than the conventional activated sludge processes.

8.4. Energy

The major energy requirement in biological wastewater treatment systems is the biological
reactor in which the oxygen demand requirements must be supplied from external sources.
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The VSB process is no exception to this requirement, since the oxygen is supplied using
high pressure compressors with discharge pressures of 790 kPa (100 psi). The actual energy
requirements for a vertical shaft bioreactor are governed by the following (4):

(a) Organic and hydraulic load for average and peak conditions
(b) Mixed liquor volatile suspended solids (MLVSS)

(c) Air requirements for liquid circulation

(d) Shaft diameter

In general, shafts smaller than 1 m (3ft) in diameter may require supplemental air to
maintain mixed liquor circulating velocities in treating normal strength domestic wastew-
ater (25). When optimum organic loading conditions prevail, oxygen transfer efficiencies
up to 6kg O,/kWh (9.81b O,/hp) can be realized (6). On the other hand, small diameter
shafts treating weak wastewaters can realize power economies in the range between 2 and
3kg O,/kWh (3.3 t0 4.91b O, /hp).

An approach similar to that utilized for the cost comparison was used for estimating the
energy requirements for various size plants (4). It is evident that the VSB process benefits
(cost and energy) can be more outstanding when the raw wastewater strength is greater
than normal domestic wastewater. This is because the energy requirements for the VSB
process treating domestic wastewaters are based on the requirement for maintaining liquid
circulation velocities rather than on the basis of BODs removal. When the raw wastewater
BODs concentration is high, the cost and energy savings are more likely to be in favor of the
VSB (4).

9. CASE STUDIES

In this Section the successful application of the VSB process for the treatment of two types
of industrial wastewater and one municipal wastewater is discussed:

(a) Dairy plant wastewater treatment
(b) Refinery wastewater treatment
(c) Municipal Wastewater Treatment

9.1. Dairy Plant Wastewater Treatment

9.1.1. Process Description

The wastewater treatment plant for the dairy effluent consists of 3.2 ML (850,000 gal) of
equalization capacity, two 2.75m (9 ft) diameter 94 m (308 ft) deep VERTREAT VSBs,
and two rectangular flotation clarifiers (11, 13). Influent is pumped through basket strainers
and coolers to the bioreactors. It is then cooled to maintain mesophilic conditions in the
bioreactors (25°C to 40°C). Provision has been made for nutrient addition and pH adjustment
of the influent. The dissolved oxygen concentration in the VSBs is used to control the aeration
from four 450-scfm compressors. Vent air containing hydrogen sulfide is extracted from the
equalization tank with a blower, and is injected in the bioreactor for bio-oxidation. Polished
mixed liquor is withdrawn from the bioreactor soak zones to two flotation clarifiers where the
biomass is removed from the treated effluent. A portion of the separated sludge is returned to
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Fig. 2.15. Flow diagram of one train VERTREATTM VSB for the treatment of dairy wastewater (13)

the bioreactors in a recycle stream, and excess sludge is wasted to an off-site city dewatering
facility. Treated effluent is discharged to the regional interceptor. Figure 2.15 is a simplified
flow diagram that follows the wastewater flow through a single train of the plant. The second
train of the plant is identical and there are multiple crossover points, providing complete
redundancy.

9.1.2. Plant Loading and BOD Removal

Highly variable loading from the dairy wastewater averaged 45,0001b BODs/d and the
flow averaged 613 gpm. These values far exceeded the design capacity of the plant, which is
rated for an average load and flow of 16,000 Ib BODs/d and 486 gpm, respectively. Peak 4-h
loading in the plant exceeded 25,000 Ib BODs—more than five times the design value. Despite
BODjs loading of 200% above design, the system achieved an average BODs removal of 90%
(11, 13). Influent and effluent wastewater composition and plant performance are shown in
Table 2.4.

As shown in Table 2.6, the BODs daily average, peak day, and peak 4-h period values
were all far in excess of the plant design basis. While the design average and peak day
values were exceeded by approximately 200%, the 4-h peak BODs loading was exceeded
by approximately 500%. These excessive loads necessitated additional aeration capacity in
the plant. Additional aeration capacity enabled an average BOD5 removal of 40,398 1b/d from
a plant that was originally designed to remove 14,312 Ib/d.

In addition to the extra aeration capacity, the excessive organic loading was offset by
changes to the F/M ratio in the system. The shaft bioreactors were designed to operate with an
MLSS of 7500 mg/L and an F/M ratio of 0.75/d. Operation at an MLSS of 7500 mg/L with the
realized plant load would result in an average F/M ratio of 1.7/d, and a peak of 2.6/d. Operation
at F/M ratios greater than 1.0/d can result in poor treatment, and can lead to foaming. In order
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Table 2.4
Wastewater composition and performance of dairy VSB treatment plant (13)
Parameter Unit Design value Actual value
Flow
Daily average gpm 486 613
Peak day gpm 556 718
Peak 4-h period gpm 556 975
Influent BODs
Daily average mg/L 2700 6170
Peak day mg/L 3600 9220
Peak 4-h period mg/L 3600 18,238
BODs load
Daily average Ib/d 16,000 45,000
Peak day Ib/d 24,032 68,274
Peak 4-h period Ib 4005 25,959
Temperature
Daily average °F 45 to 90 100
Peak day °F 95 106
Peak 4-h period °F 95 109
Influent pH units 4to12 45t08.1
Effluent pH units 6t09 7.6t08.3
BODs5 removal
Daily average Ib/d 14,312 40,398
Peak day Ib/d 22,363 59,958
Average BOD removal % 90 90

to counteract the effects of the overload, the MLSS was raised to a value between 10,000 and
12,000 mg/L, effectively reducing the daily average F/M ratio to 1.1 to 1.3/d. These changes
provided more buffering capability in the system for daily peak loads, and enabled operation
with no persistent foaming events. A complication that arose from the increase in MLSS was
the subsequent reduction in the A/S ratio (air to solids ratio) for flotation. These complications
are discussed in detail in the following subsection on oxygen transfer and flotation.

As shown in Table 2.6, the average design flow for the facility was exceeded by 26%,
and the peak 4-h period flow was 75% over design. This increase in the influent flow to the
reactors resulted in a subsequent decrease in the HRT (hydraulic retention time), exacerbating
the situation in the plant that was already dealing with an organic load 200% over design. The
increased flow resulted in increased hydraulic and solids loading on the flotation clarifiers. The
decreased retention time in the clarifiers, coupled with an increased solids flux rate, resulted
in diminished flotation efficiency.

9.1.3. Oxygen Transfer Efficiency and Flotation

The VSB system achieves very high oxygen transfer efficiency (OTE)—greater than
75% OTE was measured routinely. These high oxygen transfer rates are associated with
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the pressure and depth at which compressed air is introduced to the bioreactor. Despite an
average oxygen transfer efficiency in excess of 70%, dissolved oxygen was limited in the
system due to the overloaded conditions (the four installed 450-scfm compressors can provide
approximately 32,000 1b O, /d). The overloaded conditions in the plant necessitated additional
aeration capacity. A diesel compressor with 1,000 scfm aeration capacity was installed as a
temporary measure. This unit was eventually replaced with an electric compressor capable of
delivering 1350 scfm. With the additional compressor, an average oxygen transfer efficiency
of 73.4% was attained at 100°F, providing a total of approximately 48,000 b O,/d. While
oxygen was still limited in the system improvements were noted with respect to flotation and
dewatering (11, 13).

With the organic loading still well above design, and the aeration capacity operating at
maximum, other measures were required to improve system stability and robustness. In
order to minimize the effects of shock loading to the system, the MLSS concentration was
increased in the bioreactors from the design value of 7,500 to 12,000 mg/L. The higher MLSS
concentration decreased the F/M ratio and increased the buffering capacity of the system.
While the decreased F/M ratio tended to improve microbe flocculation, this change also
resulted in a corresponding 37% decrease in the A/S ratio (air to solids ratio), so no subsequent
improvement in flotation performance was noted.

When operated at design loads, air, and dissolved oxygen are available in excess of the
BODs requirement in the system, providing the required air for proper flotation. During
the overloaded conditions, all residual air in the reactor was utilized for BOD5 destruction,
leaving little or no dissolved oxygen for flotation. This also resulted in a decrease in the A/S
ratio, creating a thinner float sludge blanket and reducing the solids capture efficiency in the
clarifiers. Rapid increases in the organic load to the system and the corresponding F/M ratio
resulted in dispersed bacteria. In the presence of proper amounts of BODs, bacteria tend to
produce natural polymers that result in strong floc formations. In the presence of excess BODs,
as encountered during operation, production of these polymers was likely lessened, resulting
in a thinner float blanket. Deterioration of the flotation in the system necessitated polymer
use to ensure that the mixed liquor solids concentration did not decrease below acceptable
levels. If the MLSS were allowed to decrease in the system, the F/M ratio would increase,
compounding the problem of the organic overload (11, 13).

9.1.4. Nutrient Limitation

The most important nutrients required for bacterial growth are phosphorus and nitrogen.
Aerobic activated sludge systems require a minimum of approximately 1 mg of phosphorus
and 5 mg of nitrogen for every 100 mg of BODs removed from the wastewater. A deficiency
in either the phosphorus or nitrogen supply can result in poor system operation. The effect of
a nutrient limitation on a plant is usually severe. One or 2 h of insufficient nitrogen may result
in upwards of 12 h of impaired BODs removal, and up to 48 h of poor solids separation.

While the supply of phosphorus is more than adequate, dairy effluent is typically deficient
in nitrogen content. Therefore, addition of an appropriate source of nitrogen is required prior
to treatment. Piping and control logic were provided in the design for nutrient addition.
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9.1.5. Temperature

The VSB system is capable of operating both in the mesophilic temperature range, 25°C to
38°C (77°F to 100°F), and in the thermophilic range, 46°C to 60°C (115°F to 140°F), while
maintaining high oxygen transfer efficiency. There are advantages and disadvantages to both
modes of operation.

Operation at mesophilic temperatures tends to foster a very robust, stable system that can
handle loading, pH, and temperature swings that are considered intolerable in conventional
activated sludge systems. The disadvantage of a mesophilic system is a relatively high sludge
production of approximately 0.45 1b biomass per 1b BODs removed.

Advantages of thermophilic operations include no influent cooling requirements, lower
sludge production, and decreased nutrient requirements. Disadvantages include less system
stability because thermophilic organisms are sensitive to small variations in the environmental
conditions, and diminished solids separation since the microbial population consists mainly
of bacteria. ™

The VERTREAT — plant at this dairy was designed to allow possible future conversion to
thermophilic operation; materials were selected to allow operation at sustained temperature
of 66°C (150°F). During the currant operation, the process was intended to operate in the
mesophilic temperature range, 25°C to 38°C (77°F to 100°F). A BODs of 2,700 mg/L (the
design average influent BODs) will generate an approximate temperature rise of 7°C (12°F)
in the bioreactor. The design influent temperature range was 38°C to 50°C (100°F to 122°F).
Since mesophilic processes do not operate well above 35°C (95°F), influent coolers were
added to cool the influent at an approximate rate of 3.5 MW (12 million BTU/h).

The anticipated bioreactor temperature rise due to BODs degradation was 7°C (12°F). Due
to the severe overloading in the plant, this temperature rise was closer to 22°C (40°F) on
average, and reached as high as 28°C (50°F). Due to this excessive heat release, at times the
heat exchangers were unable to keep bioreactor temperatures below 38°C (100°F). Opera-
tion at these temperatures fostered the growth of thermophilic microbes (mainly dispersed
bacteria) that did not flocculate well and were more difficult to separate in the clarification
stage. The ability of the system to achieve an average oxygen transfer efficiency of 73.4% at
38°C (100°F) was truly remarkable (11, 13).

9.1.6. VERTREAT ™" Process Simplicity and Stability

Despite the overload on the system, it was found throughout the operation to be relatively
simple to operate, resistant to upset, and able to rapidly recover from disruptions. This is
attributed to enhanced oxygen transfer and pH buffering in the system, allowing treatment
and neutralization of fluctuating waste loads.

During the periods of operation at design loads (typically a 3 to 4 h window during the day),
air and dissolved oxygen were found to be available in excess of the BODs requirement. This
enabled operation of the bioreactor with 3 to 5 mg/L of dissolved oxygen. The availability
of this additional dissolved oxygen facilitated the buffering of the extreme diurnal swings in
waste strength observed at this plant.
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During startup it was found that enough carbon dioxide was produced by the microbes—
and subsequently held under pressure in the bioreactor—to neutralize intermittent pH levels
as high as 12 (11, 13). This is well beyond the capability of any other biological treatment
system. Conventional biological treatment systems require pH control in the range of 7t0 9. In
a dairy plant such as this, with frequent caustic cleaning of equipment resulting in pH as high
as 12 in the waste stream, pH control in that range would prove to be very costly. Although
a pH controller and neutralization chemical pump were included in the design in case high
influent pH levels were sustained for extended periods, they were not required during currant
operation.

9.2. Refinery Wastewater Treatment
9.2.1. Plant Description

The major unit processes in the plant include secondary treatment using a vertical subsur-
face bioreactor, flotation clarifiers to separate the biological sludge from the treated effluent,
effluent biofilters to remove residual suspended solids and refractory compounds, a vertical
U-tube mesophilic aerobic digester placed within the reactor, and off-gas biofilters to treat all
vent air from the process.

A flow diagram of the integrated Chevron refinery treatment plant is shown in Fig. 2.16.
Influent to the bioreactor is supplied from a holding pond and contains sufficient nutrients for
bio-oxidation in the reactor. The bioreactor provides the environment for a high rate activated
biosolids system where the influent is mixed, aerated, contacted with return activated solids
(RAS) and circulated. The reactor is operating in a temperature range close to the upper limit
for mesophilic conditions, 27°C to 32°C (89°F to 90°F). To promote biodegradation and air lift
circulation, air is injected into the downcomer and riser sections of the reactor (see Fig. 2.16).
In addition to raw refinery effluent, biosolids (about 30% of normal influent flow) from the
RAS holding tank are returned to the reactor. Return solids maintain an MLSS ranging from
2500 to 5000 mg/L in the reactor, which in turn supports an F/M ratio between 0.50 to 0.75
(11, 12, 32).

When the organic matter is stabilized, an extraction line approximately 76 m deep (250 ft)
in the shaft is used to move material to the flocculation chambers ahead of the dissolved air
flotation clarifiers. The dynamic head pressure from the head tank, vent stacks, and off-gas
biofilters are calibrated to maintain optimum extraction velocities out of the reactor. Since
dissolved air from depth is used for heterogeneous bubble nucleation in the flotation clarifiers,
an optimal extraction velocity is controlled to prevent premature gas dissolution as the biode-
graded material is extracted to ambient pressure regimes at the surface. In a simultaneous
extraction from the head tank to the flocculation chamber, mixed liquor containing mostly
dispersed gas bubbles completes the mixture by providing a balance between dispersed and
dissolved gases prior to the dissolved air flotation clarifiers.

The dissolved air flotation clarifiers utilize three-phase separation of the incoming stream
to provide recycle/waste solids, liquid effluent, and gases. The solids are either recycled
to seed the bioreactor, or pumped to the aerobic digester where they are biodegraded to
soluble organics and CO,, and water. Thickened solids are wasted to the aerobic digester at a
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concentration ranging between 2.7% and 4.0% solids. Off the digester, a decant line returns
subnatant to the holding pond or bioreactor and thickened biosolids are removed via vacuum
truck to on-site thickening tanks. The digested solids are gravity thickened in the tanks to
approximately 11% to 12% total solids prior to disposal in a dedicated landfill owned by the
refinery.

The gas stream generated from the bioreactor and digester head tanks is fed to up-flow off-
gas biofilters (biological aerated filters), which consist of attached growth on flooded porous
media. These biofilters are designed to stabilize any compounds (such as VOCs) that are
volatilized or otherwise escape treatment from the bioreactor and digester, ensuring that no
odors are released from the treatment facility.

Clarified liquid effluent from the flotation clarifiers is sent to down-flow, fixed media efflu-
ent biofilters containing acclimatized biomass on porous media. The effluent biofilters polish
any remaining organic material (refractory compounds) that has been slow to biodegrade.
After biofiltration, the effluent flows to an effluent diversion tank, where it is either routed to
a tank as filter backwash water, or is discharged to the municipal treatment works.

The primary function of the subsurface vertical shaft bioreactor is to remove organic
compounds (BOD) from the refinery effluent. The shaft casing is 1.8 m (6 ft) in diameter and
over 105 m (344 ft) deep, sealed at the bottom with a dished head. The entire unit is grouted
into place. The reactor contains a cylindrical downcomer inside the main reactor. The air used
for biological oxidation is injected at depth and provides a driving force for circulation at a
controlled rate up the outer annulus and down the central downcomer. Effluent is injected at
depth and is withdrawn below the injection point such that the effluent must make at least one
circuit of the reactor before even a fraction is withdrawn. The flow transitions from up-flow to
down-flow in a surface head tank at the top of the reactor.

The bioreactor head tank is directly connected to the riser and downcomer and utilizes a
horizontal de-gas plate positioned such that the mixed liquor flows upward from the riser of
the shaft, circulates to the end of the head tank under the de-gas plate, then returns on the
top side of the plate and back to the downcomer. Gas that comes out of solution during this
circulation is collected in the top of the head tank in one of the four compartments that are
formed by longitudinal baffles on the roof of the head tank. Each of these compartments is
connected directly to its own individual oft-gas filter for treatment of VOCs and foam in the
off-gas stream. The patented head tank and baffle systems apply the required hydraulic head
pressure over the bioreactor to create the necessary extraction line velocities. Off-gas and foam
from the digester tank and RAS from the flotation clarifiers are also directed to the bioreactor
head tank.

The Chevron treatment plant has two flotation clarifiers to separate the biological sludge
from the treated effluent. The two clarifiers measure 4.3 x 15.8 x 4.0 m sidewall depth
(14 x 52 x 13 ft). The patented flotation process is different from conventional methods in
that, due to high pressure at depth in the reactor, the microbial mass (approximately 70%
water) contains sufficient dissolved gas that, when the mass is brought to the surface from
the deep part of the bioreactor, it is less dense than the surrounding liquid media. This
assists the biosolids in flotation. A stream of mixed liquor extracted from the reactor will
spontaneously separate into a thick float blanket and a clear liquid phase as dissolved gas
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is released from solution. Heterogeneous bubble nucleation (dispersed gas acting as nuclei
for dissolved gas attachment) is also an important phenomenon in this process. The floating
biosolids thicken into a blanket with 30,000 to 40,000 mg/L total solids consistency (i.e.
3% to 4% solids, approximately two to three times the concentration of settled sludge in a
conventional clarifier).

Clarified effluent is moved over a weir at the end of the flotation tank, and can go directly
to the municipal treatment works (Greater Vancouver Regional District), to the refractory
biofilters for polishing treatment, or to the backwash storage tank.

The majority of organics (approximately 80% to 90%) in petrochemical refinery effluent
are easily biodegraded in the bioreactor. The remaining fraction biodegrades more slowly
and is termed ‘refractory’ compounds. This fraction is most efficiently treated on attached
growth biofilters that have the ability to attain a long sludge (matured or acclimatized) age of
the biomass growing on the filter media. The principle mechanisms at work on the filter are
(11, 12):

(a) Entrapment of the solid particles
(b) Sorption of colloidal material
(c) Bio-oxidation of the soluble organics

The first two mechanisms are physical-chemical and the efficiency can be improved with the
use of chemicals such as alum or polymer. The third process, bio-oxidation, is accomplished
by providing a favorable environment for the attached growth biomass.

Incorporated into this treatment plant is a ‘U’-tube mesophilic aerobic digester set within
the bioreactor to digest waste sludge. The digester consists of a 0.46 m (1.5 ft) downcomer and
a 0.61 m (2 ft) riser connected at the bottom with a transitional ‘U’ bend, and at the top with
the digester head tank. The digester ‘U’-tube extends to a depth of 98.5 m (323 ft).

The digester consists of an aerated ‘U’-tube with air-lift circulation and is suspended within
the confines of the bioreactor casing. The upper ends of the tubes are in direct communication
with the digester head tank, enabling circulatory flow. WAS enters the downcomer side of the
‘U’- tube from the head tank. As in the bioreactor itself, the higher down-flow velocity will
drag aeration bubbles in the downcomer to the bottom ‘U’ bend and return to the digester head
tank with the coarser riser bubbles. The higher pressure in the bottom region tends to dissolve
the air, thus providing the oxygen for the microbes in the stabilization process. Like in the
bioreactor, the aeration in the digester aids in several other process functions at no incremental
cost. It meets the microbial requirements for solids stabilization, provides circulation and
mixing, and saturates the solids with entrained gas for digester head tank flotation.

The flotation thickening of the stabilized biosolids is performed in batches in the digester
head tank. A circulation stall and reversal sequence is initiated to move, as quickly as possible,
a volume of stabilized sludge containing high levels of dissolved gas from the bottom of
the digester to the head tank. This is accomplished by reducing the riser air to levels less
than the downcomer air, thus slowing and eventually stalling circulation. Upon stalling of the
circulation, the voidage is greater in the downcomer than the riser and circulation reverses
direction. Once the gas entrained fluid occupies the downcomer side, all air is turned off,
leaving differential density to move the entrained material to the head tank. Flotation in the
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head tank occurs as in a flotation clarifier, where the subnatant decant is gravity drained to the
holding pond, and the stabilized thickened biosolids, 11% to 12%, are typically applied to a
dedicated landfill owned by Chevron.

In order to provide a fully integrated treatment facility that treats the liquid, gas, and sludge
streams, four up-flow fixed media off-gas biofilters were added to treat process off-gas from
the bioreactor and digester. The off-gas biofilters measure 3 x 3 x 4 mhigh (10 x 10 x 13 ft).
Influent to the off-gas biofilters originates with the waste gas streams of the bioreactor and
digester head tanks, containing spent air, foam, entrained biomass and water vapor. The filter
is an up-flow design where pressurized off-gas from the bioreactor head tank filters through
attached growth media. During the biomass oxidation in the bioreactor and the stabilization of
biosolids in the digester, volatile absorbed organics, dissolved organics, and other metabolites
of the process are released from the cell mass into the air or liquid streams. Although most
of these VOCs are treated in the bioreactor, a portion remains that has not been stabilized
(including those produced from biosolids digestion) and these are treated in the off-gas
biofilters.

9.2.2. Treatment Plant Discharge Criteria

The discharge permit to the Greater Vancouver Regional District municipal treatment
system has specified limits on the waste stream effluent from the Chevron refinery. Regulated
in the discharge specification are flow, BODs, TSS, NH3-N, FOG, and pH (Table 2.5). Due to
sustained performance well below the discharge specifications, the permits were lowered in
July 1998.

The refinery is targeting a constant effluent quality that will allow direct discharge into the
receiving water (a BODs/TSS of 10/10 or better). The environmental mission statement for
the refinery listed this objective as the primary mandate for the treatment plant. An application
for a direct discharge has been set in motion based on confidence that the treatment plant can
meet the direct discharge into the receiving water quality criteria.

9.2.3. BODs and TSS Removal Efficiency

The plant has routinely achieved an effluent having a BOD/TSS of 15/15 or better (11,
12, 32). The average BODjs in the effluent for a 4-month study period in 2002 was 3.5 mg/L.

Table 2.5
Chevron refinery wastewater treatment plant discharge specifications (12)

Monthly averages (mg/L)

Flow BODs TSS NHz FOG  pHrange Toxicity
August 1997 2592 m3 /day” 3000 100 10 10 6.0-10.5 N/a
(.685 US MGD)
July 1998 2592 m? /day* 100° 40 10 10 6.0-10.5 LCsp = 100%

4Maximum instantaneous discharge flow rate.
bMaximum concentration.
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with a maximum BODs of 9.4 mg/L. BODs concentrations in the influent varied widely and
hit a maximum of 295 mg/L. during the period. This represented an average BODs removal
of 98% in the treatment system. The effluent was well below the discharge specification of
100mg/L BODs and was even below the direct discharge into receiving water of 10 mg/L.

The average TSS in the plant effluent for the same study period was 14.3 mg/L with
a maximum TSS of 36.0 mg/L. This represented excellent solids removal in the flotation
clarifier and effluent biofilters. TSS concentrations in the influent averaged 164 mg/L and hit
a maximum of 716 mg/L during the period. This represented an average TSS removal of 86%
in the treatment system. The effluent solids were well below the discharge specification of
40 mg/L.

9.2.4. Solids Reduction Efficiency in the Aerobic Digester

Digester studies (August 2000) showed that there was approximately a 26% reduction in
total solids and a 30% reduction of volatile solids across the digester. This is an exceptional
amount of volatile solids destruction in the system considering the mesophilic digester oper-
ated at an average temperature of approximately 30°C, and the average solids detention time
in the digester was only 4.5 days.

The enhanced level of destruction at shortened detention times is primarily attributable to
the increased level of oxygen transfer in the digester. The amount of air reaching the microbes
and circulating the sludge has a significant effect on the digester solids reduction efficiency.
At present, the aeration rate is approximately 43 scfm, which means that an average oxygen
transfer efficiency of approximately 35% is being achieved in the digester. It is certainly
possible that the rate of aeration could be optimized for even further digestion.

9.2.5. pH Buffering

In the Chevron treatment system it has been noted that enough carbon dioxide is produced
by the microbes—and subsequently held under pressure in the bioreactor—to neutralize pH
levels ranging from 10 to 11.5 for extended durations, and intermittent pH levels as high as
12. The resulting bicarbonates provided a natural buffer within the mixed liquor and stabilized
the operation against pH swings. The result was an effluent that is consistently buffered at a
pH of 8.0.

This is well beyond the capability of any other biological treatment system (11, 12).
Conventional biological treatment systems require strict pH control in the range of 7 to 9
to avoid system upset, reduced treatment efficiency, or an outright kill of the microorganisms.
In a refinery plant such as this, there is relatively high use of caustic, primarily for the washing
of hydrocarbon streams (i.e. for the extraction of H,S from light hydrocarbon streams), and
for the neutralization of acids used in the process. Any upsets of caustic washers can result
in as high as a pH of 12 in the waste stream. pH control in that range could prove to be very
costly in a conventional process. No pH controllers or neutralization chemical pumps were
installed at the Chevron facility.

9.2.6. Remowval of Toxicity and Recalcitrant Compounds

In order to meet direct discharge standards the effluent from the treatment plant has to pass
fish toxicity testing (LCsg testing where the LCsy = 100%); i.e. it must be non-toxic at full
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strength (undiluted). Regular fish toxicity testing indicated that the effluent had consistently
met this specification except for incidents of gross overloading in the plant. While there is a
substantial amount of data that supports the conclusion that the overall treatment plant meets
discharge requirements, the treatment efficiency of individual unit operations, such as the
tertiary biofilters, was not originally quantified. In recent studies the operational performance
of the Chevron refinery effluent biofilters has been tested in order to quantify the role these
units play in acute toxicity removal.

The treatment system has the ability to consistently remove over 90% of the toxicity present
in the refinery effluent stream (measured as ECs). It should be noted that a Microtox result
of 35% (measured as ECsy = 35%) is equivalent to a Fish Toxicity result of 100% (measured
as LCsp = 100%). As expected, the majority of the toxicity (between 80% and 90%) was
removed upstream of the effluent biofilters in the bioreactor and flotation cell. A further 2%
to 10% of the overall reduction occurred through the biofiltration stage of the process. These
results indicate that the biofilters are behaving as a ‘polishing’ stage, effectively reducing
wastewater toxicity as an integral part of the overall treatment facility.

Ongoing testing has focused on quantifying the maximum capacity of the plant to remove
toxic compounds from the wastewater. Tests to date have shown that the process is not
only capable of removing persistent compounds such as phenols to very low concentrations
(0.02 mg/L), but that compounds such as MTBE, which were thought to be virtually non-
biodegradable, are partially degraded in the system.

9.2.7. Process Simplicity and Stability

Since commissioning in 1996, the performance of the system has been excellent. All
discharge specifications were met easily when the plant was operating under normal con-
ditions. The plant has also proved robust against swings in influent flow, strength, and pH,
considerably outside the design basis. In particular, the buffering capacity of the reactor has
proved truly remarkable and large caustic spills have been absorbed by the effluent treatment
system with no action from plant personnel.

Despite occasional overloads on the system due to process upsets in the refinery, the treat-
ment system has been relatively simple to operate, resistant to upset, and was able to rapidly
recover from disruptions. This is attributed to enhanced oxygen transfer and pH buffering in
the system, allowing treatment and neutralization of fluctuating waste loads (11, 12, 32).

9.3. Municipal Wastewater Treatment

The City of Homer’s wastewater treatment plant was funded, in part, by a grant from the
US Environmental Protection Agency. The funding was granted after EPA’s evaluation of the
technology and its approval to consider the Vertical Shaft Bioreactor system, with flotation
clarification, as an innovative process based on energy savings and advancement of the state-
of the-art (33-35).

Homer, Alaska wastewater treatment plant is the first municipal plant in the US to adopt the
VSB technology. The plant has been in operation since 1991, and won the 1993 AWWA Large
Plant of the Year award for the State of Alaska. The plant has met or exceeded specification
since commissioning, and upon start-up it successfully passed a 1-year performance certifi-
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cation program for the US EPA (36, 37). During this certification period, the plant achieved
an average effluent quality 33% below discharge specifications. The average annual effluent
BOD and TSS concentrations were 20 and 19 mg/L respectively.

9.3.1. Plant Description

Raw wastewater entering the treatment plant is pumped from the on-site pumping station
to a rotary type, mechanically cleaned bar screen in the plant headworks. Screenings removed
on the bar screen are dewatered in a screenings press and incinerated in a dedicated screenings
incinerator.

From the bar screen, the wastewater flows to the grit chamber, which is of the cyclonic
type with no moving parts. Grit removed in the unit can be dewatered and incinerated with
screenings or pumped to a sludge lagoon. Effluent from the grit chamber is piped to a flow
splitting structure that distributes the flow to the secondary process. Primary clarification is
not provided (36). Figure 2.17 shows the plant process flow diagram.

Secondary treatment is provided by the Vertical Shaft Bioreactor process. The VSB process
uses two vertical shafts, 2.5 ft (0.76 m) in diameter by 500 ft (152 m) deep, as aeration tanks.
Each shaft is fitted with a 1.5 ft diameter concentric pipe (downcomer) that conveys the liquid
to the bottom of the shafts. The liquid returns to the surface in the annular space surrounding
the downcomer. Compressed air, injected into both areas of each shaft at the 200-ft depth,
supplies oxygen to the process and provides circulation in the shafts through air-lift action.
Because of the high pressure in the shafts, the oxygen transfer efficiency is very high.

The high pressure in the shafts also solubilizes the air. When the mixed liquor returns to
the surface, the dissolved gas is released that causes solids to float. Flotation clarifiers are
therefore used in place of gravity clarifiers for final solids separation. Polymers must be added
to the mixed liquor to achieve efficient clarification. Effluent from the flotation clarifiers is
disinfected using ultraviolet radiation prior to discharge to Kachemak Bay.

Waste activated sludge, removed by skimming the flotation clarifiers, is pumped to two
aerobic digestion tanks. The digesters are aerated using a coarse bubble diffused air system.
Digested sludge is discharged, by displacement, to a sludge lagoon. The lagoon is aerated
using floating mechanical aerators of the aspirating propeller type design.

Sludge is removed from the lagoon during spring and summer using a floating dredge that
pumps the sludge to covered sludge drying beds. Four of the fourteen drying bed cells are
designed for composting dewatered sludge using the aerated static pile process.

9.3.2. Plant Design Criteria

Design criteria for the plant and BODs/TSS effluent requirements are presented in
Table 2.6.
9.3.3. Plant Assessment

The overall performance of the VSB process during the US EPA mandated performance
evaluation period was very good. The NPDES effluent solids concentration was exceeded
only on the few occasions when abnormal conditions occurred. The process was temporarily
affected by shock loadings, particularly from septage, but recovered very quickly (37).
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Fig. 2.17. Flow diagram of Homer City VSB wastewater treatment plant (41)
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Table 2.6
Design, wastewater composition and performance of Homer VSB wastewater treatment
plant (Extracted from Homer City WWTP Performance Certification Report 1992, Ref. 41)

Parameter Unit Design value Actual value
Flow

Daily average (peak month) MGD 0.88 0.46

Peak day MGD 1.43 0.90
Influent BODs

Daily average (peak month) mg/L 225 232

Peak day 1b/d 1645 749
Influent TSS

Daily average (peak month) mg/L 317 229

Peak day 1b/d 2320 754
Effluent BODs

Daily average (peak month) mg/L (1b/d) 30 (155) 20

Peak day mg/L 60 —
Effluent TSS mg/L (Ib/d) 30 (155) 19

Daily average (peak month)

Peak day mg/L 60 —
Hydraulic detention time (¢) h 1.0 2.3
Mean cell residence time (MCRT) day 2.0 1.6
Food to microorganism (F/M) 1b BOD/Ib MLVSS 1.0 0.64
MLSS mg/L 6600 4642
MLVSS mg/L 5300 3749
Air requirement (flow/shaft) scfm 130 —
Discharge pressure psi 100 —
BOD removal % 85 91
TSS removal % 85 92

The plant was not operated near design loadings during the 1 year certification period.
The highest monthly BODs loading during the period was 60% of the design BODs loading.
Because the plant was operated at low MLSS concentrations the average monthly F/M ratio
was equal to the design F/M ratio of 1.01b BODs/Ib MLVSS/d. Furthermore, the MCRT was
only 1.2 days, which is significantly less than the design MCRT of 2.0 days. In spite of these
operating conditions, the average monthly effluent concentrations were well below permit
requirements. These operating results indicate that the plant can handle significantly higher
loadings without violating the discharge permit (36).

In order to treat significantly higher BODs loadings, the plant must be operated at higher
mixed liquor concentrations. During the monitoring period, the average MLSS concentration
was 4642 mg/L. The design MLSS concentration is 6600 mg/L.

The aeration system functioned well throughout the period. The dissolved oxygen con-
centration in the mixed liquor was consistently very high and was typically above 15 mg/L.
The lowest DO concentrations occurred in a summer month when the average concentration
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dropped to 11.9mg/L. Only one of the two aeration compressors was operated. Operations
staff reported that aeration controls were simple and effective.

Based on the first year’s operating results and experience, it had become obvious that
proper operation of the flotation clarifiers was the key to good process performance. The
most important and difficult aspect of clarifier operation was sludge wasting (38—40). It was
so because sludge wasting had been a manual operation that required considerable operator
attention. Modifications to the control system were made to allow programmed, automatic
wasting. Operations staff found that this greatly improved the overall solids management of
the VSB process and improved the solids concentration of the float.

Actual solids production was as predicted during design and about 10% less than typical
for high rate activated sludge plant operating without primary clarification. Solids production
would be reduced if the process was operated at higher MCRT.

Energy consumption for the VSB process has been very close to the consumption estimated
during facilities planning. The power usage for the VSB was 1007 kWh/d compared to the
1549 kWh/d for the alternative conventional extended aeration process. This is an energy
reduction of 29%, which is greater than the 20% required for the US EPA designation as
an innovative technology (36).

Seasonal process impacts due to weather were less significant than expected. The temper-
ature of the influent, which ranged from a monthly average low of 6.6°C in March to a high
of 13.4°C in July, did not have a significant impact on process performance. Operations per-
sonnel, however, reported that solids separation was more difficult during low temperatures.
One seasonal condition, which is likely to occur every year, was the heavy algae growth in
the sludge lagoon during the long daylight hours of summer. Algae, which enter the influent
to the plant via the return flow from the lagoon, were not removed by the treatment process
and caused an increase in effluent suspended solids concentrations. Chlorination of the return
flow is necessary to control the impact on the process (36).

In 2001 the Homer, Alaska plant had fully completed its 10th year in operation. Recent
operating data from the plant that covers a full year of operations, between July 2000 and
June 2001 (41) were obtained and are summarized in Table 2.7. The data shows that even the

Table 2.7
Wastewater composition and performance of Homer VSB treatment plant-10 years later
(Extracted from Homer City WWTP operating data 2000 to 2001, Ref 46)

Parameter Average % of design value Maximum
Flow (MGD) 0.58 65 1.13
BODs
Influent (mg/L) 307 73 372
Effluent (mg/L) 13 43 19
Removal (%) 95 112 95
TSS
Influent (mg/L) 360 88 663
Effluent (mg/L) 18 60 31

Removal (%) 95 112 95
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maximum effluent BODs for the whole period was just 19 mg/L, indicates that the plant must
still be working fine 10 years into its operation.

Another thing to note is that the maximum flow through the plant was 0.58 MGD, which
is 65% of the design capacity. This figure is misleading, however, because the Homer plant
only operates with just one of the two installed clarifiers. This means that the single clarifier
is being operated at 113% of its design capacity, and has done so more or less continuously
since the plant was commissioned in 1991 (41).

For more information on the application of VSB to municipal wastewater treatment, the
reader is referred to the Vertical Shaft-Flotation Plant for the City of Bangor, Maine (42, 43).

NOMENCLATURE

C = the minimum dissolved oxygen concentration, mg/L.

Csw = the oxygen saturation concentration in wastewater, mg/L

dc/dt = the rate of change in dissolved oxygen concentration, kg/m?/h (Ib/ft? /h)
F = the driving force required to maintain flow through the reactor

F/M = food to microorganisms ratio = kg BODs/kg MLSS (Ib BOD/Ib MLSS)
H = depth of VSB, m (ft)

K1 = the oxygen transfer rate coefficient, h~!

MLSS = mixed liquor suspended solids, mg/L

MLVSS = mixed liquor volatile suspended solids, mg/L

Q; = influent waste flow rate, m3/h (ft* /h)

Qr = mixed liquor flow rate through the VSB, m?/h (ft3/h)

¢t = mean residence in the reactor, h

TSS = total suspended solids, mg/L

v = flow-through velocity inside the reactor, m/h (ft/h)

Vi = volume of gas bubbles, m® (ft*)

Vi, = volume of liquid, m? (ft})
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APPENDIX

United States Yearly Average Cost Index for Utilities US Army Corps of Engineers (31)
Year Index Year Index
1967 100 1988 369.45
1968 104.83 1989 383.14
1969 112.17 1990 386.75
1970 119.75 1991 392.35
1971 131.73 1992 399.07
1972 141.94 1993 410.63
1973 149.36 1994 42491
1974 170.45 1995 439.72
1975 190.49 1996 445.58
1976 202.61 1997 454.99
1977 215.84 1998 459.40
1978 235.78 1999 460.16
1979 257.20 2000 468.05
1980 271.60 2001 472.18
1981 302.25 2002 484.41
1982 320.13 2003 495.72
1983 330.82 2004 506.13
1984 341.06 2005 516.75
1985 346.12 2006 528.12
1986 347.33 2007 539.74

1987 353.35 2008 552.16
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Abstract Recently, attention has been given to aerobic granulation, which is a novel envi-
ronmental biotechnology for wastewater treatment. This chapter reviews the progress and
development of basic research and application of aerobic granular sludge sequencing batch
reactors in the treatment of a wide variety of wastewaters.

Key Words Aerobic granulation* sequencing batch reactor wastewater treatment.

1. INTRODUCTION

Microbial granulation is a process of cell-to-cell self-immobilization involving biological,
physical, and chemical actions. Granules formed through self-immobilization of the microor-
ganisms are dense consortia packed with different bacterial species that typically contain
millions of organisms per gram biomass. These bacteria perform different roles in degrading
the complex industrial wastes containing various organic chemicals, nitrogen, and phosphorus.
Compared to the conventional activated sludge, the granules have a regular, dense, and strong
microbial structure, good settling property, high biomass retention, and ability to withstand
high-strength wastewater and shock loading.

Granulation occurs in both aerobic and anaerobic wastewater treatment systems. Formation
of anaerobic granules has been studied for decades, and is probably best recognized in the
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upflow anaerobic sludge blanket (UASB) reactor. Hundreds of plants worldwide currently
employ the anaerobic granulation technology (1, 2). However, application of this technol-
ogy is greatly limited by drawbacks such as the long start-up period required (normally
2 to 8 months), a relatively high operation temperature, and unsuitability for low-strength
organic wastewater (2). To overcome these weaknesses, recent research efforts have been
dedicated to developing aerobic granulation technology for the removal of organic wastes.
The development of aerobic granules was first reported by Mishima and Nakamura (7) in
a continuous aerobic upflow sludge blanket reactor. Aerobic granules with diameters of 2
to 8 mm were developed, with good settling properties. Aerobic granulation has since been
reported in sequencing batch reactors (SBRs) by many researchers (3—6, 8§-11), and can
be applied in high-strength organic wastewater treatment, carbon, and nitrogen removal as
well as toxic wastewater treatment (12, 13). This chapter reviews key findings concerning
the aerobic granulation technology, and describes the current state of knowledge about the
aerobic granulation process, the structure and microbial diversity of aerobic granules, and the
suitability of aerobic granulation for various wastewater treatment applications.

2. AEROBIC GRANULATION AS A GRADUAL PROCESS

The formation of aerobic granules in SBR was tracked by using advanced image analysis
techniques, and was shown to be a gradual process. Dispersed seed sludge with a mean size of
about 100 um developed into small aggregates, which evolved into compact granular sludge,
then finally matured into aerobic granules with a mean size >0.25 mm (Figs. 3.1 and 3.2).
The seed sludge exhibited a typical morphology of conventional activated sludge, with a very
loose, fluffy, and irregular structure in which filamentous organisms were present (Figs. 3.1A
and 3.1B). Compact and dense sludge aggregates appeared after 1 week of reactor operation
(Fig. 3.2), while granular sludge with clear round outer shapes formed after 2 weeks of
reactor operation (Fig. 3.2). In week 3, mature aerobic granules dominated the whole reactor

Fig. 3.1. Morphology of seed activated sludge used for cultivation of aerobic granules. A: viewed by
image analysis. Bar: 2 mm; B: viewed by optical microscope. Bar: 5 pm. (Source: Adapted from (5)).
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Microbial aggregates formed
after 1-week operation of the
" reactor

Granular sludge formed
after 2-week operation of
the reactor

Mature granules appeared
after 3-week operation of the
reactor

Fig. 3.2. Image analysis of the sludge morphology at different operation time. Bar: 2 mm. (Source:
Adapted from (5)).



Fig. 3.3. Scanning electron micrograph of aerobic granule (A) and its surface microstructure (B).
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Fig. 3.4. Sludge size () and SVI (x)(x100) versus the operation time in the course of aerobic
granules cultivation.

(Fig. 3.2), and had a very regular round-shaped outer structure. Scanning electron micrograph
(SEM) images of aerobic granules grown on acetate as sole carbon source revealed a compact
microbial structure in which individual cells were tightly linked up together (Fig. 3.3).
Sludge volume index (SVI) measurements showed that mature aerobic granules possessed
significantly improved sludge settleability compared to the initial seed sludge (Fig. 3.4).

3. FACTORS AFFECTING AEROBIC GRANULATION
3.1. Substrate Composition

The essential role of carbon source in the formation of anaerobic granules has been
demonstrated (14, 15). In the case of aerobic granulation, experimental evidence suggests
that aerobic granulation seems to be insensitive to the nature of substrate carbon source; for
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example, aerobic granules had been successfully cultivated with a wide variety of substrates,
including glucose, acetate, ethanol, phenol, and synthetic wastewater (5, 8, 12, 16). How-
ever, granule microstructure and species diversity appears to depend on the type of carbon
source. The glucose-fed aerobic granules exhibited a filamentous structure (Fig. 3.2), whereas
acetate-fed aerobic granules had a nonfilamentous and very compact bacterial structure, in
which a rodlike species was predominant (Fig. 3.3). It should be pointed out that aerobic
granules could also be cultivated with nitrifying bacteria and an inorganic carbon source (17).
These nitrifying aerobic granules showed excellent nitrification ability.

3.2. Organic Loading Rate

The organic loading rate (OLR) is one of the most important parameters in the design and
operation of biological wastewater treatment facilities. The essential role of organic loading
rate in the formation of anaerobic granules has been widely recognized. A relatively high
organic loading rate facilitated the formation of anaerobic granules in UASB systems (18-21).
In contrast to anaerobic granulation, the accumulated evidence suggests that aerobic granules
can form across a wide range of organic loading rates, from 2.5 to 15kg COD/m? day, i.e.,
aerobic granulation is less dependent upon the organic loading rate applied (3, 13, 16). This is
probably attributable to the nature of aerobic bacteria.

Although the effect of organic loading rate on the formation of aerobic granules is insignif-
icant, the physical characteristics of aerobic granules are dependent on organic loading rate.
The mean size of aerobic granules increased from 1.6 to 1.9 mm with the increase of the
organic loading organic loading from 3 to 9 kg COD/m? day (16). This is simply attributable
to the fast growth of aerobic bacteria at high organic loading rates. A similar trend was also
observed in anaerobic granulation (2, 22). It seems that the growth patterns of both aerobic
and anaerobic granules under different organic loading rates are subject to the classical Monod
model. The effect of organic loading rate on the morphology of mature aerobic granules in
terms of roundness was found to be insignificant, whereas the aerobic granules developed
at different organic loading rates exhibited comparable dry biomass density, specific gravity,
and SVI. On the other hand, the physical strength of aerobic granules decreased with the
increase of organic loading rate (16). Similarly, in anaerobic granulation process, it was also
found that a high organic loading rate resulted in a reduced strength of anaerobic granules,
i.e., partial loss of structural integrity and disintegration would occur at high organic loading
rate (23, 24). In fact, an increased organic loading rate may raise the biomass growth rate, and
high growth rate of microorganisms in turn would reduce the strength of the three-dimensional
microbial community structure. Consequently, organic loading rate plays an important role in
maintaining the stability of aerobic granules.

3.3. Hydrodynamic Shear Force

The contribution of hydrodynamic shear to anaerobic granulation in UASB had been
reported (1, 25-27), and its essential role in biofilm process has attracted intense research
attention (28-30). A high shear force results in biofilms with a strong and compact microbial
structure, whereas a weak shear force produces biofilms with a heterogeneous and porous
structure (28-32). Shear force also plays a very important role in the formation of aerobic
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Fig. 3.6. Effect of superficial upflow air velocity on granule density () and physical strength in terms
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granules. A high shear force favors the formation of acrobic granules and granule stability
(33, 34). It was found that aerobic granules could be formed only above a threshold shear
force value in terms of superficial upflow air velocity above 1.2 cm/s in a column SBR, and
more regular, rounder, and compact aerobic granules were developed at high hydrodynamic
shear force (16, 34). Fig. 3.5 shows that the aspect ratio of acetate-fed aerobic granules
increased with shear force in terms of superficial upflow air velocity, i.e., granules would
become rounder when shear force increased, whereas the granule density and strength that
represent the compactness of a microbial community were also proportionally related to the
shear force applied (Fig. 3.6). These may imply that the structure of aerobic granules is mainly
determined by the hydrodynamic shear force present in the bioreactor. In fact, the effect of
shear force on granule structure is similar to its effect on biofilm, i.e., higher shear force leads
to a thinner and denser biofilm (28, 30, 32, 35, 36).
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It is well-known that extracellular polysaccharides can mediate both cohesion and adhe-
sion of cells and play a crucial role in maintaining structural integrity in a community
of immobilized cells (29, 37-39). Tay et al. (39) reported that the production of extracel-
lular polysaccharides (PS) was closely associated with the shear force. The extracellular
polysaccharide content normalized to proteins (PN) increased with the shear force in terms
of superficial upflow air velocity, i.e., high shear force stimulated bacteria to secrete more
extracellular polysaccharides (Fig. 3.7). In fact, shear force-induced production of extracellu-
lar polysaccharides had been commonly observed in biofilm process (40—42). Consequently,
the enhanced production of extracellular polysaccharides at high shear can contribute to the
compact and stronger structure of aerobic granules (34, 39). The metabolic network of cells
includes interrelated catabolic and anabolic reactions. The catabolic activity of microorgan-
isms is directly correlated with the electron transport system activity, which can be described
by the SOUR. Tay et al. (34) reported that the SOUR of aerobic granules increased with
the increase of shear force (Fig. 3.8). It is most likely that the shear force can stimulate
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Fig. 3.7. Effect of superficial upflow air velocity on the production of cell polysaccharides (PS)
normalized to cell proteins (PN). (Source: Adapted From (34)).
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microbial respiration activity. It appears from Figs. 3.7 and 3.8 that when the shear force
is increased, much more energy generated by catabolism would be used for the production
of extracellular polysaccharides rather than for microbial growth. This in turn indicates that
when shear force exerted on granular sludge is high, the granules would have to regulate
their metabolic pathway so as to maintain a balance with the external shear force, through
consuming nongrowth-associated energy, i.e., the microbial community may respond to shear
force by metabolic changes and some biological events might be involved in shear-associated
phenomena (16, 28).

3.4. Presence of Calcium Ion in Feed

Polyvalent cations such as Ca’*, Mg?*, and Fe?* have been suggested for stimulating the
anaerobic granulation process by neutralizing negative charges on bacterial cell surfaces, thus
creating relatively strong “van der Waals” attractive forces (43—45). Ca>*, with concentration
of 100 to 200 mg/L, was found to exert a positive impact on anaerobic granulation (46, 47).
Grotenhuis et al. (48) found that granules disintegrated or became weaker after treatment with
a Ca®" chelating agent, EGTA (ethylene glycol-bis (3-aminoethyl ether)-N, N ,-tetraacetic
acid). These seem to imply that calcium ions might play an important role in anaerobic granule
structure as calcium phosphate precipitates for adhesion of bacteria. Similar observations were
reported for aerobic granulation. Jiang et al. (49) found that the addition of Ca®* accelerated
the aerobic granulation process. With the addition of 100 mg Ca*" /L, the formation of aerobic
granules took 16 days compared to 32 days in the culture without the Ca>™ addition. The Ca>*
augmented aerobic granules also showed better settling and strength characteristics, and had
higher polysaccharide content. It had been proposed that that Ca>* could bind to negatively
charged groups present on bacterial surfaces and extracellular polysaccharide molecules,
and act as a bridge to interconnect these components and promote bacterial aggregation.
Polysaccharides play an important role in maintaining the structural integrity of biofilms and
microbial aggregates such as aerobic granules, as they are known to form a strong and sticky
nondeformable polymeric gellike matrix, and can contribute to cell-to-cell adhesion through
interactions between secondary functional groups such as hydroxyl and calcium ions.

3.5. Reactor Configuration

Reactor configuration will have an impact on the flow pattern of liquid and microbial
aggregates in the reactor (3, 29). Column-type upflow reactors and completely mixed tank
reactors (CMTR) have very different hydrodynamic behaviors in terms of interactive patterns
between flow and microbial aggregates. The air or liquid upflow pattern in column reactors
can create a relatively homogenous circular flow along the reactor height, and microbial
aggregates are constantly subject to such a circular hydraulic attrition. The circular flow could
force microbial aggregates to be shaped as regular granules that have a minimum surface
free energy. In a column-type upflow reactor, a higher ratio of reactor height to diameter
(H/D) can ensure a longer circular flowing trajectory, which in turn creates a more effective
hydraulic attrition to microbial aggregates (3, 29). However, in CMTR, microbial aggregates
stochastically move with dispersed flow in all directions. Thus, microbial aggregates are sub-
ject to varying localized hydrodynamic shear force, flowing trajectory and random collision.
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Under such circumstances, only flocs of irregular shape and size instead of regular granules
occasionally form (29). Therefore, the column-type reactor with high ratio of reactor height
to diameter, which can provide an optimal interactive pattern between flow and microbial
aggregates, is favorable for the formation of aerobic granules.

3.6. Dissolved Oxygen

Dissolved oxygen (DO) concentration is an important parameter in the operation of aerobic
wastewater treatment systems. Aerobic granules formed at the DO concentration as low
as 0.7 to 1.0mg/L in a SBR (4), whereas they were also successfully developed at high
DO concentrations up to S mg/L. It appears that DO concentration would not be a decisive
parameter in the formation of aerobic granules.

4. MICROBIAL STRUCTURE AND DIVERSITY
4.1. Characteristics of Aerobic Granule

The physical characteristics and microbial activity of aerobic granules are summarized in
Table 3.1.

Morphology: Compared to conventional bioflocs, aerobic granules have a defined spatial
shape. The average roundness in terms of aspect ratio is higher than 0.6 for aerobic granules
grown on different carbon sources. As discussed earlier, the roundness of aerobic granules is
mainly influenced by the external shear force. The mean diameter of mature aerobic granules
varies, and depends on the substrate composition, organic loading rate, shear force, etc.

Settleability: The settling property of aerobic granules is a key operation factor that deter-
mines the efficiency of solid—liquid separation, and it is essential for the proper functioning of
wastewater treatment systems. Both SVI and settling velocity are used to describe the sludge
settleability. The SVI of aerobic granules is much lower than that of conventional bioflocs
(Table 3.1). This implies that, from an engineering perspective, the settleability of sludge
can be improved significantly through the formation of aerobic granules, and a more compact
clarifier would be adequate. The settling velocity of aerobic granules is associated with granule
size and structure. The settling velocity of aerobic granules is usually higher than 30 m/h,
which is comparable with that of the UASB granules, and is at least three times higher than
that of activated sludge flocs, which have a typical settling velocity of around 8 to 10 m/h.

Granule density and strength: The specific gravity of aerobic granules falls into a range
of 1.004 to 1.065. The granules with high physical strength would have a strong ability to
withstand high abrasion and shear. The physical strength, expressed as integrity coefficient
(%), which is defined as the ratio of residual granules to the total weight of the granular
sludge after 5 minutes of shaking at 200 rpm on a platform shaker, is higher than 95% for the
aerobic granules grown on glucose and acetate. This indicates that the physical strengths of
aerobic and anaerobic granules are comparable.

Cell surface hydrophobicity: The cell surface hydrophobicity was 68% for glucose-fed
aerobic granules and 73% for acetate-fed granules. These values are two times higher than that
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of the seed sludge. There is strong evidence showing that cell surface hydrophobicity plays a
crucial role in cell-to-surface attachment and cell-to-cell self-immobilization (16, 29, 50-52).

Granule storage stability: Similar to anaerobic granules, aerobic granules exhibited good
storage stability. Aerobic granules cultivated with glucose showed a 60% reduction in micro-
bial activity after 4 months of storage at 4°C (52). The loss in microbial activity of aerobic
granules by storage would be associated with the length of storage time, the type of feed car-
bon, and the culture history. Granules maintained a good shape and showed little reduction in
physical strength in terms of integrity coefficient after 4 months of storage. Zhu and Wilderer
(53) also found that after 7 weeks of storage of aerobic granules in ambient environment, the
aerobic granules could regain microbial activity within a week.

4.2. Layered Structure of Aerobic Granules

Confocal laser scanning microscopy (CLSM) was used with different oligonucleotide
probes, specific fluorochromes, and fluorescent microspheres to study the microstructure of
aerobic granules (54-57). The obligate aerobic ammonium-oxidizing bacteria Nitrosomonas
spp. was found mainly at a depth of 70 to 100 um from the granule surface, and aerobic
granules contained channels and pores that penetrated to a depth of 900 um below the granule
surface. The porosity in granules peaked at depths of 300 to 500 wm from the granule surface.
These channels and pores would facilitate the transport of oxygen and nutrients into and
metabolites out of the granules. Polysaccharide formation peaked at a depth of 400 pm below
the granule surface. The anaerobic bacteria Bacteroides spp. was also detected at a depth
of 800 to 900 pm from the granule surface, whereas a layer of dead microbial cells was
located at a depth of 800 to 1000 um. To fully use the aerobic microorganisms in the granules,
the optimal diameter for aerobic granules should be less than 1,600 um, which is twice the
distance from the granule surface to the anaerobic layer (54). Consequently, smaller granules
will be more effective for aerobic wastewater treatment as these granules have more live cells
within a given volume of granules.

4.3. Microbial Diversity of Aerobic Granules

The microbial diversity of aerobic granules is closely related to the composition of culture
media in which they are developed. Glucose-fed aerobic granules mainly consisted of fila-
ments and some cocci bacteria, whereas rod-shaped bacteria were dominant in granules grown
on acetate (5, 52). By using ribosomal-based molecular techniques and PCR-cloning, Yi et al.
(58) detected shifts in microbial diversity among young, mature, and old aerobic granules
cultivated on glucose. The development of aerobic granules appeared to be a dynamic process
that involved an assemblage of microorganisms. Shifts in microbial diversity were attributed
to physiological adaptation by various microorganisms during the aerobic granulation process.
Changes in bacterial composition and species abundance would be attributed to interactions
among different groups of bacteria and the microniches that they occupy. Microorganisms
associated with five operational taxonomic units were found in all granules sampled at
different stages of development, which suggests that these bacteria may play an important
role in the development of aerobic granules. Different operational taxonomic units were also
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found to dominate different growth stages. For example, several types of microorganisms
were dominant in the old granules, and not detected in the young granules. This finding is
important as changes in relative abundance may be used as markers of granule development,
or even reflect the onset of granule lysis and deterioration.

5. MECHANISM OF AEROBIC GRANULATION

For bacteria to form granules, a number of conditions must be met, and the contributions
of physical, chemical, and biological forces to the granulation process should be considered
jointly. Liu and Tay (29) proposed a generalized model for the granulation process as follows:

Step 1: Physical movement to initiate bacterium-to-bacterium contact. The forces involved in
this step are:

Hydrodynamic force.

Diffusion force.

Gravity force.

Thermodynamic forces, e.g., Brownian movement.

Cell mobility. Cells can move by means of flagella, cilia, and pseudopods, whereas cell
movement may also be directed by a signaling mechanism.

Step 2: Initial attractive forces to keep stable multicellular contacts. Those attractive forces are:
Physical forces:

Van der Waals forces

Opposite charge attraction

Thermodynamic forces including free energy of surface; surface tension
Hydrophobicity

Filamentous bacteria that can serve bridge to link or grasp individual cells together

Chemical forces:

Hydrogen liaison

Formation of ionic pairs
Formation of ionic triplet
Interparticulate bridge and so on

Biochemical forces:

e Cellular surface dehydration
e Cellular membrane fusion
e Signaling and collective action in bacterial community

Step 3: Microbial forces to make cell aggregation mature:

Production of extracellular polymer by bacteria, such as exopolysaccharides, etc.
Growth of cellular cluster

Metabolic change and genetic competence induced by environment, which facilitate the
cell—cell interaction, and results in a highly organized microbial structure

Step 4: Steady state three-dimensional structure of microbial aggregate shaped by hydrody-
namic shear forces.
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The microbial aggregates would be finally shaped by hydrodynamic shear force to form a
certain structured community. The outer shape and size of microbial aggregates are deter-
mined by the interactive strength/pattern between aggregates and of hydrodynamic shear
force, microbial species and substrate loading rate, etc.

It should be emphasized that the hydrophobicity of bacterial surface plays a potentially
important role in the initiation of aerobic granulation. According to thermodynamic theory,
increasing the hydrophobicity of cell surfaces would cause a corresponding decrease in the
excess Gibbs energy of the surface, which in turn would promote cell-to-cell interaction and
further serve as a driving force for bacteria to selfaggregate out of the liquid phase (hydrophilic
phase). It has been pointed out that hydrophobic binding has a prime importance for cell
attachment (50, 59). A high hydrophobicity of the cell surface would result in a stronger cell-
to-cell interaction and a denser structure (76). It has been generally believed that cell surface
hydrophobicity is essential to the formation of biofilms and anaerobic granules (47, 51, 60). It
was reported that cell surface hydrophobicity of aerobic granules was much higher than that of
sludge flocs (5, 52, 61). Therefore, cell surface hydrophobicity might also play an important
role in aerobic granulation.

Cell polysaccharides can mediate both cohesion and adhesion of cells and play a crucial role
in maintaining the structural integrity in a community of immobilized cells, such as biofilms
and anaerobic granules (38, 62, 63). In fact, in the study of anaerobic granulation, Harada
et al. (64) observed that the extracellular polymers excreted by acidogenic bacteria appeared to
enhance the strength and structural stability of anaerobic granules. Vandevivere and Kirchman
(65) also found that the content of exopolysaccharides was five times greater for attached
cells than for free-living cells. It was reported that colanic acid, an exopolysaccharide of
Escherichia coli K-12, is critical for the formation of the complex three-dimensional structure
and depth of E. coli biofilms (66). The polysaccharide contents of aerobic granules are much
higher than that of sludge flocs (34, 39). Cell polysaccharides would also contribute greatly to
aerobic granulation.

6. APPLICATIONS OF AEROBIC GRANULATION TECHNOLOGY
6.1. High-Strength Organic Wastewater Treatment

Granulation of the sludge could lead to high biomass retention in the reactor because
of the compact microbial structure of granules. Biomass concentrations as high as 6.0 to
12.0 g/L have been obtained in SBRs operating with a volumetric exchange ratio of 50%
(6, 52). The feasibility of applying aerobic granulation technology for the treatment of high-
strength organic wastewater was demonstrated by Moy et al. and Tay et al. (13, 75, 76), who
examined the ability of aerobic granules to sustain high organic loading rates by introducing
step increases in organic loading only after COD removal efficiencies have stabilized at values
greater than 89% for at least 2 weeks. In this way, aerobic granules cultivated on glucose
were exposed to organic loading rates that were gradually raised from 6.0 to 9.0, 12.0, and
15.0kg COD/m® day. Aerobic granules were able to sustain the maximum organic loading
rate of 15.0kg COD/m’ day employed, and attained COD removal efficiencies greater than
92%. The granules initially exhibited a fluffy loose morphology dominated by filamentous
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Fig. 3.9. Scanning electron micrographs of glucose-fed granules. A: 6 Kg COD/M3 D and 750x
magnification. B: 15 Kg COD/M? D and 37x magnification.

bacteria at low loading, and evolved into smooth irregular shapes characterized by folds,
crevices, and depressions at higher loading (Fig. 3.9). These irregularities were thought to
allow for better diffusion and penetration of nutrients into the granule interior. Diffusion
was also enhanced by the higher substrate concentration that existed in the bulk solution at
higher loading. These factors enabled the aerobic granules to sustain high organic loading
rates without compromising granule integrity.

6.2. Phenolic Wastewater Treatment

Phenol is a commonly employed chemical in many industries. Because of its widespread
use, however, phenol is a major pollutant in many industrial wastewaters, and its removal
from wastewater is a subject of obvious importance. Phenol-containing wastewater is difficult
to treat because of substrate inhibition. Microbial growth on phenol substrate and concomitant
phenol biodegradation are hindered by the toxicity exerted by high concentrations of the sub-
strate itself. However, the selfimmobilization or aggregation of microbial cells into compact
granules could serve as an effective protection against high phenol concentrations. Jiang et al.
were first to demonstrate that aerobically grown microbial granules could be successfully
cultivated to degrade phenol (12). These phenol-degrading aerobic granules have excellent
phenol biodegradation ability. For an influent phenol concentration of 500 mg/L, a stable
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Fig. 3.10. Specific phenol degradation rates of microbial granules at different phenol concentrations.

effluent phenol concentration of less than 0.2 mg/L was achieved in the aerobic granular sludge
reactor (12). The phenol-degrading aerobic granules had a specific phenol degradation rate as
high as 1.4 g phenol/g MLVSS day, which was two times higher than that of acclimated seed
sludge (Fig. 3.10). The kinetic behavior of the phenol-degrading granules followed the well-
known Haldane model (12), indicating that the phenol-degrading aerobic granules developed a
phenol uptake system that counteracted the adverse effects of phenol inhibition. Although the
specific phenol degradation rates peaked at 500 mg phenol/L and gradually declined thereafter,
significant rates of phenol degradation were still attained at phenol concentrations as high as
2,000 mg/L. This high tolerance of aerobic granules for phenol can be exploited to develop
compact high-rate aerobic granulation systems for the treatment of industrial wastewaters
containing high phenol concentrations. It can be expected that aerobic granules would be
powerful bioagents for the removal of inhibitory or toxic organic compounds from high-
strength industrial wastewaters.

6.3. Biosorption of Heavy Metals by Aerobic Granules

Heavy metals are often found in a wide variety of industrial wastewaters. More stringent
metal concentration limits are being established because of the relatively high toxicity of
heavy metals to environmental receptors. A vast array of biomaterials have been tested as
biosorbents for heavy metal removal, such as marine algae, fungi, hairy roots of Thlaspi
caerulescens, waste-activated sludge, digested sludge and so on (67-70). In view of the
physical characteristics of aerobic granules as discussed earlier, aerobic granules are ideal for
removing heavy metals in wastewater because of their strong microbial structure with large
surface area and high porosity. Moreover, aerobic granules would be easily separated from the
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liquid after biosorption capacity is exhausted. The biosorption of heavy metals such as zinc(II)
and cadmium(II) by aerobic granules has been shown by Liu et al. (71, 72). It was found that
the biosorption of Zn(Il) by aerobic granules was related to both initial Zn(II) and granule
concentrations (71), with the concentration gradient of Zn(II) as a main driving force for Zn(II)
biosorption on the surfaces of aerobic granules. The biosorption capacity of aerobic granules
would be related to the ratio of initial Zn(II) concentration to the initial granule concentration.
It was found that the maximum biosorption capacity of Zn(II) by aerobic granules is 270 mg/g,
whereas for Cd(II) biosorption, the maximum capacity is 566 mg/g (71, 72). Consequently, the
aerobic granule-based biosorption process is an efficient and cost-effective technology for the
removal of heavy metals from industrial wastewater.

NOMENCLATURE

CLSM = confocal laser scanning microscope

CMTR = completely mixed tank reactor

COD = chemical oxygen demand, mg/L.

DO = dissolved oxygen, mg/L

EGTA = ethylene glycol-bis (b-aminoethyl ether)-N, N ,-tetraacetic acid
H/D = reactor height to diameter ratio

MLVSS = mixed liquor volatile suspended solids, mg/L
PN = proteins, mg/L.

PS = extracellular polysaccharides, mg/L

SBR = sequencing batch reactors

SEM = scanning electron microscopy

SOUR = specific oxygen uptake rate, mg O,/g h

SVI = sludge volume index, mL/g

UASB = upflow anaerobic sludge blanket reactor
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Abstract Membrane bioreactor (MBR) is a biochemical engineering process involving the
use of both (a) a suspended growth bioreactor for biochemical reactions (such as fermentation,
bio-oxidation, nitrification, and denitrification); and (b) a membrane separator for sequent
solid-liquid separation. In a chemical engineering fermentation process, the solids may be
yeasts and the liquid may be an alcohol. In an environmental engineering process, the solids
may be activated sludge, and the liquid may be the biologically treated wastewater (WW).

Practically speaking, the membrane separator replaces clarifier, such as sedimentation or
dissolved air flotation in a conventional activated sludge (CAS) process system. The mem-
brane module can be either submerged in the activated sludge bioreactor, or situated outside
the activated sludge bioreactor. This chapter introduces historical development, engineering
applications, various MBR process systems, design considerations and practical environmen-
tal engineering applications, such as treatment of dairy industry wastes, landfill leachate,
coffee industry wastes, and cosmetics industry wastes.
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1. INTRODUCTION
1.1. General Introduction

With increasing pressures worldwide on existing water resources due to increases in human
population and activity, reuse, and conservation of water resources assumes a very high
priority. The membrane bioreactor (MBR) is a tool that has the potential to help industries (and
municipalities) manage their water resources better. The MBR is an innovative wastewater
treatment (WWT) technology, based on proven processes of activated sludge biological treat-
ment and membrane separation (1-50). The system has been implemented in several full-scale
industrial and municipal applications. The synergistic combination of enhanced biological
treatment and membrane filtration produces a treated effluent quality, which is not merely
excellent, but very reliable. This provides the opportunity to facilities to recycle/reuse part or
all the treated effluent, thereby reducing costs for fresh water and water treatment on the one
hand, and reducing sewer surcharge (for pretreatment facilities), on the other. This chapter
discusses some basic aspects of design of MBRs, and presents some full-scale examples of its
application.

1.2. Historical Development

1.2.1. Membrane Processes

The chemical engineering processes involving the use of membranes for phase separation
are termed “membrane processes.” The phases include solid phase (suspended solids [SS],
dissolved solids, etc.), liquid phase (water, ethanol, chloroform, etc.), gas phase (air, nitrogen,
oxygen, etc.). A membrane is a porous filtration medium, which can be cationic, anionic, or
nonionic in nature, and acts as a barrier to prevent mass movement of selected phases, but
allows passage of remaining phases. The main applications of the membrane processes are
processing water and wastewater streams (1). Recently membrane processes have been used
for purification of gas streams (2).

The membrane processes include at least five main subcategories for processing water and
wastewater (1).

1.2.1.1. MICROFILTRATION (MF)

Microfiltration is a pressure-filtration process for the separation of suspended solids in the
particle size-range of about 0.08 to 10 um. The primary function affecting solids separation
from water is the size of suspended solids (SS). The hydraulic pressure (transmembrane
pressure) applied in microfiltration (MF) is about 1 to 2 bars, or 15 to 20 psig, primarily for
overcoming resistance of the “cake.” (1 micron = 1 um = 0.00004 in. = 10,000 A) (D).
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1.2.1.2. ULTRAFILTRATION (UF)

Ultrafiltration is another pressure filtration process for the separation of macromolecular
solids in the particle size range of about 0.01 to 0.1 pm. The primary factor affecting solids
separation from water relies on the size of macromolecular solids. The hydraulic pressure
required by ultrafiltration (UF) for overcoming hydraulic resistance of the polarized macro-
molecular layer on the membrane surface is about 1 to 7 bars (1).

1.2.1.3. NANOFILTRATION (NF)

Nanofiltration (NF) membranes are multiple-layer thin-film composites of polymer consist-
ing of negatively charged chemical groups, and are used for retaining molecular solids (such
as sugar), and certain multivalent salts (such as magnesium sulfate), but passing substantial
amounts of most monovalent salts (such as sodium chloride), at an operating pressure of about
14 bars or 200 psig. Both molecular diffusivity and ionic charge play important roles in the
separation process. The sizes of molecular solids and multivalent salts to be rejected by NF
are normally in the range of 0.0005 to 0.007 um (1).

1.2.1.4. REVERSE OsMOsIs (RO)

Reverse osmosis (RO) membranes are mainly made of cellulose acetate with the pore sizes
of about 5 to 20 A, and are used for rejecting salts (as high as 98%) and organics (as high
as 100%), at an operating pressure of about 20 to 50 bars or 300 to 750 psig. The hydraulic
pressure (through a pump) is used to provide the driving force for permeation, or for overcom-
ing the chemical potential difference between the concentrate and the permeate, expressed in
terms of the osmotic pressure. The sizes of molecular solids and salts (multivalent as well as
monovalent) to be rejected by RO are normally in the range of 0.00025 to 0.003 um (1).

1.2.1.5. ELECTRODIALYSIS (ED)

Electrodialysis (ED) uses voltage or current as the driving force to separate ionic solutes.
The size of ionic solutes to be rejected or separated by ED are normally in the range of 0.00025
to 0.08 um, depending on the pore size of ED membranes. EDR is the electrodialysis reversal
(or reverse electrodialysis) process, which is similar to ED, but its cathodes and anodes can
be reversed for automatic cleaning during operation (1).

Figure 4.1 illustrates the relationships among microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF) and reverse osmosis (RO) and conventional sand filtration process.
Figure 4.2 shows the effects of MF, UF, NF, and RO on separation of suspended particles,
macromolecules, sugar and salts.

In this chapter, mainly MF and UF are related to membrane bioreactors. RO is an effective
post-treatment unit to MBR (see Section 5.2).

1.2.2. Physical-Chemical Pretreatment before Membrane Process

Theoretically and technically speaking, the membrane process alone will be feasible for
purifying water or wastewater. For membrane process operation, build-up of a layer on
the surface of the membrane and deposition of foulants within the membrane pore struc-
ture attributable to high solution concentrations are the major mechanisms responsible for
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Fig. 4.1. Particle size and separation processes.

membrane flux decline (1). Membrane fouling requires frequent chemical cleanings, and in
the worst case, membrane replacement.

Accordingly, the membrane process alone is mainly used for water purification when the
quality of an influent raw water is good.

For potable water or industrial water treatment using membrane processes, physical—
chemical pretreatment before membrane reactor will significantly prolong the membrane
life, in turn, reduce the treatment cost (3). Typical physical-chemical pretreatment processes
include: pH adjustment, chemical coagulation, clarification, sand filtration or cartridge cloth
filtration (3). An ultra-low pressure drop oleophilic filter is also effective (41).

Again, a membrane process reactor with physical-chemical pretreatment is technically
feasible but not economically feasible, for treatment of industrial waste or domestic sewage,
due to high organic load in the influent streams.

1.2.3. Biological Pretreatment Prior to Membrane Process

Traditionally, biological treatment processes, such as activated sludge, tickling filters,
lagoons, fluidized-bed reactors, rotating biological contactors, sequencing batch reactors
(SBRs), adopt either sedimentation clarification, or dissolved air flotation clarification for
solids—liquid separation, and for microorganisms (sludge) return (4—11).

When a biological process is used in conjunction with a membrane reactor (either micro-
filtration or ultrafiltration), the entire process system becomes a membrane bioreactor. The
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membrane bioreactor (either microfiltration or ultrafiltration) will accomplish the following
three tasks:

1. Solids—water separation (clarification)
. Sludge return (microorganisms return)
3. Tertiary wastewater treatment, capable of disinfection, nutrients removal, metals removal, and
toxic organics removal.

When treating wastewater streams at same flow, biological treatment processes are usually
more cost-effective than comparable physical-chemical processes.

Biological processes can: (a) adopt suspended growth reactors, attached growth reactors,
or both, (b) be operated as a continuous process system or a sequencing batch reactor process
system, and (c) be controlled under aerobic, anoxic, or anaerobic conditions for biochemical
treatment of wastewater. The theory and principles of biological treatment processes can be
found elsewhere (4-10, 49, 51, 52), and are beyond the scope of this chapter. In general,
biological processes can accomplish carbonaceous oxidation (aerobic), nitrification (aerobic),
denitrification (anoxic/anaerobic), digestion (aerobic or anaerobic), phosphorus removal (aer-
obic/anoxic), and methane production (anaerobic).

There are many kinds of MBR systems, which will be introduced in Section 1.3, MBR
Research and Engineering Applications.

Sequencing batch reactor (SBR) can also adopts membrane modules forming a SBR-MBR
batch process system for wastewater treatment (51).

Only the common MBRs consisting of activated sludge aeration basins and microfiltration
or ultrafiltration will be presented and discussed in this chapter in detail.

Although MBRs are mainly used for wastewater treatment, they can also be used for potable
water treatment, aiming at nitrogen removal. (50)

1.2.4. Physical-Chemical-Biological Pretreatment Before Membrane Process

It has been known that many nonbiodegradable or toxic pollutants can not be removed by
biological processes. On the other hand, many pollutants can not be chemically coagulated or
adsorbed (10, 12).

For treatment of certain heavily polluted wastewater streams, it may be necessary to adopt
combined physical-chemical-biological pretreatment before a membrane process reactor.

1.3. Membrane Bioreactors Research and Engineering Applications

In this section, various membrane bioreactors will be reviewed and discussed, although the
remaining sections of this chapter will introduce and discuss only the most common MBRs,
which are well-established and practically applied to the environmental engineering field for
pollution control.

MBRs consisting of an aerobic or anaerobic reactor with suspended biomass and mem-
branes for liquid—solid separation are now the mainstream environmental engineering pro-
cesses for water and wastewater treatment. MBRs have been used for treatment of municipal
and industrial wastewater (13), and for reclamation of municipal wastewater for potential
reuse in public water supplies (14).
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With respect to treatment efficiency and system stability, MBRs have several advantages
over conventional processes:

1. With complete solids—liquid separation by the membrane, high biomass concentrations and
relatively short reaction times are possible (13-21).

2. MBRs can produce a clear final effluent regardless of hydraulic retention time and without
concerns of biomass settleability characteristics (15).

3. Biological nitrogen removal is also possible in an intermittently aerated single-stage MBR (16).

A MBR with powdered activated carbon (PAC) addition was applied for drinking water
treatment to remove nitrate, natural organic matter, and pesticides and to disinfect the water
(22). Also, the addition of PAC to the activated-sludge process with attached microbial growth
on the PAC enhanced membrane permeability. The flux enhancement could be attributed to
the development of dense floc particles around the PAC (23, 52).

Brindle and Stephenson (13) studied three generic membrane processes within bioreactors
for wastewater treatment, solids separation and recycle, bubble-less aeration, and priority
organic pollutants extraction. Commercial aerobic and anaerobic MBRs are already in use
producing a high-quality effluent at high organic loading rates. However, bubble-less aeration
and extractive MBRs are still in development.

Dollorer and Wilderer (24) compared oxygenation by bubbling and via a silicone rubber,
bubble-free membrane system in sequencing batch biofilm reactors (SBBRs). The clay-packed
SBBRs achieved 68% dissolved organic compounds removal from hazardous waste landfill
leachate with a 12 h cycle. The bubble-free SBBR emitted less biodegradable volatile organics
than the bubbled system.

Livingston et al. (25) used an extractive membrane bioreactor (EMB) to remove a range of
toxic organic compounds from the chemical industry, achieving more than 99% removal with a
wastewater reactor contact time of less than 30 minutes. The removal efficiency was modeled,
and a new EMB configuration was discussed. Data on the effect of biofilms on membrane
mass transfer were shown. In additional work, this group demonstrated that addition of sodium
chloride to the biomedium increases the maintenance energy requirement of the degradative
organisms and resulted, in a carbon-limited situation, in reduction of biofilm growth. Organic
substrate flux remained high under reduced biofilm growth conditions (26).

Cote et al. (27) discovered that when a submerged membrane was placed in an aeration tank
for municipal wastewater treatment with an anoxic-aerobic process, total Kjeldahl nitrogen
(TKN) removal efficiencies were greater than 69% and 94% at mixed liquor suspended solids
(MLSS) concentrations of 15,000 and 25,000 mg/L, respectively. Further studies on aeration
strategies to optimize nitrogen removal designs are needed. The application of membranes to
biological wastewater treatment is limited by membrane fouling and high energy consump-
tion. Back-flushing with permeate or air in a cross-flow membrane coupled to a biological
reactor has been used to reduce membrane fouling (22, 28, 29). An improvement in flux rates
compared to that for operations without back-flushing was reported.

Air contaminated with trichloroethylene (TCE) was passed through microporous hollow
fibers in a hollow-fiber membrane bioreactor whereas an oxygen-free nutrient solution was
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recirculated through the shell side of the membrane module. A removal efficiency of 30% was
achieved at inlet TCE concentrations of 20 ppmv and a 36-s gas phase residence time (30).

A bioreactor was developed by Clapp et al. (31) using silicone tubing with an attached
methanotrophic biofilm to treat TCE-contaminated waste streams. The reactor was developed
to overcome the low solubility of methane, competitions between methane and TCE, the
lack of NADH regeneration in the presence of TCE only, and the cytotoxic products of TCE
metabolism.

Many other techniques such as formation of a dynamic membrane, precoat, or hydrophobic
skin layers atop the membrane, have been introduced to reduce fouling in cross-flow MBRs,
but these are still in an early stage of evaluation. Some researchers using cross-flow MBRs
have reported that the pumping shear stress caused biological floc break-up, leading to severe
flux decline in long-term operations caused by the small flocs forming a denser biomass cake
layer on the membrane. Additionally, continuous recycling of mixed liquor in a cross-flow
MBR requires a relatively large amount of energy (32-35).

Yamamoto et al. (36) studied an alternative to a cross-flow membrane operation using a
submerged membrane with permeate removal by vacuum suction. The power consumption
per unit volume of treated water was greatly reduced by eliminating the circulation pump, but
the permeate flux was reduced to an impractical low level of less than 2 L/m? h. The energy
consumption associated with filtration in these new submerged membrane reactors was at a
substantially low level of 0.2 to 0.4kWh/m® treated compared to the relatively high energy
consumption (2 to 10 kWh/ m?) with circulation loops (27).

Performance of a sequencing batch reactor using a membrane for effluent filtration was
investigated by Choo and Stensel (37). In terms of chemical oxygen demand (COD) removal,
nitrogen removal, and membrane permeability during long-term continuous operation treating
synthetic wastewater, the reactor was operated with six 4-hour cycles per day consisting
of 0.2, 2.0, and 1.5 hours for fill, aeration, and effluent filtration-idle respectively. Minimal
solids wasting occurred for the first 10 months of operation followed by an 8-day solids
retention time (SRT) for the final 1.5 months. Membrane fouling was controlled by back-
washing with aeration for 10 min during each cycle. A stable permeate flux of approxi-
mately 0.34 (L/m? h) /kPa, or (34 (L/m? h) /bar) was achieved and was independent of mixed
liquor suspended solids concentrations from 700 to 10,000 mg/L. The reactor effluent turbidity
averaged less than 0.20 NTU, and more than 98% COD removal occurred. Nitrogen removal
efficiency ranged from 87% to 93% through biological nitrification and denitrification. Most
of the nitrate was removed during the mixed and unaerated fill period, but a significant amount
of nitrogen was removed by simultaneous nitrification-denitrification (SNDN) during aeration
at dissolved oxygen (DO) concentrations less than 3.0 mg/L.

A new membrane separation process developed by Osmotek of Corvallis, Oregon, USA,
is moving out of the pilot testing phase, and is available for a variety of applications, such as
treating wastewater and landfill leachate, according to the US Department of Energy (DOE),
which helped develop the technology (38).

The technology called direct osmosis concentration (DOC), is a cold temperature mem-
brane process that separates waste streams in a low-pressure environment. DOC uses salt
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brine as an osmotic agent to treat wastewater on board US Navy vessels. The technology also
has been shown to remove 95% of the water from leachate with little maintenance (38).

Anaerobic wastewater treatment processes have become increasingly popular for treating
industrial effluents, especially those containing high levels of fermentative products. Because
of their ability to withhold slow-growing bacteria, anaerobic membrane bioreactors have
generated increased interest in recent years.

Beaubien et al. (20) used a 1.5 m? anaerobic MBR pilot plant to treat condensate from a
distillery to evaluate the possibility of recycling and reusing the treated effluent in alcoholic
fermentations. Consisting mostly of acetate, propionate, and ethanol with a mean chemical
oxygen demand (COD) of 3,000 mg/L, distillery condensates are particularly suitable for
anaerobic treatment. Following a 5-day biological anaerobic MBR start-up period, during
which removal efficiency increased from 40% to 80%, satisfactory performance of the anaer-
obic membrane bioreactor was obtained. More than 75% of the applied load was removed.
The suitability of the treated effluent for reuse in alcoholic fermentations was evaluated by
comparing the alcohol concentration obtained using treated and untreated effluents, and water
as process-dilution fluid in fermentations. The results clearly show that the untreated effluent
significantly inhibits the fermentative organisms, whereas treated effluent does not induce a
noticeable inhibition of alcoholic fermentation.

2. MBR PROCESS DESCRIPTION
2.1. Membrane Bioreactor with Membrane Module Submerged in the Bioreactor

This type of MBR process uses the same biological wastewater treatment as conventional
activated sludge (CAS), but provides tertiary treatment with far fewer unit processes. Aeration,
secondary clarification, and filtration (without the need for coagulation/flocculation) occur
within a single bioreactor (shown in Fig. 4.3), rather than in separate basins.

The MBR process uses hollow-fiber microfiltration or ultrafiltration membranes. The mem-
branes are bundled into “modules” and grouped together in “cassettes.” The cassettes are
connected by a header to a permeate (effluent) pump and are submerged in the bioreactor.
In more recent configurations, the cassettes are submerged in separate tanks, for the ease
of cleaning. The permeate pumps create a vacuum that pulls the effluent into the hollow-
fiber membranes, but leaves the solids behind in the bioreactor. This eliminates the need for
secondary clarification and return sludge pumping (18, 44).

Because activated sludge stays in the bioreactor, the concentration of MLSS is much higher
(10,000 to 12,000 mg/L) than it would be in a conventional activated sludge process. The high
MLSS concentrations facilitate treatment within a smaller bioreactor volume.

The hydraulic capacity of the MBR process is limited by the flow of water per unit area
of the membrane surface. The average flow rate per unit area, or flux, for membranes that are
used for WWT is typically 10 to 15 gal/ft?/day.

This type of MBR process can be built from the ground up, or retrofitted into an existing
CAS aeration basin, as shown in Fig. 4.3. In operation, air is supplied through coarse bubble
diffusers at the base of the membrane cassettes to agitate and scour the membranes for
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Membrane bioreactors combine activated sludge with membrane filtration to
accomplish biological treatment, secondary clarification, and filtration in a single tank.

Fig. 4.3. MBR process system with membrane module submerged in the bioreactor.

cleaning and to provide oxygen for biological treatment. At regular intervals, automatic
backwash (backpulse) cycles clean and restore permeability to the membranes. The coarse
bubble diffusers used for membrane cleaning do not transfer oxygen efficiently, so fine bubble
diffusers (or other means of aeration) are added to supply more air for treatment.

2.2. Membrane Bioreactor with Membrane Module Situated Outside the Bioreactor

This type of MBR process system is schematically shown in Fig. 4.4. Screened influent
enters the bioreactor, where it is oxidized to remove organic pollution, as well as ammonia,
if any. The mixed liquor from the bioreactor at an MLSS concentration ranging from 10 to
20 g/L is withdrawn and pumped through a crossflow membrane filtration module. The per-
meate from the membranes constitutes the treated effluent. The retentate stream representing
concentrated biosolids is returned to the bioreactor. Excess biosolids are wasted from the
bioreactor or from the return line.

It may be noted that due to the membranes acting as absolute barrier for solids, it is possible
to accurately maintain the desired sludge age or solids retention time (SRT). Also the micro-
or ultra-filtration membranes used for separation are capable of separating suspended and
colloidal solids, organic macromolecules as well as micro-organisms from treated effluent.
Figure. 4.1 and 4.2 illustrate this point.

The MBR system introduced in this section is based on an external or in-series configura-
tion, where the membrane units follow and are situated outside the bioreactor. This helps keep
the two processes separate, avoiding interferences and enabling individual optimization.
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The complete separation of hydraulic and solids retention times provides optimum control
of biological reactions, and greater reliability and flexibility in use (15, 20, 21). The MBR
system typically uses high SRTs in the range of 60 to 100 days. The high SRT used helps in the
development of slow-growing micro-organisms, such as nitrifying bacteria, as well as provides
complete biodegradation of difficult-to-treat components such as organic macromolecules,
which are retained by the membrane units, and kept in the system until biodegradation.

2.3. MBR System Features

The two most common types of MBR system are introduced in Sections 2.1 and 2.2 (see
Figs. 4.3 and 4.4). Since both are very similar to each other, only one type (Section 2.2;
Fig. 4.4) is described in detail in the remaining sections of this chapter. Entire MBR system
shown in Fig. 4.4 includes, but is not limited to the screen, conditioning tank, bioreactor,
pumps, and pipes. Special system features of the innovative MBR system (Fig. 4.4) include:

Very high quality bacteria-free effluent.

High organic loading loading (2 to 4 kg COD/m?> day or 0.12 to 0.25 Ib/ft> day).
High MLVSS (10,000 to 20,000 mg/L).

Efficient oxygen transfer.

Very high sludge ages used (30 to 100 days).

Thirty-five percent to 45% less excess biosolids (sludge) production.

Promoting growth of slow-growing bacteria.

Immune to filamentous and other bulking.
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The working principle of the crossflow membrane filtration is illustrated in Fig. 4.5, based
on one membrane module.

In operation, the mixed liquor from the bioreactor (see Fig. 4.4) passes a security filter,
then enters the mixed liquor inlet of a membrane module, which consists of many bundles
of membrane filters. Through the mixed liquor inlet, the mixed liquor enters the tube-type
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Fig. 4.4. MBR process system with membrane module situated outside the bioreactor.
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Fig. 4.5. Working principle of crossflow membrane filtration.

membrane filters where water-solid separation occurs under high pressure. The liquid portion
of the mixed liquor is forced by pressure to pass through the tube-type membrane filter
becoming the treated effluent, whereas the suspended solids remain becoming highly con-
centrated retentate (or concentrate). The suspended solids are mainly micro-organisms from
the bioreactor having particle sizes larger than that of the membrane filter’s pores.

The treated effluent (or treated water) as shown in Figs. 4.4 and 4.5, is discharged to a
receiving water or reused.

The retentate from the membrane modules is partially returned to the bioreactor as return
activated sludge (RAS), and partially wasted as excess sludge (Fig. 4.4).

Since the direction of mixed liquor flow inside of a tube-type membrane filter is perpen-
dicular to the direction of treated effluent passing through the membrane, this flow pattern
is called crossflow filtration—this is the first special membrane feature of the membrane
filtration operation.

The second special membrane feature, created by ONDEO Degremont involves the use
of ceramic membranes, which have very high corrosion resistance, and can be cleaned more
efficiently, and are less prone to bio-fouling.

Availability of various pore sizes in ultrafiltration and microfiltration range (Figs. 4.1
and 4.2) is the third special membrane feature.

The fourth special membrane feature is that the membranes can be cleaned by CIP (clean-
in-place) techniques, using crossflow filtration, and reverse backwash operation.

As discussed previously, a complete MBR system (Fig. 4.4) developed by ONDEO Degre-
mont, is based on external or in-series configuration, where the membrane units follow, and are
situated outside the bioreactor. This added special feature may keep the biological process in
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the bioreactor, and the liquid—solid separation process (clarification) in the membrane module
separate, avoiding interferences, and enabling individual process optimization.

2.4. Membrane Module Design Considerations

Membrane processes are characterized by two basic process parameters: (a) flux, which is
the rate of transport of solvent or solution through the membrane; and (b) rejection, which is
the degree of separation of a particular feed component.

There are five major variables that affect the two basic process parameters: (a) driving force
in terms of applied transmembrane pressure and/or electric voltage/current; (b) flow velocity
which affects turbulence and mass transfer coefficient; (c) process water temperature which
has effects on physical properties such as density, viscosity, diffusivity, osmotic pressure,
surface tension and others; (d) feed stream characteristics in terms of particle concentration,
particle size, viscosity, molecular weight, molecular configuration, ionic charges, and fouling
potential; and (e) membrane module in terms of materials, pore sizes, membrane configura-
tion, membrane ionic charges, and feed compatibility (1).

There are basically six different designs of membrane modules: (a) tubular modules with
channel diameters greater than 3 mm; (b) hollow fiber or capillary modules made of self-
supporting tubes, usually 2mm or less in internal diameters; (c) plate modules; (d) spiral-
wound modules; (e) pleated sheet modules; and (f) rotary modules. The latter four module
designs use flat sheets of membrane in various configurations (1).

In selecting a particular membrane module and a particular membrane process, the major
criteria are: (a) feed stream characteristics, which affect the biocompatibility of the mem-
branes; (b) flux requirements, which are controlled by the volumetric rate of a feed stream;
(c) rejection requirements, which decide the process objectives and treatment efficiencies; and
(d) cost requirements, which are affected by energy consumption, membrane replacement cost
and operating and cleaning costs.

Biocompatibility of the membrane relates to the interaction between the membrane mod-
ule and the feed stream. Major biocompatibility factors include: (a) stability to extremes
in temperature, pressure, and pH, especially under cleaning and sanitizing conditions; (b)
membrane—solute interactions, which affect the rate of fouling, cleaning, yields, and rejection
of individual feed substances; and (c) acceptability of the membrane as a contact material for
the final product, which essentially implies using membrane materials that are inert and do not
leach out any toxic substances from the membrane into the final product. In this regard, there
are new generations of membranes, made of expensive inorganic materials, such as ceramics,
stainless steel, carbon—zirconia, etc.

MF membranes are made of a wide range of inorganic materials (such as alumina,
zirconia—carbon composites, carbon—carbon composites, ceramics, stainless steel, silica, etc.)
and natural and synthetic polymers (such as polypropylene, polycarbonates, polysulfone,
polyvinylchloride, PVC copolymer, cellulose esters, cellulose acetate, etc.) (1)

UF membranes are mainly made of polysulfone-type materials (such as polyether sulfone,
polyphenyl sulfone, sulfonated polysulfone, etc.) although they are also available in a wide
range of organic materials (such as PVC copolymer, cellulose acetate, etc.) and inorganic
materials (such as ceramic composites, stainless steel, etc.).
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Most NF membranes are multiple-layer thin-film composites of synthetic polymers. The
active NF membrane layer usually consists of negatively charged chemical groups. NF
membranes are of porous filter media with an average pore diameter of 2 nm. The nominal
molecular weight cutoff ranges from 100 to 200. The active NF membrane layer can be made
of polyamide, polyvinyl alcohol, sulfonated polysulfone, and sulfonated polyether sulfone.
Salt rejection by NF membranes is mainly due to electrostatic interaction between the ions
and the NF membrane. Rejection of neutral substances is by size.

Cellulose acetate and derivatives are widely used as the RO membrane, despite their real
and perceived limitations. Thin-film composite membranes containing a polyamide separating
barrier on a polysulfone or polyethylene supporting layer, generally give better performance
for RO applications with regard to temperature and pH stability and cleanability, but have
almost zero chlorine resistance. In general, these thin-film composite membranes will be the
material of choice for RO applications, unless there is a specific fouling problem with these
membranes.

There are four types of membrane equipment: tubular membrane modules, hollow-fiber
membrane modules, plate membrane modules, and spiral-wound membrane modules. Each
design has its own special applications, advantages, and disadvantages (1).

The large-bore tubular membrane modules are suitable for food streams with high concen-
trations of suspended solids such as citrus juices and animal waste streams, even though the
tubular membrane modules have the lowest packing densities and highest energy consumption
among all the modules. The tubular designs with ceramic inorganic membranes are frequently
used in the food processing industries.

The hollow-membrane modules have extremely high packing density (surface area to
volume ratios) and comparatively low energy consumption, and are suitable for comparatively
clean feed streams with low concentrations of suspended solids and macromolecules. Certain
macromolecules display non-Newtonian behavior. Their viscosity will increase dramatically
above certain concentrations, making pumping difficult and reducing mass transfer within the
boundary layer. This will eliminate most hollow fiber/capillary modules because they cannot
withstand high pressure drops.

Membrane modules using flat sheets (spiral-wound, plate, and pleated sheet modules)
usually have a meshlike spacer between sheets of membrane. This restricts their use to clear
feed streams containing only fine SS.

Feed streams containing large SS would be treated poorly in spiral-wound modules, owing
to the spacers in their feed channels. On the other hand, spiral-wound membrane modules
are the lowest in capital costs and energy consumption. The trend in the food and beverage
industries in recent years seems to be away from plate modules and towards spiral-wound
modules, with ceramic tubular modules holding their own.

3. PROCESS COMPARISON

3.1. Similarity

Figure 4.6 and Table 4.1 show the similarities and dissimilarities of CAS process system
and the innovated MBR process system.
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Fig. 4.6. Comparison between membrane bioreactor and conventional activated sludge system.

Table 4.1

Comparison of MBR and conventional activated sludge (CAS)
systems

Dairy application CAS MBR
WW flow (m?/day) 600 600
Influent COD (mg/L) 5,000 5,000
Influent BOD5 (mg/L) 3,000 3,000
BODjs (kg/day) 1,800 1,800
Recycle of treated effluent (m?/day) 0 400
Aeration volume (m?) 4,500 600
Total floor space requirement (m?) 1,300 260
Effluent COD (mg/L) 90 30
Effluent BODs (mg/L) 30 5
Effluent TSS (mg/L) 30 0

Based on a 5-month pilot study at the dairy site in France.

The CAS and MBR process systems are similar from a biochemical engineering viewpoint.
The basic process system of either CAS or MBR includes the unit processes of: influent
feed, biological oxidation, final clarification, treated effluent discharge, return activated sludge
(RAS), and excess sludge discharge. Both the CAS and MBR require air supply to support the
biological oxidation. Because the theory and principles of process chemistry of both CAS and
MBR are the same, the detailed process chemistry is discussed in the chapter on Activated
Sludge Process, and will not be repeated here.
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Both CAS and MBR can be operated for the purpose of carbonaceous oxidation, nitrifica-
tion, and denitrification.

3.2. Dissimilarity

Then what are the differences between a CAS system and an MBR process system? Again
the readers are referred to Fig. 4.6 and Table 4.1.

3.2.1. Reactor, MLSS, and Space Requirement Comparison

Assuming a CAS process system and a comparable MBR process system will be treating
the same wastewater influent flow of 600 m?/day, the influent BODs concentration and
BODs load are 3,000 mg/L and 1,800 kg/day, respectively (see Table 4.1). The CAS system
will require a large 4,500m> aeration tank (MLSS = 4,000 mg/L) for biological oxida-
tion, whereas the MBR system will require a much smaller 600 m* bioreactor (MLSS =
15,000 mg/L) for biological oxidation. As shown in Fig. 4.6, the mixed liquor from the
CAS aeration tank flows to a large sedimentation clarifier (2 to 4h hydraulic detention
time) for clarification (or liquid—solid separation), whereas the mixed liquor from the MBR
bioreactor flows to a compact membrane modules system (<0.5h hydraulic detention time)
for clarification. Accordingly, the footprint of an MBR process system is much smaller. In this
specific example, the total floor space requirements of the CAS and MBR systems are 1,300
and 260 m?, respectively.

3.2.2. Effluent Quality Comparison

The most significant comparison has been done on the treated effluent quality. Table 4.1
indicates that the effluent COD, BODs, and TSS are 90, 30, and 30 mg/L, respectively, for
the CAS process system. The MBR process system’s performance is much better: the effluent
COD, BODs and TSS are 30, 5, and 0 mg/L, respectively. The above process comparison is
based on a 5-month pilot study at a dairy processing plant in France.

3.2.3. Cost Comparison and Water Recycle Considerations

How is the cost comparison? Based on limited cost data, the innovative MBR process
system is cheaper to build, but more expensive to operate, in comparison with the CAS process
system, if the treated effluent is not to be recycled for reuse.

Because of the high biomass concentration in the bioreactor (10,000 to 20,000 mg/L), the
reactor can be made much more compact compared to CAS process systems. Additionally,
this facilitates the system to accept higher organic loads.

Another major advantage of the MBR process system is that the excess sludge production
is lower than conventional systems. This creates higher solids retention times (SRT) used in
the process, and is a function of the shear forces imparted to the biomass as they move through
the crossflow membrane units (for external membrane MBR configurations).

Thus, whereas the MBR system is an enhancement of the CAS system, it is quite different in
space requirements, and especially in effluent quality. Figure 4.7 further illustrates graphically
a comparison of the MBR and CAS systems, both designed to produce an effluent quality,
suitable for recycle/reuse within and without the production facility.
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Fig. 4.7. Comparison between MBR and equivalent traditional WWTP.

In a water shortage region, such as California, the treated effluent should be recycled
for reuse as much as possible. When water recycle is under consideration by environmental
engineers, then both capital and O&M (Operations and Maintenance) costs of an MBR system
will be much lower than that of a comparable CAS system. As shown in Table 4.1, 67%
of the MBR treated effluent will meet the water quality requirements for direct nonpotable
reuse, whereas the CAS treated effluent will not be suitable for recycle and reuse, unless
tertiary treatment process units, such as, sand filter (SF), activated carbon filter (ACF), and
disinfection are added for further effluent purification.

3.2.4. Waste Treatment Consideration

Finally the average MLSS in a CAS aeration tank is around 4,000 mg/L, whereas that for
an MBR system is approximately 15,000 mg/L (10,000 to 20,000 mg/L range), as shown in
Fig. 4.6. Then an MBR process system with much higher MLSS concentration is more suitable
than a CAS process system when treating a high-strength wastewater stream.

3.2.5. Summary

In summation, the following are the advantages of an MBR process system over a CAS
process system (15, 39, 40):

Excellent quality of treated effluent.

Possibility of recycle/reuse of treated effluent—better overall water economy.

Very compact installation: low construction costs.

Lower sludge production: lower sludge handling and nutrient costs.

Operating flexibility and simplicity; no sludge bulking problems, full automation possible.

Nk L=
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6. Ideal preparation for the future; more stringent standards, rising costs of make-up water, etc.
7. Good aesthetics—appearance, odor, etc.
8. Modular design: easily expandable for future capacity.

4. PROCESS APPLICATIONS
4.1. Industrial Wastewater Treatment

The various advantages of the MBR process system give it a unique application niche in the
treatment of industrial wastewater. Typical wastewater characteristics where MBR becomes a
viable technology are as follows:

1. Flow rate: up to approximately 500,000 gpd.
2. COD: greater than approximately 2000 mg/L.

Industries where this technology can be implemented include chemical, petrochemical,
pharmaceutical, fine chemicals, cosmetics, dairy, pulp and paper, automotive, landfill leachate,
food, textiles, etc.

An MBR system has been designed for a petrochemical company located in south-east
Texas to treat three high-strength industrial wastewaters containing alcohols and sulfur-
containing compounds (17). The design was based on a field pilot test conducted by
Envirogen, a company in Lawrenceville, New Jersey. One wastewater stream consisted of
approximately 60% isopropanol by weight. The other streams contained light hydrocarbons
and organic sulfides. The influent COD to the MBR system was 25,000 mg/L. Removal
efficiencies averaged 90% to 95%, thereby allowing the plant to cost-effectively stay within
regulatory limits. The three streams treated accounted for <2% of the plant’s hydraulic
wastewater load, but >70% of the organic wastewater load.

An industrial plant manager would like to consider possible adoption of an MBR process
system for treating the industrial wastewater, usually because of the following reasons:

1. MBR system has smaller plant footprint because it treats low-flow high-strength streams, and
operates at a much higher MLSS concentration.

2. MBR system has the possibility to recycle 40% treated effluent to existing RO step (no further

pretreatment steps required).

MBR’s modularity is suitable to double the capacity in the future.

MBR system can be installed easily in an old unused building.

5. MBR system has much less excess biosolids (sludge) production—its highly concentrated

biosolids can be used as supplemental fuel in a boiler.

MBR system is the most cost-effective and reliable solution overall.

7. On-site pilot tests have shown simplicity and ease of operation of the MBR system.

W

a

4.2. Municipal Wastewater and Leachate Treatments

For treatment of high-flow low-strength municipal wastewater, the MBR process system
can not economically compete with conventional activated sludge (CAS) process system, if

1. The municipality has plenty of land available for WWT facility construction
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2. The treated effluent does not have to meet very stringent effluent standards (including nutrient
removal and/or heavy metal removal)

3. The treated effluent does not have to be recycled for reuse

4. The project does not involve expansion of capacity or treatment by retrofit

In case one or more of the above factors does/do not apply, the MBR system will have
an edge for competition with the CAS process system. The technical as well as economic
feasibility of treating municipal wastewater by MBR has been positively demonstrated (17,
18).

For treatment of low-flow high-strength leachate from sanitary landfill sites, MBR process
system is superior to the CAS process system in terms of both effluent quality and cost (15,
17, 20, 38).

Two aerobic MBR reactor systems are currently being designed for a municipal wastewater
treatment district in southern New Jersey, USA. On of these MBR systems will be used to pre-
treat landfill leachate (17) shipped to the facility from the surrounding area. The effluent from
the pretreatment system will then be polished in the existing municipal wastewater treatment
plant (WWTP). The design influent flow to the MBR system is 400,000 gpd with a COD of
10,000 mg/L. COD is the measure of the amount of oxygen required to oxidize organic and
oxidizable inorganic compounds in wastewater (WW). The COD test is used to determine the
degree of pollution in WW. The footprint of the system is approximately 7000 ft> (2000 ft* for
reactors and membranes and 5000 ft* for pumps, blowers, and other auxiliary equipment).

The second aerobic MBR system is being designed as a mobile publicly owned treatment
works (POTW). It will be capable of treating 80,000 gpd with an influent BODs of 625 mg/L.
This system will have phosphorus removal and disinfection capabilities built in. The footprint
for this system is approximately 640 ft>. The system is trailer-mounted (two 40 ft long by 8 ft
wide skids) and will be highway transportable. (17)

Another case history of an aerobic MBR system for the treatment of a sanitary landfill
leachate (20) is presented in Section 5.2.

5. PRACTICAL EXAMPLES
5.1. Example 1. Dairy Industry

A dairy plant in central France produces 35,000 t/year of fruit- and other yogurts from milk.
Its WW source includes washing of yogurt vat bottoms, other wash water, and cooling water
blowdown. The plant needs a modern wastewater treatment (WWT) system to properly treat
its combined WW. The following are the requirements:

1. Had very little floor space.
Water recycling (up to 70%) makes the plant less dependent on external water sources, which
were not reliable.

3. The receiving water was in a fragile eco-system, which required as much flow and organic
pollution to be removed.
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Solution:

The modular design of the MBR process system enables the dairy plant to keep up
with increased production in a phased manner, without over-investing in initial capital cost.
Comparative data developed as a result of pilot testing are provided in Table 4.1. Both CAS
and MBR process systems were piloted at the same time treating the same WW (Influ-
ent flow = 600 m? /day, Influent COD = 5,000 mg/L, Influent BODs = 3,000 mg/L) for 5
months.

It can be seen from Table 4.1 that the performance of the tested MBR process system was
much better than that of the CAS process system.

Based on the pilot tests, the full-scale feasible CAS process system would have required
4,500 m> of aeration volume, and 1,300 m? of total floor area. Although the CAS system
did meet the effluent COD standard (over 90% COD reduction), the effluent TSS averaged
30 mg/L, which was too high to recycle the CAS effluent for nonpotable reuse.

The MBR process system, on the other hand, was compact, requiring only 600 m? of
aeration volume, and 260 m? of total floor area. The MBR effluent COD, BODs, and TSS
were 30, 5, and 0 mg/L, respectively. The MBR effluent quality did meet the requirements for
recycle as nonpotable water.

A full-scale MBR system was purchased by the dairy plant, and started up in May 1998,
and is operating successfully.

The reasons for SLVO dairy plant to select MBR technology are summarized below:

High quality bacteria-free effluent (suitable for nonpotable reuse).
Possibility to recycle/reuse up to 70% of the treated effluent.

Small footprint (20% compared to CAS).

Ability to expand in the future.

Thirty-five percent less excess biosolids (waste sludge) production.
No odor problems.

Ease of operation and maintenance (operator friendly).

Fits in with equipment in the dairy plant.

Lowest cost option overall.

WO h W~

5.2. Example 2. Landfill Leachate Treatment

A landfill site in Arnouville, a small town in the suburbs of Paris, France needs a cost-
effective process system for treating its municipal landfill leachate.

Landfill leachates originate mainly from percolation of rainwater and biological decompo-
sition of wastes. Depending on such factors as age of the landfill and waste composition,
leachates can contain high levels of organic and inorganic compounds, making treatment
mandatory before reuse or discharge into the environment. Although conventional biological
or physico-chemical processes (4—11) can efficiently remove SS, organic compounds and
nitrogen, more stringent regulations have been implemented in several countries requiring
removal of salts (chlorides, sulfates) and heavy metals.

Reverse osmosis (RO) is a well-known technology with many useful applications, mostly
in the desalination of seawater. However, RO treatment of food industry process water (1)
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Table 4.2
Performance of MBR-RO process system on landfill leachate application in Arnouville
(near Paris), France

Raw leachate MBR effluent RO effluent Overall removal
Parameters quality quality quality efficiency (%)
COD (mg/L) 2,500 710 10 >99
TOC (mg/L) 740 230 1 >99
NH3-N (mg/L) 410 7 3 >99
CI™ (mg/L) 1,500 1,450 50 >95
TSS (mg/L) 300 0 0 100

requires complete removal of SS and organic matter to avoid rapid fouling and clogging of the
membranes (see Section 1.2.1).

In view of the respective capabilities of conventional biological processes, conventional
physico-chemical processes, MBR, and RO, please recommend a solution to the landfill
leachate treatment, which should be technically and economically feasible.

Solution:

In view of the respective capabilities of various processes, a combination of MBR processes
and RO could provide an integrated system able to treat highly contaminated leachates and
produce high-quality effluent meeting current and future regulations.

On the basis of results obtained during a 1-year pilot study, a full-scale plant was designed
and installed to treat municipal leachates from a sanitary landfill site in the suburbs of Paris,
France. The system consisted of an MBR process system followed by an RO unit. Results
obtained are provided in Table 4.2.

Table 4.2 shows that the MBR process system (with ultrafiltration and/or microfiltration
membrane) was able to achieve the following percent removal efficiency while treating the
landfill leachate:

1. COD: 71.6%.
2. TOC: 68.9%.
3. NH3-N: 98.3%.
4. ClI":3.3%.

5. TSS: 100%.

Although the TSS removal for an MBR process system was 100%, the removals of COD,
TOC, and NH3-N were moderate-high, and that of chloride was poor.

The MBR system nevertheless was an excellent pretreatment unit for treating the sanitary
landfill leachate, prior to the RO process system, due to reduction in silt density index (SDI),
which is a very important parameter for satisfactory RO performance.

With the combination of MBR and RO, the overall removal efficiency of COD, TOC,
NH;-N, Cl7, and TSS were all over 99%, which was very satisfactory.

The definitions of RO are given in Section 1.2.1.
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Table 4.3
Coffee factory high-strength streams composition

Flow TSS S-COD T-COD BODs
Influent gpd gpm mg/lL  1b/day mg/LL Ib/day mg/L 1lb/day mg/L. Ib/day

Stream 1 8,500 6 1,060 75 6,060 430 8870 630 3375 240
Stream I 24,000 17 220 44 6,440 1,290 7,000 1,400 3,375 675
Stream III 3,400 2 585 17 6,770 190 7,460 210 3,385 96
Stream IV 13,000 9 220 24 2,660 290 2,800 305 1,180 124
Total 48,900 34 390 160 5390 2,200 6,240 2,545 27780 1,135

Contaminant concentrations for the “Total” is an average based on “Total” load and flow.

5.3. Example 3. Coffee Industry

A coffee processing plant in Belgium produces 625 m?/day (165,000 gpd) of combined
WW, of which 70% is low-strength, and 30% is high-strength. The combined WW has the
following characteristics:

BODs: 1,150 mg/L.
S-COD: 2,180 mg/L.
T-COD: 2,700 mg/L.
TSS: 280 mg/L.
Temperature: 15°C.

N

The high-strength WW was the plant manager’s main concern. Table 4.3 summarizes the
high-strength composition.

The government had issued an effluent discharge permit with the following effluent limita-
tions:

Total Flow: 237,600 gpd.

TSS: 500 mg/L, and 220 Ib/day.
S-COD: no limits.

T-COD: 2,000 mg/L and 3,000 Ib/day.
BODs5: 400 mg/L and 600 Ib/day.

Al

If you were the plant’s environmental engineer responsible for WW compliance at this
coffee plant, what would be your recommended engineering solutions to the plant manager?

Solution:

The coffee plant’s environmental engineer decided to conduct a feasibility or treatability
study, and selected an MBR pilot plant with the following specifications:

1. Skid dimensions = 13’ x 7" x 8'H.
2. Weight = 4,000 Ib (shipping); 8,000 1b (operating).
3. Connections =

Influent = 1.5” hose clamp
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Discharge = 2" male NPT
Water supply = 5 to 10 gpm (3/4” hose clamp)
4. Electrical = 3 phase, 240V, 60 Hz, 100 A, 2 grounds.
5. Flow rate = approximately 1 gpm (depends on influent BOD/COD).

6. AUTOMATIC CONTROL SYSTEM

It was known that the MBR system is technically and economically feasible for treating
high-strength and low-flow WW streams. It was then recommended by the plant’s envi-
ronmental engineer that only the low-flow high-strength stream (representing 30% of total
combined WW flow) would require treatment in an MBR system. The remaining 70%
untreated low-strength streams could be post-blended with the treated effluent from the MBR,
resulting in a combined, or blended effluent, which would meet the discharge permit’s effluent
limitations (see Fig. 4.8).

The 1-gpm pilot plant demonstration was very successful. The above proposed engineering
solution was fully proven by the MBR performance. Accordingly an MBR process system
was ordered, installed, started-up, and operated at the coffee plant. Fig. 4.8 shows the full-
scale WWT flow schematic implemented by the coffee plant. The successful performance
data of the installed process system are shown in Table 4.4. It is seen from Table 4.4 that the
quality of the MBR effluent was very high. Critical effluent parameters were as follows:

TSS = 0mg/L
S-COD = 250 mg/L
T-COD = 250 mg/L
BODs = 50mg/L

After blending the MBR treated effluent and the untreated low-strength WW together, the
resulting blended final effluent, indeed, met all effluent limitations in the permit.
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Table 4.4

Coffee factory effluent characteristics

Effluent MBR influent ~ MBR effluent Untreated Post-blended Permitted

Flow gpd 48,900 - 114,915 163,815 237,600
gpm 34 - 80 114 165

TSS mg/L 390 0 230 160 500
1b/day 160 0 220 220 990

S-COD mg/L 5,390 250 820 645 -
Ib/day 2,200 100 785 885 -

T-COD mg/L 6,240 250 1,230 930 2,000
Ib/day 2,545 100 1,180 1,280 3,000

BODs mg/L 2,780 50 460 335 400
Ib/day 1,135 20 440 460 600

6.1. Example 4. Cosmetics Industry

The WW discharged from a major cosmetics manufacturing plant in northern France was
originally treated at the local municipal wastewater treatment plant (WWTP). Average flow
rate was 160 m? /day (42,240 gpd). In order to cut down sewer surcharge as well as fresh water
costs, the plant set a goal to remove 90% of the total COD, and recycle at least 30% of the
treated effluent for non-process uses within the plant.

Solution:

A pilot aerobic MBR test program was conducted at the plant using a 1 m?* (264 US gal)
pilot plant to determine treatability as well as to obtain full-scale design parameters. Results
from the 5-month test program demonstrate the excellent overall performance of the MBR
process system in terms of efficiency and reliability. Removal efficiencies obtained were 98 +
% for COD, 99% for NH4-N, and 99% for FOG (fats, oils, and greases). Removal of TSS was
total; yielding an effluent that could satisfy the recycle criteria within the plant (15, 20).

Following the pilot test program, a full-scale system was designed and installed to handle
150 m? /day flow, and 1200 kg/day COD. The membrane filtration unit consisted of ceramic
microfiltration modules, which were modular and suitable for expansion. The plant has
been successfully in operation since the summer of 1994. Despite the variable flow rate
and characteristics of the influent WW (COD 2 to 6g/L; COD/BODs 1.8 to 2.5), the
treated effluent from the innovative MBR process system has been of consistent high quality
(COD < 100mg/L; BOD < 20mg/L; TSS 0 mg/L; no bacteria). Part of the treated effluent
is recycled for reuse in the factory lavatories, and for irrigation. The rest is discharged via a
holding pond populated by fish, ducks, and reeds.

The quantity of excess biosolids produced is lower than conventional aerobic systems.
Approximate net yield is 0.1 kg volatile suspended solids (VSS) per kg COD removed. The
plant is easy and economical to operate. One part-time operator is adequate to perform process
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Table 4.5

Aerobic MBR treatment of cosmetic factory wastewater in France
Parameter Influent quality (mg/L) Effluent quality (mg/L)
COD 6,500 <100

TSS 240 0

NH3-N 40 0.4

FOG 2,500 <2

evaluation duties, which consist of standard analyses of WW parameters. An automatic system
facilitates process control at this plant.
Table 4.5 presents the results of aerobic MBR treatment at this facility (20).

7. CONCLUSIONS
7.1. Industrial Applications

The MBR process system is a proven, reliable, modular, and compact industrial WWT
system, that has been successfully implemented in several full-scale installations. Several
years of operation has proven its reliability and efficiency for a variety of industrial plant
owners, who use it as a water management tool, to conserve precious water resources and
reduce overall operating costs (39, 40).

7.2. Municipal Applications

For treatment of high-flow low-strength WW, the MBR process system will be applicable
and cost-effective if one or more of the factors below will apply:

1. The municipality has no space available for expansion.
The treated effluent must meet very stringent effluent standards (including nutrient and/or heavy
metals removal).

3. The treated effluent has to be recycled for reuse.

In addition to the above municipal WWT applications, leachate from municipal sanitary
landfills can also be cost-effectively treated by the newly developed MBR process system.

Although membrane process systems have been widely used for potable water treatment
(3, 46), the use of MBR process systems for municipal potable water treatment (mainly aiming
at nutrients removal) is still in developmental stage.
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COMMERCIAL AVAILABILITY

Full-scale MBR process systems are available in the US through companies such as Ondeo

Degremont, Zenon Environmental Inc., US Filter, etc.
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Abstract The sequencing batch reactor (SBR) is a fill-and-draw activated sludge system
for wastewater treatment. SBR systems have been successfully used to treat both municipal
and industrial wastewater. They are uniquely suited for wastewater treatment applications
characterized by low or intermittent flow (IF) conditions. This chapter discusses the follow-
ing aspects of the process: background and process description, proprietary SPR processes,
description of a treatment plant using an SBR, applicability, advantages and disadvantages
design criteria, process performance, operation and maintenance, cost, and packaged SBR for
onsite systems.
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1. BACKGROUND AND PROCESS DESCRIPTION

The sequencing batch reactor (SBR) is a fill-and-draw activated sludge system for wastew-
ater treatment (1). The prototype for the activated sludge concept was developed on a
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fill-and-draw basis (2). Shortly after that initial study, the emphasis switched to continuous
flow “conventional” activated sludge. In an SBR system, wastewater is added to a single
“batch” reactor, treated to remove undesirable components, and then discharged. Equalization,
aeration, mixing, and clarification can all be achieved using a single batch reactor. To optimize
the performance of the system, two or more batch reactors are used in a predetermined
sequence of operations. SBR systems have been successfully used to treat both municipal
and industrial wastewater. They are uniquely suited for wastewater treatment applications
characterized by low or intermittent flow conditions.

Fill-and-draw batch processes similar to the SBR are not a recent development as com-
monly thought. Between 1914 and 1920, several full-scale fill-and-draw systems were in
operation. Interest in SBRs was revived in the late 1950s and the early 1960s, with the
development of new equipment and technology. Innovations in aeration devices, control
logic, level sensors, solenoids, and hydraulic energy dissipators have surmounted the earlier
limitations and revitalized interest in SBR technology (3). The resurgence of interest in SBRs
was initially limited to small treatment applications; however, the need for greater treatment
efficiencies and nutrient removal owing to increasingly stringent effluent limits has resulted in
the adoption of SBR technology in installations as large as 660 L/s (15 MGD) (4).

The first modern, full-scale plant for SBR treatment of municipal wastewater in the United
States was the Culver, Indiana, wastewater treatment facility (5). Retrofitted for the SBR
process, operation was initiated in May 1980 (6). Since that time, SBR technology has become
widespread in the United States, with more than 150 plants in operation (7). SBRs can be mod-
ified to provide carbonaceous oxidation, nitrification, and biological nutrient removal (BNR).
Approximately 25% of all SBR systems were designed to achieve nutrient removal (8).

The unit processes of the SBR and conventional activated sludge systems are the same.
A US EPA report summarized this by stating that the SBR is no more than an activated
sludge system that operates in time rather than in space (1, 3). The difference between the
two technologies is that the SBR performs equalization, biological treatment, and secondary
clarification in a single tank using a timed control sequence. This type of reactor does, in some
cases, also perform primary clarification. In a conventional activated sludge system, these unit
processes would be accomplished by using separate tanks.

The SBR consists of a self-contained treatment system incorporating equalization, aeration,
anoxic reaction, and clarification within one basin. Intermittently fed SBRs consist of the
following basic steps (1, 3, 9):

1. Fill—The fill operation consists of adding the waste and substrate for microbial activity. The fill
cycle can be controlled by float switches to a designated volume or by timers for multireactor
systems. A simple and commonly applied mode to control the fill cycle is based on reactor
volume, resulting in fill times inversely related to influent flow rates. The fill phase can include
many phases of operation and is subject to various modes of control, termed static fill, mixed fill,
and react fill. Static fill involves the introduction of waste influent with no mixing or aeration. This
type of fill method is most common in plants requiring nutrient control. In such applications, the
static fill will be accompanied by a mixed fill stage such that the microorganisms are exposed to
sufficient substrate, while maintaining anoxic or anaerobic conditions. Both mixing and aeration
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are provided in the react fill stage. The system may alternate among static fill, mixed fill, and react
fill throughout the fill cycle.

2. React—The purpose of the react stage is to complete reactions initiated during fill. The react
stage may be comprised of mixing or aeration, or both. As was the case in the fill cycle, desired
processes may require alternating cycles of aeration, The length of the react phase may be
controlled by timers, by liquid level controls in a multitank system, or when the desired degree
of treatment has been attained, verified by monitoring of reactor contents. Depending upon the
amount and timing of aeration during fill, there may or may not be a dedicated react phase.

3. Settle—Liquid—solid separation occurs during the settle phase, analogous to the operation of
a conventional final clarifier. Settling in an SBR can demonstrate higher efficiencies than a
continuous-flow settler, since total quiescence is achieved in an SBR.

4. Draw—-Clarified effluent is decanted in the draw phase. Decanting can be achieved by various
apparatus, the most common being floating or adjustable weirs. The decanting capability is one
of the operational and equipment limitations of SBR technology. Adaptation or development of
equipment compatible with a fluctuating liquid level is required.

5. Idle—The final phase is termed the idle phase and is only used in multibasin applications. The
time spent in the idle phase will depend on the time required for the preceding basin to complete
its fill cycle. Biosolids wastage will typically be performed during the idle phase.

A typical SBR process sequence schematic is shown in Fig. 5.1.

Denitrification can occur during the fill or react stages by cycling the aerators, and during
the settle and draw period. An obvious advantage of an SBR systems with low flows is that
the reactor contents can be retained until the desired level of treatment is achieved, providing
that sufficient tankage exists to equalize or accommodate the additional influent.

2. PROPRIETARY SBR PROCESSES

SBR manufacturers have adapted the sequence of batch treatment cycles in various ways.
One classification of SBR systems distinguishes those which operate with continuous feed and
intermittent discharge (CFID) from those which operate with intermittent feed and intermittent
discharge (IFID). IFID reactors are characteristic of the conventional fill-and-draw SBR
reactors in that the influent flow to the reactor is discontinued for some portion of each
cycle. The CFID reactors receive wastewater during all phases of the treatment cycle. A key
design consideration with such systems is minimization of short-circuiting between influent
and effluent. This is accomplished by locating the feed and withdrawal points at opposite
ends of the tank, using rectangular reactors with length-to-width ratios of at least 2 to 1 and
providing baffling.

The steps and associated conditions and purpose of a complete, typical cycle for a single
tank operated as part of an IFID SBR system designed to achieve nitrification are described
in Table 5.1. Nitrification takes place during the react phase and during the portions of the fill
period when aeration is practiced.

Several proprietary process and equipment innovations have been developed to enhance
treatment, simplify operation, or control biosolids characteristics (9—15). All proprietary SBR
manufacturers will guarantee TN effluent concentrations <5 mg/L. To illustrate the variety of
options available, the proprietary aspects of five SBR manufacturers are discussed below.
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Typical
Percent of
Cycle Time  |fiuent Operation
25 Fill Anoxic/Aerobic
Cycles
35 React
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| Settle |
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| Draw
20 Effluent
Aerators/Mixers Off
WAS

Fig. 5.1. Sequencing batch reactor (SBR). (Source: US EPA).

2.1. Aqua SBR

The Aqua SBR system provided by Aqua-Aerobic Systems, Inc. (11) is not a patented
process, but the process does include a proprietary floating direct-drive mixer, an effluent
decanter, and a microprocessor control system. The floating decanter is designed to prohibit
MLSS from entering the decanter during mixed or react phases, and it also withdraws
supernate 30cm (0.5 ft) below the water surface to mitigate scum losses to the effluent.
If long settling times are provided, clear effluent can be obtained at high sludge volume
index (SVI).
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Table 5.1

Typical cycle for a single tank in a dual tank SBR system designed for nitrification

Step Conditions Purpose

FILL Influent flow into SBR Addition of raw wastewater to the
Aeration occurs continually or SBR; COD removal and
intermittently nitrification
Time = half of cycle time

REACT No influent flow to SBR Carbonaceous oxidation and
Aeration nitrification
Time typically = 1 to 2 h (varies
widely depending on nitrification
kinetics, waste strength, and
amount of aeration during fill)

SETTLE No influent flow to SBR Allow SS to settle, yielding a clear
No aeration supernatant
Time = approximately 1 h (depends
on settling characteristics)

DRAW No influent flow to SBR Decant—remove clarified effluent
No aeration from reactor; 15% to 25% of the
Effluent is decanted reactor volume is typically
Time = 1h (variable) decanted, depending on hydraulic

considerations and SBR
manufacturer’s design
IDLE No influent flow to SBR Multitank system, which allows

No aeration

Sludge is wasted

Time = variable (determined by
flow rate)

time for one reactor to complete the
fill step before another starts a new
cycle; waste sludge—remove
excess solids from reactors

Source: US EPA.

A typical total cycle time is 4 to 6 h.

2.2. Omniflo

Jet Tech, Inc. (12) has developed SBR equipment and also has a patented logic control for
their aeration system. The proprietary equipment includes dry pit pumps, headers, manifolds,
influent distribution hardware, jet aerators, and decanter apparatus. A proprietary aspect of the
SBR process provided by Jet Tech is the Batch Proportional Aeration System. The function
of this aeration system is to relate the volumetric change rate during the fill phase to the
aeration capacity requirements by sensing the DO level in the reactor, optimizing nitrification
and denitrification cycles.
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2.3. Fluidyne

The Fluidyne Corp. (13, 14) offers a system with effluent decanters fixed in position to
the reactor wall. The device excludes missed liquor suspended solids (MLSS) entry during
aeration. These systems also commonly employ jet aeration with a combination of aeration
and static conditions during fill.

2.4. CASS

The cyclic activated sludge system (CASS) was developed and is marketed by Transenviro,
Inc. CASS uses a similar sequence of operation as other batch technologies, but is configured
with a proprietary captive selector reactor. The selector can also receive continuous flow. The
selector is a baffled compartment that receives raw wastewater or primary effluent where it is
mixed with RAS or internally recycled MLSS. The selector then conveys flow to the reactor
basin. By limiting or eliminating aeration to the selector, oxygen deficient conditions can be
attained, while concurrent high substrate levels are maintained. This mode of operation is
claimed to favor the propagation of floc formers and to inhibit growth of filamentous strains
(15). A process schematic is presented in Fig. 5.2.

Influent Fill Influent  Aerators/Mixers On

RAS (20 % Q) RAS (20 % Q)

Influent Aerators/Mixers Off Influent  Aerators/Mixers Off
Settle

RAS (20 % Q)

RAS (20 % Q)
Aerators/Mixers Off
Decant

Effluent Anoxic Zone
—> Aerobic Zone

] Settled Sludge

RAS (20 % Q)

Fig. 5.2. Cyclical activated sludge system (CASS). (Source: US EPA).
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2.5. ICEAS

A modified batch system is available from Austgen-Biojet (ABJ). The ABJ system is
termed intermittent cycle extended aeration system (ICEAS) and is depicted schematically
in Fig. 5.3. The distinguishing feature of ICEAS is that continuous inflow is incorporated
in all phases, compared to other variable volume processes that do not receive continuous
inflow. Noncontinuous inflow operation can be provided, if requested. Austgen-Biojet main-
tains that the continuous inflow mode is preferable to noncontinuous flow operation, as the
distribution box used by ABJ will ensure that variations in load and flow are distributed
evenly between the reactors and prevent diurnal variations or shock loads from continually
overloading one reactor. The manufacturer asserts an additional advantage of the ICEAS
flow regime is that continuous flow via the distribution box reduces the valving and head-
works engineering compared to requirements for a noncontinuous flow SBR. A complete
ICEAS treatment cycle consists of three phases: aeration, settle, and draw. Because influent
is received during all phases, ICEAS does not offer total quiescence during the settle phase,

Influent Operation

-l

Fill Anoxic/Aerobic
Cycles

Influent

React

Anoxic/Aerobic
Cycles

Influent
[ ]] Settle |

Aerators/Mixers Off

Influent

‘ l ‘ Draw

Effluent
0

Aerators/Mixers Off

Fig. 5.3. Intermittent cycle extended aeration system. (Source: US EPA).
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a characteristic of an intermittently fed SBR. Although ICEAS is proprietary, no royalty or
license fees are imposed. ICEAS uses a patented anoxic selector to provide denitrification and
to promote growth of zoogleal microorganisms, and to inhibit filamentous strains. The ABJ
selector has characteristics similar to the patented CASS selector, but ABJ claims to be the
developer of the original selector concept.

3. DESCRIPTION OF A TREATMENT PLANT USING SBR

A typical process flow schematic for a municipal wastewater treatment plant using an
SBR is shown in Fig. 5.4 (1, 3). Influent wastewater generally passes through screens and
grit removal before the SBR. The wastewater then enters a partially filled reactor, containing
biomass, which is acclimated to the wastewater constituents during preceding cycles. Once the
reactor is full, it behaves like a conventional activated sludge system, but without a continuous
influent or effluent flow. The aeration and mixing is discontinued after the biological reactions
are complete, the biomass settles, and the treated supernatant is removed. Excess biomass is
wasted at any time during the cycle. Frequent wasting results in holding the mass ratio of
influent substrate to biomass nearly constant from cycle to cycle. Continuous flow systems
hold the mass ratio of influent substrate to biomass constant by adjusting return activated
sludge (RAS) flowrates continually as influent flowrates, characteristics, and settling tank
underflow concentrations vary. After the SBR, the “batch” of wastewater may flow to an equal-
ization basin where the wastewater flow to an additional processing unit can be controlled at a
determined rate. In some cases the wastewater is filtered to remove additional solids and then
disinfected.

As illustrated in Fig. 5.4, the solids handling system may consist of a thickener and
an aerobic digester. With SBRs there is no need for return activated sludge (RAS) pumps
and primary sludge (PS) pumps like those associated with conventional activated sludge
systems. With the SBR, there is only one sludge biomass (biosolids) to handle. The need
for gravity thickeners before digestion is determined on a case by case basis depending on the
characteristics of the biosolids.

TO SOLIDS HANDLING,
DISPOSAL, OR
BENEFICIAL REUSE

DIGESTION

THICKENING EFFLUENT

I
amson—{

SCREENING/  SBR  EQUALIZATION FILTRATION DISINFECTION
GRINDING

Fig. 5.4. SBR process flow diagram. (Source: US EPA).
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An SBR serves as an equalization basin when the vessel is filling with wastewater, enabling
the system to tolerate peak flows or peak loads in the influent and to equalize them in the
batch reactor. In many conventional activated sludge systems, separate equalization is needed
to protect the biological system from peak flows, which may wash out the biomass, or peak
loads, which may upset the treatment process.

It should also be noted that primary clarifiers are typically not required for municipal
wastewater applications before an SBR. In most conventional activated sludge wastewater
treatment plants, primary clarifiers are used before the biological system. However, primary
clarifiers may be recommended by the SBR manufacturer if the total suspended solids (TSS)
or biochemical oxygen demand (BOD) are greater than 400 to 500 mg/L. Historic data should
be evaluated and the SBR manufacturer consulted to determine whether primary clarifiers or
equalization are recommended before an SBR for municipal and industrial applications.

Equalization may be required after the SBR, depending on the downstream process. If
equalization is not used before filtration, the filters need to be sized to receive the batch of
wastewater from the SBR, resulting in a large surface area required for filtration, Sizing filters
to accept these “batch” flows is usually not feasible, which is why equalization is used between
an SBR and downstream filtration. Separate equalization following the biological system is
generally not required for most conventional activated sludge systems, because the flow is on
a continuous and more constant basis.

4. APPLICABILITY

SBRs are typically used at flowrates of 5 MGD or less (1, 3). The more sophisticated
operation required at larger SBR plants tends to discourage the use of these plants for
large flowrates. The SBR technology is particularly attractive for treating smaller wastewater
flows. The majority of plants were designed at wastewater flow rates of less than 22 L/s
(0.5MGD) (7). The cost-effectiveness of SBRs may limit their use to flows less than 440 L/s
(10MGD) (6). Depending on the number of SBR reactors in a plant and the duration of the
discharge cycle, the downstream units often must be sized for two or more times the influent
flow rate. Plants with four or more separate reactors may have the reactor process cycles offset
such that the discharge is nearly continuous.

As these systems have a relatively small footprint, they are useful for areas where the
available land is limited. In addition, cycles within the system can be easily modified for
nutrient removal in the future, if it becomes necessary. This makes SBRs extremely flexible
to adapt to regulatory changes for effluent parameters such as nutrient removal. SBRs are also
very cost effective if treatment beyond biological treatment is required, such as filtration.

5. ADVANTAGES AND DISADVANTAGES
Some advantages and disadvantages of SBRs are listed below (1, 3, 8):
Advantages

1. Equalization and the ability to tolerate peak flows and shock loads of BODs.
2. Primary clarification (in most cases), biological treatment, and secondary clarification can be
achieved in a single reactor vessel.
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3. Operating flexibility and control of effluent discharge.
4. Minimal footprint.
5. Potential capital cost savings by eliminating clarifiers and other equipment.

Disadvantages

1. A higher level of sophistication is required (compared to conventional systems), especially for
larger systems, of timing units and controls.

2. Higher level of maintenance (compared to conventional systems) associated with more sophisti-
cated controls, automated switches, and automated valves.

3. Potential of discharging floating or settled biosolids during the draw or decant phase with some
SBR configurations.

4. Potential plugging of aeration devices during selected operating cycles, depending on the aeration
system used by the manufacturer.

5. Potential requirement for equalization after the SBR, depending on the downstream processes.

6. DESIGN CRITERIA

For any wastewater treatment plant design, the first step is to determine the anticipated influ-
ent characteristics of the wastewater and the effluent requirements for the proposed system.
These influent parameters typically include design flow, maximum daily flow BODs, TSS,
pH, alkalinity, wastewater temperature, total Kjeldahl nitrogen (TKN), ammonia-nitrogen
(NH3-N), and total phosphorus (TP). For industrial and domestic wastewater, other site
specific parameters may also be required.

The state regulatory agency should be contacted to determine the effluent requirements
of the proposed plant. These effluent discharge parameters will be dictated by the state
in the National Pollutant Discharge Elimination System (NPDES) permit. The parameters
typically permitted for municipal systems are flowrate, BODs, TSS, and fecal coliform (FC).
In addition, many states are moving toward requiring nutrient removal. Therefore, total
nitrogen (TN), TKN, NH3-N, or TP may also be required. It is imperative to establish effluent
requirements because they will impact the operating sequence of the SBR. For example, if
there is a nutrient requirement and NH3-N or TKN is required, then nitrification will be
necessary. If there is a TN limit, then nitrification and denitrification will be necessary.

6.1. Design Parameters

Once the influent and effluent characteristics of the system are determined, the engineer will
typically consult SBR manufacturers for a recommended design. Based on these parameters,
and other site specific parameters such as temperature, key design parameters are selected
for the system. An example of these parameters for a wastewater system loading is listed in
Table 5.2.

A unified approach to SBR technology has yet to be developed (16); however, the principles
used to design nitrification—denitrification facilities in single anoxic or dual anoxic zone
systems, such as flow and loadings, may be applied with some modifications. One factor
to consider specifically for the design of an SBR is the flow volume that will determine
whether one reactor will suffice (generally for flows <2L/s or 0.05 MGD) or whether a
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Table 5.2
SBR design parameters for conventional load
Municipal Industrial
Food to Mass (F/M) 0.15-0.4/day 0.15-0.6/day
Treatment cycle duration 4.0h 4.0-24h
Typically low water level mixed liquor suspended solids 2000-2500 mg/L 2000-4000 mg/L
Hydraulic retention time 6-14h Varies
Source: US EPA.
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Fig. 5.5. Operating strategies for SBR systems. (Source: US EPA).

two-vessel system is required. Additional vessels should be considered for sites that experi-
ence a wide transient variation in either organic or hydraulic loading. Conditions, including
wet weather with ingress of surface or ground waters, may be accommodated by effecting
more frequent decant cycles, without causing washout of the reactor biomass. The SBR
process can accommodate peak hourly flows three to ten times as large as the design flow
without adverse effects, if excess capacity is available. The F/M ratio must be determined by

the desired effluent quality which in turn dictates reactor sizing.

The critical operational feature is the cycle time for fill, react, settle, and draw, and the
amount of oxygen that is supplied. A typical cycle for an intermittent-feed, intermittent-
discharge SBR based on average flow conditions is 4-hour duration; 2 hour allocated to
fill/aeration/anoxic react, 1 hour to settling, and 1 hour to decant and idle. The total time for
a batch cycle consists of the time allowed for each component phase. Design cycle times in



168 N. K. Shammas and L. K. Wang

Table 5.3
Typical design criteria for SBRs
Parameter SBR ICEAS
BOD load (g/d/m?) 80-240
Cycle time (h)
Fill (aeration) 1-3
Settle 0.7-1
Draw 0.5-1.5
MLSS (mg/L) 2300-5000
MLVSS (mg/L) 1500-3500
HRT (h) 15-40 36-50
0. (day) 20-40 -
F/M (g BODs/g MLVSS/day) 0.05-0.20 0.04-0.06

Source: US EPA.

full-scale plants have varied from 2 to 24 h (17). A suggested strategy is presented in Fig. 5.5.
Some typical design criteria are presented in Table 5.3.

SBR systems are typically designed and operated at long solids residence times (> 15
days) and low F/M (less than 0.1 kg BODs/kg MLSS/day). Consequently, partial or complete
nitrification is nearly always observed (7, 8). In an evaluation of 19 SBR treatment plants (8)
(all originally designed for nitrification), influent and effluent ammonia-nitrogen data were
reported for eight of the plants (Table 5.4). The average effluent ammonium-nitrogen concen-
tration for the eight plants was less than 2.0 mg/L, implying that a high degree of nitrification
was achieved in all cases. These efficiencies reflect the long design solids residence times that
are employed and operations that are generally well below the design flow.

The design mixed liquor volume can be calculated from the selected MLSS concentration,
which decreases throughout the fill cycle. The MLSS concentration at the end of the draw
phase is that of settled mixed liquor and is similar to that in a conventional clarifier underflow
(18). Once the tank volumes have been calculated, the cycle times can be determined. If the
cycle times are unsatisfactory, the tank volumes can be adjusted accordingly. The number of
cycles per day, number of basins, decants volume, reactor size, and detention times can then
be calculated.

Other site-specific information is needed to size the aeration equipment, such as site eleva-
tion above mean sea level, wastewater temperature, and total dissolved solids concentration.
The sizing of aeration equipment is done according to criteria for complete nitrification and
BOD removal, except that the required oxygen transfer must be accomplished in a shorter
period. The actual amount of aeration time per cycle must be considered when sizing the
aeration equipment.

The operation of an SBR is based on the fill-and-draw principle, which, as discussed
in a previous section, consists of five basic steps: idle, fill, react, settle, and draw. More
than one operating strategy is possible during most of these steps. For industrial wastewater
applications, treatability studies are typically required to determine the optimum operating
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sequence. For most municipal wastewater treatment plants, treatability studies are not
required to determine the operating sequence because municipal wastewater flowrates and
characteristic variations are usually predictable and most municipal designers will follow
conservative design approaches.

The idle step occurs between the draw and the fill steps, during which treated effluent is
removed and influent wastewater is added. The length of the idle step varies depending on
the influent flowrate and the operating strategy. Equalization is achieved during this step if
variable idle times are used. Mixing to condition the biomass and biosolids wasting can also
be performed during the idle step, depending on the operating strategy.

Influent wastewater is added to the reactor during the fill step. The following three vari-
ations are used for the fill step and any or all of them may be used depending on the
operating strategy: static fill, mixed fill, and aerated fill. During static fill, influent wastewater
is added to the biomass already present in the SBR. Static fill is characterized by no mixing or
aeration, meaning that there will be a high substrate (food) concentration when mixing begins.
A high food to microorganisms (F/M) ratio creates an environment favorable to floc forming
organisms versus filamentous organisms, which provides good settling characteristics for the
biosolids. Additionally, static fill conditions favor organisms that produce internal storage
products during high substrate conditions, a requirement for biological phosphorus removal.
Static fill may be compared to using “selector” compartments in a conventional activated
sludge system to control the F/M ratio.

Mixed fill is classified by mixing influent organics with the biomass, which initiates biolog-
ical reactions. During mixed fill, bacteria biologically degrade the organics and use residual
oxygen or alternative electron acceptors, such as nitrate-nitrogen. In this environment, denitri-
fication may occur under these anoxic conditions. Denitrification is the biological conversion
of nitrate-nitrogen to nitrogen gas. An anoxic condition is defined as an environment in which
oxygen is not present and nitrate-nitrogen is used by the micro-organisms as the electron
acceptor. In a conventional biological nutrient removal (BNR) activated sludge system, mixed
fill is comparable to the anoxic zone that is used for denitrification. Anaerobic conditions
can also be achieved during the mixed fill phase. After the micro-organisms use the nitrate-
nitrogen, sulfate becomes the electron acceptor. Anaerobic conditions are characterized by the
lack of oxygen and sulfate as the electron acceptor.

Aerated fill is classified by aerating the contents of the reactor to begin the aerobic reactions
completed in the react step. Aerated fill can reduce the aeration time required in the react step.

The biological reactions are completed in the react step, in which mixed react and aerated
react modes are available. During aerated react, the aerobic reactions initialized during aerated
fill are completed and nitrification can be achieved. Nitrification is the conversion of ammonia-
nitrogen to nitrite-nitrogen and ultimately to nitrate-nitrogen. If the mixed react mode is
selected, anoxic conditions can be attained to achieve denitrification. Anaerobic conditions
can also be achieved in the mixed react mode for phosphorus removal.

Settle is typically provided under quiescent conditions in the SBR. In some cases, gentle
mixing during the initial stages of settling may result in a clearer effluent and a more
concentrated settled biosolids. In an SBR, there are no influent or effluent currents to interfere
with the settling process as in a conventional activated sludge system.
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The draw step uses a decanter to remove the treated effluent, which is the primary
distinguishing factor between different SBR manufacturers. In general, there are floating
decanters and fixed decanters. Floating decanters offer several advantages over fixed decanters
as described in the Tank and Equipment Description section.

SBR technology requires unique and innovative strategies to accomplish each phase of the
process cycle. Large facilities that require dual vessels can accommodate continuous flow
by alternating fill cycles between reactors; single-vessel facilities except for ICEAS systems
will require flow equalization or a selector. Compartments or baffles may be included within
a selector to control the hydraulic regime and biosolids characteristics. Several criteria have
been proposed that can be used to design an appropriate selector (19, 20). The CASS process
by Transenviro is a proprietary SBR that includes an integral selector as part of the process.
For more details on SBR design the readers are referred to Wilderer et al (21) and Toby (22).

6.2. Construction

Construction of SBR systems can typically require a smaller footprint than conventional
activated sludge systems because the SBR often eliminates the need for primary clarifiers.
The SBR never requires secondary clarifiers. The size of the SBR tanks themselves will be
site specific; however the SBR system is advantageous if space is limited at the proposed site.
A few case studies are presented in Table 5.5 to provide general sizing estimates at different
flowrates. Sizing of these systems is site specific and these case studies do not reflect every
system at that size.

SBR reactors have been constructed with a variety of shapes including rectangular, oval,
circular, and with sloped sidewalls. Design bottom water levels after decant are typically 3 to
4m (10 to 13 ft) and design top water levels are typically 4.3 to 5.5 m (14 to 18 ft). A freeboard
of 1 m (3 ft) is common.

Table 5.5

Case studies for several SBRs facilities

Flow Reactors Blowers
(MGD) No. Size (ft) Volume (MG) No. Size (HP)
0.012 1 18 x 12 0.021 1 15
0.10 2 24 x 24 0.069 3 7.5
1.2 2 80 x 80 0.908 3 125
1.0 2 58 x 58 0.479 3 40
1.4 2 69 x 69 0.678 3 60
1.46 2 78 x 78 0.910 4 40
2.0 2 82 x 82 0.958 3 75
4.25 4 104 x 80 1.556 5 200
5.2 4 87 x 87 1.359 5 125

Source: US EPA.
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The actual construction of the SBR tank and equipment may be comparable or simpler
than a conventional activated sludge system. For Biological Nutrient Removal (BNR) plants,
an SBR eliminates the need for return activated sludge (RAS) pumps and pipes. It may also
eliminate the need for internal mixed liquor suspended solid (MLSS) recirculation, if this is
being used in a conventional BNR system to return nitrate-nitrogen.

The control system of an SBR operation is more complex than a conventional activated
sludge system and includes automatic switches, automatic valves, and instrumentation. These
controls are very sophisticated in larger systems. The SBR manufacturers indicate that most
SBR installations in the United States are used for smaller wastewater systems of less than
2 MGD and some references recommend SBRs only for small communities where land is
limited. This is not always the case, however, as the largest SBR in the world is currently a 10
MGD system in the United Arab Emirates (23).

6.3. Tank and Equipment Description

The SBR system consists of a tank, aeration, and mixing equipment, a decanter, and a
control system. The central features of the SBR system include the control unit and the
automatic switches and valves that sequence and time the different operations. SBR man-
ufacturers should be consulted for recommendations on tanks and equipment. It is typical
to use a complete SBR system recommended and supplied by a single SBR manufacturer.
It is possible, however, for an engineer to design an SBR system, as all required tanks,
equipment, and controls are available through different manufacturers. This is not typical of
SBR installation because of the level of sophistication of the instrumentation and controls
associated with these systems.

The SBR tank is typically constructed with steel or concrete. For industrial applications,
steel tanks coated for corrosion control are most common whereas concrete tanks are the most
common for municipal treatment of domestic wastewater. For mixing and aeration, jet aeration
systems are typical as they allow mixing either with or without aeration, but other aeration
and mixing systems are also used. Positive displacement blowers are typically used for SBR
design to handle wastewater level variations in the reactor. The varying liquid volume restricts
the feasibility of fixed mechanical surface aerators. The most common aeration system in
SBRs are diffused bubblers; but both the floating aerator as manufactured by Aqua SBR and
diffused bubble aeration systems will benefit from submerged mixers used to ensure proper
agitation of the reactor contents under anoxic conditions.

As previously mentioned, the decanter is the primary piece of equipment that distinguishes
different SBR manufacturers. Types of decanters include floating and fixed. Floating decanters
offer the advantage of maintaining the inlet orifice slightly below the water surface to mini-
mize the removal of solids in the effluent removed during the DRAW step. Floating decanters
also offer the operating flexibility to vary fill-and-draw volumes. Fixed decanters are built into
the side of the basin and can be used if the settlw step is extended. Extending the settle step
minimizes the chance that solids in the wastewater will float over the fixed decanter. In some
cases, fixed decanters are less expensive and can be designed to allow the operator to lower
or raise the level of the decanter. Fixed decanters do not offer the operating flexibility of the
floating decanters.
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6.4. Health and Safety

Safety should be the primary concern in every design and system operation. A properly
designed and operated system will minimize potential health and safety concerns. Manuals
such as the Manual of Practice (MOP) No. 8, Design of Municipal Wastewater Treatment
Plants (24), and MOP No. 11, Operation of Municipal Wastewater Treatment Plants (25)
should be consulted to minimize these risks. Other appropriate industrial wastewater treatment
manuals, federal regulations, and state regulations should also be consulted for the design and
operation of wastewater treatment systems.

7. PROCESS PERFORMANCE

The performance of SBRs is typically comparable to conventional activated sludge systems
and depends on system design and site specific criteria. Depending on their mode of operation,
SBRs can achieve good BOD and nutrient removal. For SBRs, the BOD removal efficiency is
generally 85% to 95% and nitrogen removal can be considerably higher than in conventional
activated sludge systems (26, 27, 29-32). Performance results from full-scale facilities are
provided in Table 5.6.

SBR manufacturers will typically provide a process guarantee to produce an effluent of less
than (1, 3):

1. 10mg/L BOD
2. 10mg/L TSS
3. 5to8mg/L TN
4. 1to2mg/L TP

One of the primary features of SBR technology is the flexibility to exercise control as a
function of time rather than space (as in conventional flow-through systems). Several key
aspects include (1, 3):

1. The SBR system can tolerate shock loads and peak flows because of the equalizing basin
characteristics of the fill phase.

2. Periodic effluent discharge may permit retention of reactor contents until desired clarity or
treatment quality is achieved.

3. A fraction of the total volume may be used during low flow periods, resulting in lower aeration
requirements. If aerators or blowers have turn-down capability, O&M costs may be reduced.

4. No RAS or internal recycles are required; however, some systems (e.g., CASS) include recycle to
an antecedent basin or selector chamber.

5. With intermittently fed SBRs, clarification occurs under total quiescence, thereby eliminating
short-circuiting. Consequently, small flocs will settle in an SBR that would be washed out in a
continuous-flow regime.

6. Filamentous growth can be controlled by operational strategies along with adjustments during the
fill phase.

Readers interested in the performance of SBR systems in industrial wastewater treatment are
referred to (33-35).
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8. OPERATION AND MAINTENANCE

The SBR typically eliminates the need for separate primary and secondary clarifiers in most
municipal systems, which reduces operations and maintenance requirements. In addition, RAS
pumps are not required. In conventional biological nutrient removal systems, anoxic basins,
anoxic zone mixers, toxic basins, toxic basin aeration equipment, and internal MLSS nitrate-
nitrogen recirculation pumps may be necessary. With the SBR, this can be accomplished in
one reactor using aeration/mixing equipment, which will minimize operation and maintenance
requirements otherwise be needed for clarifiers and pumps.

Since the heart of the SBR system is the controls, automatic valves, and automatic switches,
these systems may require more maintenance than a conventional activated sludge system.
An increased level of sophistication usually equates to more items that can fail or require
maintenance. The level of sophistication may be very advanced in larger SBR wastewater
treatment plants requiring a higher level of maintenance on the automatic valves and switches
(1, 3). The recent advances and cost reductions of microprocessors have been some of the
causes of the revival of interest in SBR technology, permitting automated control of the timing
and sequence of process phases and operation. The use of timers and DO monitors can be used
to reduce costs attributable to over aeration, thereby reducing the lag period of DO depletion
and allowing the maximum time for denitrification to occur.

Significant operating flexibility is associated with SBR systems. An SBR can be set up
to simulate any conventional activated sludge process, including BNR systems. For example,
holding times in the aerated react mode of an SBR can be varied to achieve simulation of a
contact stabilization system with a typical hydraulic retention time (HRT) of 3.5 to 7 hours or,
on the other end of the spectrum, an extended aeration treatment system with a typical HRT
of 18 to 36 hours. For a BNR plant, the aerated react mode (oxic conditions) and the mixed
react modes (anoxic conditions) can be alternated to achieve nitrification and denitrification.
The mixed fill mode and mixed react mode can be used to achieve denitrification using anoxic
conditions. In addition, these modes can ultimately be used to achieve an anaerobic condition
where phosphorus removal can occur. Conventional activated sludge systems typically require
additional tank volume to achieve such flexibility. SBRs operate in time rather than in space
and the number of cycles per day can be varied to control desired effluent limits, offering
additional flexibility with an SBR.

9. COST

This section includes some general guidelines as well as some general cost estimates for
planning purposes. It should be remembered that capital and construction cost estimates are
site-specific.

Budget level cost estimates presented in Table 5.7 are based on projects that occurred
from 1995 to 1998 (1). Budget level costs include such as the blowers, diffusers, electrically
operated valves, mixers, biosolids pumps, decanters, and the control panel. All costs in this
chapter have been updated to year 2008 costs, using the Cost Index for Utilities shown in
Appendix (36). The 1998 costs were multiplied by a factor 552.16/459.40 = 1.20 i.e., costs
were increased by 20% to obtain their values in terms of 2008 USD.
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Table 5.7

SBR equipment costs based on different existing
facilities

Design flowrate Budget level equipment
(MGD) costs (USD)
0.012 113,000
0.015 165,000
1.0 408,000
14 488,000
1.46 488,000
2.0 680,000
4.25 1,408,000

Source: US EPA.
Costs are adjusted to Current 2008 USD.

Table 5.8
Equipment costs based on flowrates

Design flowrate Budget level equipment
(MGD) costs (USD)

1 182,000-422,000

5 552,000-878,000

10 1,310,000-1,649,000
15 2,648,000

20 2,528,000-3,611,000

Source: US EPA.
Costs are adjusted to Current 2008 USD.

In Table 5.8, a range of equipment costs for different design flowrates is provided (1).

Again the equipment cost items provided do not include the cost for the tanks, sitework,
excavation/backfill, installation, contractor’s overhead and profit, or legal, administrative,
contingency, and engineering services. These items must be included to calculate the overall
construction costs of an SBR system. Costs for other treatment processes, such as screening,
equalization, filtration, disinfection, or aerobic digestion, may be included if required.

The ranges of construction costs for a complete, installed SBR wastewater treatment system
are presented in Table 5.9 (1). The variances in the estimates are due to the type of biosolids
handling facilities and the differences in newly constructed plants versus systems that use
existing plant facilities. As such, in some cases these estimates include other processes
required in an SBR wastewater treatment plant.

There is typically an economy of scale associated with construction costs for wastewater
treatment, meaning that larger treatment plants can usually be constructed at a lower cost
per gallon than smaller systems. The use of common wall construction for larger treatment
systems, which can be used for square or rectangular SBR reactors, results in this economy
of scale.
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Table 5.9

Installed costs per gallon treated

Design flowrate Budget level equipment
(MGD) cost (USD/gal)
0.5-1.0 2.35-6.02
1.1-1.5 2.20-3.24
1.5-2.0 2.00-3.96

Source: US EPA.
Costs are adjusted to Current 2008 USD.

Operations and Maintenance (O&M) costs associated with an SBR system may be similar
to a conventional activated sludge system. Typical cost items associated with wastewater
treatment systems include labor, overhead, supplies, maintenance, operating administration,
utilities, chemicals, safety and training, laboratory testing, and solids handling. Labor and
maintenance requirements may be reduced in SBRs because clarifiers, clarification equipment,
and RAS pumps may not be necessary. On the other hand, the maintenance requirements for
the automatic valves and switches that control the sequencing may be more intensive than
for a conventional activated sludge system. O and M costs are site specific and may range, in
terms of 2008 USD, from USD 960 to USD 2410/MG (1).

10. PACKAGED SBR FOR ONSITE SYSTEMS

As discussed earlier, SBRs can be designed and operated to enhance removal of nitrogen,
phosphorus, and ammonia, in addition to removing TSS and BOD. The intermittent flow (IF)
SBR accepts influent only at specified intervals and, in general, follows the five-step sequence
(Fig. 5.6). There are usually two IF units in parallel. Because this system is closed to influent
flow during the treatment cycle, two units may be operated in parallel, with one unit open
for intake while the other runs through the remainder of the cycles. In the continuous inflow
SBR, influent flows continuously during all phases of the treatment cycle. To reduce short-
circuiting, a partition is normally added to the tank to separate the turbulent aeration zone
from the quiescent area (37).

The SBR system is typically found in packaged configurations for onsite and small com-
munity or cluster applications. The major components of the package include the batch tank,
aerator, mixer, decanter device, process control system (including timers), pumps, piping, and
appurtenances (37). Aeration may be provided by diffused air or mechanical devices. SBRs
are often sized to provide mixing as well and are operated by the process control timers.
Mechanical aerators have the added value of potential operation as mixers or aerators. The
decanter is a critical element in the process. Several decanter configurations are available,
including fixed and floating units. At least one commercial package employs a thermal
processing step for the excess biosolids produced and wasted during the “idle” step. The key
to the SBR process is the control system, which consists of a combination of level sensors,
timers, and microprocessors. Programmable logic controllers can be configured to suit the
owner’s needs. This provides a precise and versatile means of control.
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Fig. 5.6. SBR design principle for onsite systems. (Source: US EPA) .

10.1. Typical Applications

SBR package plants have found application as onsite systems in some states and coun-
ties where they are allowed by code. They are normally used to achieve a higher degree
of treatment than a continuous-flow, suspended-growth aerobic system (CFSGAS) unit by
eliminating impacts caused by influent flow fluctuations. For discharge to surface waters, they
must meet effluent permit limits on BOD, TSS, and possibly ammonia, TN, and TP. Additional
disinfection is required to meet effluent fecal coliform requirements. For subsurface discharge,
they can be used in situations where infiltrative surface organic loadings must be reduced.
There are data showing that a higher quality effluent may reduce soil absorption field area
requirements. The process may be used to achieve nitrification as well as nitrogen and
phosphorus removal before surface and subsurface discharge (37).

10.2. Design Assumptions

Typical IF system design information is provided in Table 5.10 (37). With CF-type (contin-
uous flow) SBRs, a typical cycle time is 3 to 4 hours, with 50% of that cycle devoted to aeration
(step 2), 25% to settling (step 3), and 25% to decant (step 4). With both types, downstream or
subsequent unit processes (e.g., disinfection) must be designed for greater capacity (because
the effluent flow is several times the influent flow during the decant period) or an equalization
tank must be used to permit a consistent flow to those processes.

Onsite package units should be constructed of non corrosive materials, such as coated
concrete, plastic, fiberglass, or coated steel. Some units are installed aboveground on a
concrete slab with proper housing to protect against local climatic concerns. The units can also
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Table 5.10

Design parameters for IF-type SBR systems

Parameter SBR systems
Pretreatment Septic tank or equivalent
MLSS (mg/L) 2,000-6,500

F/M load (Ib BODs/day/Ib MLVSS) 0.04-0.20

Hydraulic retention time (h) 9-30

Total cycle times (h)* 4-12

Solids retention time (day) 20-40

Decanter overflow rate (gpm/ft”) <100

Biosolids wasting As needed to maintain performance

Source: US EPA.
“Cycle times should be tuned to effluent quality requirements, wastewater flow, and other site constraints.

be buried underground as long as easy access is provided to all mechanical parts, electrical
control systems, and water surfaces. All electric components should meet NEC code and
should be waterproofed and/or sheltered from the elements. If airlift pumps are used, large-
diameter pipes should be provided to avoid clogging. Blowers, pumps, and other mechanical
devices should be designed for continuous heavy-duty use. Easy access to all moving parts
must be provided for routine maintenance. An effective alarm system should be installed to
alert home owners or management entities of malfunctions (38).

10.3. Performance

With appropriate design and operation, SBR plants have been reported to produce high
quality BOD and TSS effluents. Typical ranges of CBODs (carbonaceous 5-day BOD) are
from 5 to 15 mg/L. TSS ranges from 10 to 30 mg/L in well-operated systems. Fecal coliform
(FC) removal of 1 to 2 logs can be expected. Normally, nitrification can be attained most
of the time unless cold temperatures persist. The SBR systems produce a more reliable
effluent quality than CFSGAS owing to the random nature of the wastewater generated from
an individual home. The CF/SBR is also capable of meeting secondary effluent standards
(30 mg/L of CBOD5 and TSS), but more subject to upset by randomly generated wastewaters
than the IF/SBR (39) if short-circuiting cannot be minimized.

10.4. Management Needs

Long-term management (including operation and maintenance) of SBRs through home-
owner service contracts or local management programs is an important component of the oper-
ation and maintenance program. Homeowners do not typically possess the skills needed or the
desire to learn to perform proper operation and maintenance. In addition, home-owner neglect,
ignorance, or interference (e.g., disabling alarm systems) has contributed to operational mal-
functions. No wasting of biomass should be practiced until a satisfactory concentration has
developed. Intensive surveillance by qualified personnel is desirable during the first months
of startup.
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Most operating parameters in SBR package systems can be controlled by the operator. Time
clock controls may be used to regulate cycle times for each cycle, adjusted for and depending
on observed performance. Alarm systems that warn of aerator system failure and/or pump
failure are essential.

Inspections are recommended three to four times per year; septage pumping (biosolids
wasting) is dependent upon inspection results. Operation and maintenance requires semi-
skilled personnel. Based on field experience, 5 to 12 person-hour per year, plus analytical
services, are required. The process produces 0.6 to 0.9 1b TSS/Ib BOD5 removed and requires
between 3.0 and 10kWh/day for operation (37). Operating personnel prefer these systems
to CFSGAS for their simplicity of O/M tasks. The key operational components are the
programmer and the decanter, and these must be maintained in proper working order.

10.5. Risk Management Issues

With proper management, a package SBR system is reliable and should pose no unaccept-
able risks to the homeowner or the environment (37). If neglected, however, the process can
result in environmental damage through production of poor-quality effluent that may pose
public health risks and can result in the premature failure of subsurface systems. Odor and
noise may also create some level of nuisance. SBRs are less susceptible to flow and quality
loading changes than other aerobic biological systems, but they are still not suitable for
seasonal applications. They are similarly susceptible to extreme cold and should be buried
and/or insulated in areas subjected to these extremes. Local authorities can provide guidance
on climatic effects on equipment and how to prevent them. The controller should be located
in a heated environment. Long power outages can result in odors and effluent degradation, as
is the case with other aerobic biological systems.

10.6. Costs

For residential applications, typical system equipment costs, in term of 2008 USD, are USD
8,560 to USD 10,700. Installation costs vary depending on site conditions; installation costs
between USD 1,820 and USD 3,640 are typical for uncomplicated sites with good access (37).
It should be noted that additional system components (e.g., subsurface infiltration system) will
result in additional costs.

Annual operation and maintenance costs include electricity use (<USD 364 /year), sludge
removal (>USD 118/year), and equipment servicing. Some companies are providing annual
service contracts for these units for USD 300 to USD 482 (37). Actual costs will vary
depending on the location of the unit and local conditions.
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APPENDIX

United States Yearly Average Cost Index for Utilities US Army Corps of Engineers (36)

Year Index Year Index
1967 100 1988 369.45
1968 104.83 1989 383.14
1969 112.17 1990 386.75
1970 119.75 1991 392.35
1971 131.73 1992 399.07
1972 141.94 1993 410.63
1973 149.36 1994 42491
1974 170.45 1995 439.72
1975 190.49 1996 445.58
1976 202.61 1997 454.99
1977 215.84 1998 459.40
1978 235.78 1999 460.16
1979 257.20 2000 468.05
1980 277.60 2001 472.18
1981 302.25 2002 484.41
1982 320.13 2003 495.72
1983 330.82 2004 506.13
1984 341.06 2005 516.75
1985 346.12 2006 528.12
1986 347.33 2007 539.74

1987 353.35 2008 552.16
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1. INTRODUCTION

Clean water is a priority in our society. Biological nutrient removal (BNR) is becoming
increasingly common in both domestic and industrial wastewater treatment. Innovative BNR
processes have been developed and applied to full-scale wastewater treatment plants in the last
two decades. Nitrogen and phosphorous are the major nutrients of concern as they promote
eutrophication of natural water systems and stimulate growth of algae. Although the removal
of phosphorous can be achieved both chemically and biologically, nitrogen removal is usually
performed biologically.

The biological transformations of nitrogen are comprised of six major processes (1):

1. Assimilation of inorganic forms (primarily ammonia and nitrate) by plants and microorganisms
to form organic nitrogen, e.g., amino acids, proteins, purines, pyrimidines, and nucleic acids.

2. Heterotrophic conversion of organic nitrogen from one organism (food or prey) to another
organism (consumer or predator).

3.  Ammonification, the decomposition of organic nitrogen to ammonia.

4. Nitrification, the oxidation of ammonia to nitrite and nitrate.

5. Denitrification, the bacterial reduction of nitrate to molecular nitrogen (N»).

6. Nitrogen fixation, the reduction of nitrogen gas to ammonia and organic nitrogen by various

microorganisms.

As far as wastewater treatment is concerned, total nitrogen is comprised of organic nitrogen,
ammonia, nitrite, and nitrate. Removal of nitrogen from wastewater is desirable as some
forms of nitrogen can cause problems if they are discharged to the environment untreated.
For example, ammonia is toxic to fish and it can deplete the oxygen resources. Nitrate
may cause potential adverse health effects, including methemoglobinemia (a reduction in
the oxygen-carrying capacity of the blood) in infants and nitrite can cause cancer in animals
through formation of N-nitroso compounds. This chapter discusses a commercially available
process (the SymBio® process) designed for biological nitrogen removal using simultaneous
nitrification and denitrification in wastewater treatment plants.

2. BIOLOGICAL NITROGEN REMOVAL

In BNR plants designed for nitrogen removal, the bacterial mass is alternatively exposed to
conditions of oxygen abundance and oxygen shortage. The differing oxygen concentrations
promote the biological activity of one or more groups of bacteria and distinguish different
phases in the wastewater treatment process. These phases can be spatially separated, with
the sludge circulating between tanks or zones maintained at differing oxygen concentrations.
Alternatively, the phases can also be separated in time, so that the sludge remains in a single
tank, e.g., in a sequential batch reactor, whereas the oxygen concentration is varied in a
controlled manner using a timer.

In both types of installations, the wastewater is brought into contact with the sludge so that
the pollutants are reduced to harmless substances. Ammonia is oxidized to nitrite and then to
nitrate by nitrifying bacteria in presence of oxygen during the nitrification phase. The nitrate is
subsequently reduced to molecular nitrogen (N,) by the denitrifying bacteria. Organic matter
is oxidized in presence of oxygen or nitrate, acting as electron acceptors. Switching between
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different phases can be viewed as changes between various metabolic conversion paths, which
cumulatively result in production of new bacterial biomass, CO;, H,O, and N, (2).

2.1. Nitrification

The two-step oxidation of ammonia to nitrate is performed by autotrophic nitrifying bacte-
ria, Nitrosomonas and Nitrobacter, as shown below (3):

Nitrosomonas
2NH] + 30, — 2NO; +4H" + 2H,0 (1)
Nitrobacter
2NO, + O, — 2NO3 2)
Total Reaction
NHj + 20, — NO; + 2H* + H,0 3)

Based on this reaction the oxygen requirement for complete oxidation of ammonia to nitrate
is approximately 4.57 g of O, per gram of ammonia-N oxidized. Further, approximately 7.14 g
of alkalinity (as CaCO3) are consumed per gram of ammonia-N oxidized.

It should be noted that the US EPA Nitrogen Control Manual (4) provides the following
equation for nitrification, which accounts for both synthesis and oxidation:

NHJ + 1.830; + 1.98HCO; — 0.21CsH;0,N + 0.98NO3 + 1.041H,0 + 1.88H,CO;
“4)
Based on this equation, the oxygen requirement for ammonia oxidation is lower, approxi-
mately 4.2 g/g ammonia-N oxidized.
Although nitrification in wastewater treatment is primarily attributed to Nitrosomonas and
Nitrobacter, Wagner et al. (5) recently showed, using oligonucleotide probes, that Nitrococcus
was dominant species for nitrite oxidation instead of Nitrobacter.

2.2. Denitrification

For certain bacteria nitrate and nitrite are both strong oxidizing agents and potential sources
of nitrogen. Consequently, different groups of bacteria exploit them in different ways. In
assimilative nitrate reduction, nitrate is reduced to ammonia for use as nitrogen source for
growth. In dissimilative nitrate reduction (e.g., denitrification), nitrate is used as an alternative
electron acceptor in energy generation. Assimilative nitrate reduction occurs in all plants and
most fungi, as well as in many bacteria, whereas dissimilative nitrate reduction or denitrifi-
cation is restricted only to bacteria. Denitrification involves reduction of nitrate to nitrite to
nitric oxide to nitrous oxide to nitrogen gas:

Denitrification is performed by several heterotrophic bacteria including Achromobac-
ter; Acinetobacter, Agrobacterium, Alcaligenes, Arthobacter, Bacillus, Chromobacterium,
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Corynebacterium, Flavobacterium, Hypomicrobium, Moraxella, Nesseria, Paracoccus, Pro-
pionibacterium, Pseudomonas, Rhizobium, Rhodopseudomonas, Spirillum, and Vibrio (6).

As nitrate is used as a terminal electron acceptor instead of oxygen during denitrification,
the aeration requirement for biochemical oxygen demand (BOD) is reduced. The oxygen
equivalent of nitrate nitrogen in oxidation-reduction reactions is 2.86 g/g of nitrate-N. Further,
3.57 g of alkalinity (as CaCO3) is recovered per gram of nitrate-N denitrified (3).

As mentioned before, ammonia oxidation to nitrate (nitrification) requires a source of
oxygen (aerobic environment) whereas optimum denitrification requires absence of oxygen,
along with presence of organic carbon, to require the use of nitrate as an electron acceptor for
energy generation (anoxic environment). Subsequently, conventional BNR systems designed
for nitrogen removal usually include two separate reaction zones. These are created in separate
tanks or in separate sections (zones) within a tank. They can also be created in separate cycles
in a sequential batch mode. In a configuration that involves separate tanks (or zones), the
wastewater initially enters a denitrification (pre-anoxic) zone to which nitrified “mixed liquor”
is recycled from a subsequent nitrification compartment. BNR processes like MLE, UCT,
Bardenpho, and A%O use configurations that involve pre-anoxic steps.

The denitrification environment can also be created after the nitrification step, as a post-
anoxic step. This was a common configuration in 1970s. However, since denitrification is pri-
marily a heterotrophic reaction, availability of organic carbon is a major requirement for it to
proceed successfully. The importance of carbon availability and the necessary minimum BOD
to nitrogen ratio required for effective denitrification are discussed later on in this chapter.
In systems involving post-anoxic steps, BOD depletion during the aerobic nitrification steps
creates a need for a supplemental organic carbon source (e.g., methanol) in the post-anoxic
steps. Hence, configurations involving post-anoxic step, where organic carbon is externally
added, are less common nowadays.

2.3. Simultaneous Nitrification and Denitrification

Recent studies have revealed that nitrification and denitrification can also occur concur-
rently in the same reactor. This phenomenon is called simultaneous nitrification and denitrifi-
cation (SND).

SND is an attractive option for design engineers and scientists as it may offer significant
advantages compared to conventional processes with separate nitrification and denitrification
reactors. For example, SND eliminates the need for a separate denitrification tank and mixed
liquor recycle. The phenomena of SND can be explained with the following three hypothe-
ses (7, 8):

® Anoxic/oxic zones within a sludge floc-microscopic environment

Activated sludge floc can contain both aerobic and anoxic zones. Depending on the dis-
solved oxygen (DO) concentration and concentration of BOD and ammonia, oxygen may be
depleted towards the center of the floc. This means that oxygen cannot diffuse through the
entire floc depth and results in oxygen gradient across the floc. This will allow the nitrate
generated in the outer, aerobic zone to diffuse into this inner, anoxic zone along with substrate
so that denitrification occurs simultaneously.

® Anoxic/oxic zones within a bioreactor-macroscopic environment
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Regions of low DO or zero DO can develop within the bioreactor as a result of mixing and
aeration patterns. This is particularly true for basins with surface aerators where DO depletion
in regions away from these aerators is common. This allows nitrification and denitrification to
occur concurrently in a single reactor.

¢ Presence of novel microorganisms

Certain microorganisms can contribute towards nitrogen removal in a single reactor. For
example, Robertson et al. (9) indicated that Thiosphaera pantotropha, a heterotrophic organism,
could simultaneously nitrify and denitrify under aerobic conditions. Davies et al. (10) provided
evidence for aerobic denitrification for Pseudomonas aeruginosa and Paracoccus denitrificans.
Certain autotrophic organisms are also known to have denitrification capabilities.

The objective here is to discuss the SymBio® process that can maintain conditions for
SND by controlling the development of the anoxic and the aerobic zones within sludge
flocs at microscopic level. This chapter describes how measurement of the intracellular pool
of reduced nicotinamide adenine dinucleotide (NADH) represents an effective means of
assessing the real-time biological activity in the SymBio® process. With this information,
it is possible to decide whether the biological process is in a state of balance or imbalance. In
the SymBio® process, this information is used to control the air supply in the aeration tank
to maintain DO at the desired low level, which ensures that both anoxic and aerobic zones
are developed in sludge flocs. This allows simultaneous nitrification and denitrification in the
same reactor. Before discussing the SymBio® process in detail, it is necessary to explain the
role of NADH in bacterial metabolism, which is described below.

3. NADH IN CELL METABOLISM

Many fluorophores, both intracellular and extracellular, are present in biological processes
including the activated sludge systems. The concentration variations of fluorophores are often
closely related the cell activities and, therefore, can be used as indicators of important process
parameters such as cell concentration, metabolic stage, growth, death, etc. The best-studied
biological fluorophores are nicotinamide adenine dinucleotides. All living cells contain coen-
zymes nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide
phosphate (NADP), which serve as major electron/hydrogen carriers in oxidation-reduction
reactions of metabolism. Accompanying substrate catabolism, the oxidized form of coenzyme,
NAD™, which contains a reactive pyridine ring, is reduced in position 4 by a hydride ion to
form NADH. NADH is directly involved in ATP generation via oxidative phosphorylation
in respiration. Through these processes, the reduced form of coenzyme NADH is oxidized
back to NAD" as shown in Fig. 6.1. Thus, NADH assumes a central position in the internal
microbial energy transport. The NADH/NAD™ cycle is described in detail below:

NAD' + H" 4+ 2¢e~ — NADH(Substrate Catabolism) (6)
NADH — NAD" + H" + 2e™ (Respiration) 7

NADH is produced in large quantities during the oxidation of carbohydrates like glucose.
Glycolysis is a method of decomposition commonly used by bacteria for breaking down
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NADH, an energy transfer coenzyme

Catabolism Respiration
0, NoO,
Organic matter NAD+ H,0 N,

NADH fluoresces at 460 nm when the biomass is irradiated
with a UV light at 340 nm

Fig. 6.1. Cyclic nature of NADH in bacterial metabolism.

carbohydrates. Glycolysis yields 2 moles of NADH for each mole of glucose converted. Two
moles of the energy-rich, phosphorylated compound ATP are formed at the same time. The
reactions that form ATP in this manner are known as substrate-level phosphorylation. ATP
can also be formed by electron-transport phosphorylation during the oxidation of NADH
to NAD™. This oxidation of NADH is carried out by a large number of enzymes that are
embedded in the cell membranes of the bacteria. These enzymes constitute a respiratory chain
where oxygen is usually used as a terminal electron acceptor. Part of the NADH formed during
glycolysis and the tricarboxylic acid cycle is oxidized to NAD™, catalyzed by the enzymes of
the respiratory chain and combined with the production of large quantities of ATP as shown in
Fig. 6.2. The ATP is subsequently used by the bacterial cells to synthesize new cell materials.
Only a part of the NADH formed during substrate-level phosphorylation is oxidized in the
respiratory chain. The remainder is used directly for the purpose of synthesis (11).

Certain microorganisms can also use oxidants such as nitrate (and also the sulfate, carbon-
ate, and even other organic compounds) as terminal electron acceptors when oxygen is not
available for respiration. Thus, denitrification achieved in the anoxic stage of a BNR process,
operates with a reduction-oxidation cycle of NADH very similar to that of aerobic respiration,
with nitrate replacing the role of oxygen (Fig. 6.1).

Cycles of reduction-oxidation for coenzyme NADH also exist in fermentation (anaerobic
condition), which is not shown in Fig. 6.1. In fermentation, no externally supplied electron
acceptor is required. The generation of NAD" from NADH is coupled with subsequent
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Bacterial degradation of sugar

Sugar

TCA Cycle

H,0
NOy) (N

Fig. 6.2. Generalized schematic representation of heterotrophic metabolism. (Source: (11)).

reduction of an oxidized organic compound (e.g., acetyl-CoA or pyruvate in the case of
Escherichia coli) generated from catabolism of the initially fermentable substrate (12).

The concentration of NADH in a living bacterial cell is determined by the balance between
the rates of reduction (generation) and oxidation (consumption) reactions. The oxidizing
power of the organic compounds in the oxidation of NADH in fermentation is much weaker
than those of nitrate and oxygen. For example, the reduction potential for the oxidation-
reduction pair of pyruvate/lactate is —0.19 V, whereas those for NO3;~ /N, and !/0,/H,0
are +0.74V and +0.82V respectively (13). Consequently, the rate of NADH oxidation is
much slower with anaerobic metabolism than with denitrification and aerobic respiration.
The intracellular level of NADH at anaerobic stage is therefore higher than those at anoxic
or oxic stages. Further, as reduction potential for the oxidation-reduction pair NO3;~ /Nj is
lower than that for 1,0,/H,0, the NADH level is higher under anoxic condition than under
aerobic conditions. This is simply because oxygen, with higher oxidizing power, oxidizes the
intracellular NADH to a lower level than nitrate does. Also, the microorganism population
in a wastewater treatment plant is a combination of many microbial species. Since not all
the species are capable of utilizing nitrate as the terminal electron acceptor, a portion of the
population does not respond to a shift from anaerobic to anoxic conditions (12). As a result,
distinct difference in the level of intracellular NADH is observed under various metabolic
conditions and rapid increase in NADH level is expected as biomass switches from aerobic to
anoxic to anaerobic metabolism (Fig. 6.3).
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NADH

Anaerobic Anoxic Aerobic

Fig. 6.3. NADH concentration under various bacterial metabolic conditions.

The NADH molecule has a molecular weight of 663 and is soluble in water. The concen-
tration of NAD™ in bacterial cells is of the order of 1073 M. Under steady state conditions, the
concentration of NADH is of the order of 10~ M, i.e., the ratio of NAD™' to NADH is about
1000:1. Thus, a 10% reduction in the concentration of NAD™ will be reflected in a hundred-
fold increase in the concentration of NADH. Further, NADH (and not NAD™) absorbs light
at a wavelength of 340nm and fluoresces at a wavelength of 460nm (11). The absorption
of the light is due to the fact that electrons in the NADH molecules are excited and receive a
quantum of energy corresponding to the energy of the photon that was absorbed. However, the
duration of this high energy state is extremely short (10~?s), and light is emitted at a lower
wavelength. This phenomenon is known as “fluorescence.” Maximum fluorescence for NADH
occurs at 460 nm, which is visible blue light. This property offers an excellent opportunity for
measuring NADH concentration through measuring the level of fluorescence. This emission
light at 460 nm is measured by a sensor and converted to a 4-20 mA signal (2).

NADH fluorescence monitoring differs in one significant aspect from other methods of
monitoring used in wastewater treatment plants, as it monitors the conditions prevailing
within the sludge flocs. For instance, oxygen and redox sensors monitor the conditions in
the free water phase between the sludge flocs. From the process standpoint, the limitation of
these methods is that the oxygen concentration measured in the aeration tank does not have
any direct relationship to the concentration of oxygen in the sludge flocs, since the oxygen
penetration of the flocs is dependent upon the consumption of oxygen within them (11).

4. THE SYMBIO® PROCESS FOR SIMULTANEOUS NITRIFICATION
AND DENITRIFICATION

The objective in SymBio® process is to maintain a dual-zone phenomenon within a
sludge floc where the outer region of the floc has access to the dissolved oxygen and is
capable of nitrification but the inner core is oxygen depleted and is maintained under anoxic
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(denitrifying) condition. This allows simultaneous nitrification and denitrification in a single
floc and consequently in a single tank. As described before, NADH fluorescence is monitored
within an aeration tank using a sensor and any variation in the signal intensity is used to adjust
the airflow rate to maintain low dissolved oxygen below 1.0 ppm. All the cells exposed to the
340 nm ultraviolet light are monitored for NADH activity.

There are a couple of ways to use the NADH fluorescence signal to control the air supply
to maintain SND with SymBio® process. They are described in detail below.

4.1. NADH Proportional Control Strategy

As it has been discussed previously, the NADH fluorescence is strongly influenced by the
oxygen and nitrate concentration. Further, at a constant oxygen concentration in the water
phase between the flocs, the depletion of nitrate and oxygen and as a consequence, the
accumulation of NADH inside the sludge flocs is strongly dependent on the organic loading
rate. To keep an optimum balance between the nitrification rate and the denitrification rate,
NADH can be used to control the oxygen set point.

The bacteria in the aeration tank of a wastewater treatment plant are not evenly distributed,
but flocculate in sludge flocs between which there is a free water phase. This means that the
bacteria do not all have equal access to substrate and hydrogen acceptors, such as oxygen
and nitrate. Although sufficient oxygen is dissolved in the water phase, the bacteria that are
outermost in the sludge flocs will be well supplied with oxygen. On the other hand, bacteria
that are closer to the center of the sludge flocs may have limited access to oxygen, as the
oxygen concentration is determined by the total effect of the diffusion resistance and the
oxygen consumption in the layer between the surfaces of the sludge flocs and the bacteria.

A simple model splits the sludge flocs into an anoxic inner core and an aerobic external
shell (Fig. 6.4). If the oxygen concentration of the free water phase drops or if the oxygen

Simultaneous Nitrification / Denitrification by
monitoring NADH Fluorescence

DO concentration gradients can create anoxic
zones within sludge flocs
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Fig. 6.4. Aerobic and anoxic regions within a sludge floc in the simultaneous nitrification and denitri-
fication system. (Source: (11)).



194 H. K. Trivedi

consumption of the sludge flocs rises, for example due to an increase in the organic loading
rate, the core becomes larger and the shell becomes thinner. This means that the total mass of
bacteria that have a high concentration of NADH increases (Fig. 6.3). It also means that there
is less filtering of the sensor’s UV light as the outermost aerobic shell becomes thinner. The
same applies to filtering of the fluorescence emitted by the NADH in the same layer. Thus,
all of these phenomena increase the level of fluorescence detected by the sensor when the
concentration of oxygen dissolved in the free water phase drops (2). Such increase in NADH
fluorescence is used to automatically increase the airflow to the system.

An increase in the concentration of oxygen in the free water phase or a drop in the sludge
flocs’ oxygen consumption, due to a reduction in the organic loading rate, causes the oxygen
to diffuse further into the flocs. This gives more bacteria the opportunity to oxidize NADH
through the respiratory chain, and the quantity of NADH in the sludge flocs drops. Armed
with this information, it is possible to decide whether the biological process is in a state
of balance or imbalance. This knowledge can then be put to immediate use to control one
or more critical process parameters such as the level of aeration, the rate of sludge return,
the MLSS concentration or the end of the denitrification phase. For example, in the NADH
proportional control strategy, a decrease in NADH fluorescence, as described above, is used
to automatically reduce the airflow to the system.

Figure 6.5 indicates the effects of organic loading changes or the DO variations on the
level of NADH and hence on its fluorescence intensity. This information is effectively used

The SymBio™ Process Proportional
Aeration Control

Decreasing oxygen concentration
Increasing organic load

NADH fluorescence increases ]
Biofloc SymBio Floc
Aerobic part
Anoxic center Increasing oxyvgen concentration

Decreasing organic load
NADH fluorescence decreases

Fig. 6.5. Control of air requirements using NADH fluorescence in the simultaneous nitrification and
denitrification system. (Source: (11)).
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Fig. 6.6. NADH dependent proportional control strategy of the simultaneous nitrification and denitri-
fication Process. (Source: Reference (11)).

in the NADH Proportional Control Strategy for air adjustments. The influence of NADH
Proportional Control Strategy on the anoxic and aerobic zones of the sludge flocs upon an
increment of the organic loading rate is illustrated in Fig. 6.6 (11).

As described above, NADH measurement provides an effective tool for monitoring the
changes in the oxygen demand of the biomass. The NADH fluorescence measured by the
sensor is converted to a 4-20 mA signal and is used as an input to a programmable logic
controller (PLC). The PLC in turn proportionally controls the air supply from the blowers or
surface aerators as described before. However, the concentration of NADH in the biomass is
affected by changes in the mixed liquor suspended solids (MLSS) as well as the operating
temperature in the reactor. For example, higher MLSS represents more biomass, which in turn
means a higher NADH pool under any given metabolic condition. In contrast, an increase in
temperature actually decreases the florescence intensity. So certain environmental parameters
affect the NADH fluorescence intensity, which means that periodic recalibration of NADH
operating range is required if only the NADH proportional control strategy is used in a
SymBio® system (11).

4.2. NADH Jump Control Strategy

Where interference from the external parameters, such as described in the previous section
is a factor, the NADH Jump Control Strategy is utilized. Air is cycled between a “high” DO
phase (<1.0ppm) and a “low” DO phase (<0.2 ppm). The high DO phase promotes higher
nitrification and low DO phase favors denitrification. The high DO phase is of fixed length
but the low DO phase is of a variable length. Any significant increase in NADH during the
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low DO phase indicates a shift from relatively aerobic/anoxic conditions to purely anaerobic
conditions (nitrate depletion) and this NADH increase or “jump” is used to terminate the
low DO phase and initiate the next high DO phase automatically. Very low concentrations
of total nitrogen can be achieved with the NADH jump control strategy when the influent
BOD to nitrogen ratio is high and favorable for denitrification. As NADH levels between two
consecutive phases are compared at any given time, this strategy is relatively independent
of any other interference such as MLSS and temperature. Further, by controlling DO below
1.0 ppm, simultaneous nitrification and denitrification is continuously maintained.

An average NADH value is taken during a high DO (nitrification) phase. This is added to
a plant specific constant (NADH constant) to establish an NADH set point for the subsequent
low DO (denitrification) phase. If the actual NADH value in the denitrification phase exceeds
the set point, it indicates nitrate depletion and the PLC program automatically terminates the
low DO phase and initiates the next high DO phase. A smaller NADH constant results in a
lower NADH set point and allows a quicker termination of the denitrification phase, which can
be used if ammonia removal is the main objective. A larger constant allows complete nitrate
depletion before the set point is exceeded (14).

Figures 6.7, 6.8, and 6.9 demonstrate NADH Jump Control Strategy employed in an
industrial pilot plant. The loading into the aeration tank is 2000+ ppm COD and 1004 ppm
TKN. The effluent nitrate ranged from 150-200 ppm before the SymBio® application. Due to
chemical nature of waste, the sludge age was maintained in range of 20-25 days with water
temperature at 25°C.

In Fig. 6.7, the high DO phases and the Low DO phases are of 60 min each. However, to
indicate the importance of NADH monitoring, a small NADH constant (Biological Potential
Unit, BPA) was chosen. Because of the smaller set point, NADH value exceeds the set point
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Fig. 6.7. NADH Jump Control Strategy—Chart 1. (Source: (14)).
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Fig. 6.9. NADH Jump Control Strategy—Chart 3. (Source: (14)).

quickly (<10 min), once the system is switched to the low DO phase. This terminated the low
DO phase before the scheduled 60 min and hence nitrate was never completely depleted. This
favored nitrification and kept ammonia below 1.0 ppm. Nitrate was reduced to around 70 ppm
because of simultaneous denitrification even in the high DO phase. As Fig. 6.7 indicates, a
sudden increase in the NADH level was observed around 4.00 p.m. This could have been
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due to an influx of higher organic loading. Subsequently, the overall NADH concentration
remained at a higher level from 4.00 p.m. to 12.00 a.m. in Fig. 6.7. However, as mentioned
before, the NADH jump control strategy was not affected by this sudden increase in the
absolute NADH fluorescence value as two consecutive phases of high DO and low DO were
compared at any given time (14).

Figure 6.8 indicates that the NADH constant was increased to 70 BPA to favor denitrifica-
tion. This allowed the low DO phase to extend to the full 60 min. Although nitrate was still
not completely depleted, its effluent concentration dropped to less than 15 ppm. Every time
the DO was lowered, the NADH jumped only once at the start of the low DO phase indicating
that anoxic conditions prevailed and the biomass never switched to anaerobic metabolism.
The overall rising trend in NADH could have been due to changes in organic loading, MLSS,
or temperature. Again, as the difference in the NADH concentration between two consecutive
two phases was compared, the control system was not affected (14).

As shown in Fig. 6.9, by allowing gradual nitrate depletion, a stage was reached when
nitrate was eventually depleted from the system and the NADH fluorescence showed two
jumps during all low DO phases. First jump indicated a switch from more aerobic to more
anoxic conditions and the second jump indicated a switch from anoxic to anaerobic conditions.
This was confirmed with the chemical analysis of the effluent 24-h composite samples. This
demonstrated the capability of the SymBio® system using the NADH jump control strategy
to switch from complete nitrification to complete denitrification conditions by adjustments of
the operating parameters (14).

In wastewater treatment plants treating domestic sewage, the SymBio® system utiliz-
ing the NADH jump control strategy has been successfully applied to achieve effluent
total nitrogen levels below 5.0 ppm and ammonia-N levels below 1.0 ppm. The process
design considerations are discussed before the operational data from various installations is
described.

4.3. Process Design

For a wastewater treatment plant operating in a conventional nitrification mode, the
SymBio® process offers significant advantages such as:

Total nitrogen removal without any concrete modifications
Energy savings due to reduced aeration requirement
Alkalinity recovery due to denitrification

Reduced sludge production due to lower anoxic sludge yield

The major requirements for a simultaneous nitrification and denitrification operation are (a)
control over the air supply and (b) sufficient sludge age to ensure complete nitrification and
denitrification at low DO.

The energy savings compared to a nitrification system are attributed to: low DO operation;
higher oxygen transfer efficiency for a given aeration system operating at low DO concentra-
tion, e.g., 0.5 ppm DO in the SymBio® mode versus 2.0 ppm DO in a conventional nitrification
mode; and use of nitrate for organic carbon removal instead of oxygen. Higher oxygen transfer
efficiency results from the fact that the driving force, for transferring the gaseous oxygen in
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the air to the liquid water, is higher when the DO concentration in the receiving water is
low. For example, at 20°C and 760 mm Hg barometric pressure, the maximum solubility of
oxygen in water is 9.08 ppm (15). Hence, under these conditions, the concentration gradient
for transferring oxygen into the water with 2.0 ppm DO is lower than that for the water with
0.5 ppm DO (7.08 ppm versus 8.58 ppm). This results in higher oxygen transfer efficiency for
the low DO operation. Twenty-five percent to 30% energy savings have been achieved in some
cases when nitrification systems were converted to SymBio® systems as described in the case
studies later on in this chapter.

To achieve maximum energy savings and to maintain a balance between aerobic/anoxic
sections of the sludge flocs, a good aeration control system is necessary. Typically, an NADH
monitoring system coupled with variable frequency drive (VFD) on a surface aerator motor
or a positive displacement blower motor is used. Inlet valve with automatic control can also
be used for a centrifugal blower. One of the important requirements, in some cases, for the
SymBio® process is the need for a separate mechanical mixing to avoid settling of solids in the
aeration basin when operating at a low DO. In a SymBioTM system, a separate mixing device
is recommended if the aeration requirement falls below 15 SCFM per 1000 ft® of the tank
volume. Typical mixing requirement is 25 hp mixing energy per million gallon tank volume.

Careful consideration should be given when selecting the operating sludge age for a
SymBio® system as both nitrification and denitrification are performed in the same reactor.
During design, the required minimum sludge ages for complete nitrification and denitrification
are estimated separately and then they are combined for a single tank operation. Table 6.1
provides the recommended nitrification sludge age and the denitrification rate at various
operating temperatures (16).

Once the total, minimum sludge age is calculated based on the loading and the operat-
ing temperature, a safety factor is added (20-25%) and the actual operating sludge age is
estimated. For example, a municipal wastewater treatment plant operating at 15°C with an
influent loading of 220 ppm BOD, 220 ppm total suspended solids (TSS) and 40 ppm total
Kjeldahl nitrogen (TKN) and with the effluent requirements of 10 ppm BOD, 10 ppm TSS,
1.0 ppm ammonia-N and 5.0 ppm total nitrogen, will be required to maintain a total sludge
age of 11-12 days under the SymBio® mode.

Table 6.1

Sludge age requirements for a simultaneous nitrification and denitrification system
Operating Minimum nitrification Denitrification rate
temperature (°C) sludge age (Days) (Ib nitrate-N/Ib VSS-day)
10 10 0.054

15 6 0.066

20 4 0.108

25 4 0.186

Source: (16).
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Pochana and Keller (17) indicated that there are three major factors that affect SND,
namely, carbon supply, floc size, and dissolved oxygen concentration.

Presence of organic carbon as a food source is essential for denitrification to proceed satis-
factorily. According to Henze (18), a chemical oxygen demand to nitrogen ratio (COD:TKN)
of 3.5-4.5g COD per gram of N is necessary for denitrification. In the SymBio® process
design, a minimum ratio of 4.0 g BOD per gram of N is recommended to ensure complete
denitrification.

Pochana and Keller (17) showed that floc sizes higher than 80 um allowed significant
SND due to development of anoxic regions near the center of the flocs. Kaempfer et al. (7)
also demonstrated existence of anoxic regions within 3 mm size flocs using microprobes and
suggested that reduced shear force from aeration or mixing equipment could create larger flocs
and promote SND. In the SymBio® process, a low DO operation results in a lower aeration
energy that reduces the shear on the flocs and promotes SND.

One of the major concerns with low DO operations has been the possible negative effect on
the nitrification as well as the denitrification rates. It is generally accepted that denitrification
can be best achieved in absence of oxygen whereas nitrification requires approximately
2.0ppm DO to avoid any rate limitations. Stensel (8) estimated that operating with 0.2 ppm
DO concentration at 20°C; the rate of nitrification will be less than one fourth of the rate at
2.0ppm DO. This means the sludge age in a 0.2 ppm DO operation has to be increased by
four times to ensure a complete nitrification compared to a 2.0 ppm operation. Similarly the
denitrification rate with a 0.2 ppm DO operation was estimated at half of the rate at 0 ppm DO
(8). In the SymBio® process, the DO is consistently maintained below 1.0 ppm to promote
SND. However, the field experience has not demonstrated a strong negative effect of a low DO
operation on the nitrification or the denitrification rates. In most cases, a complete nitrification
is achieved with effluent ammonia concentrations well below 1.0 ppm. Further, the degree of
denitrification has been 80% or higher in these cases. Several hypotheses are presented to
explain these results:

1. Pochana and Keller (17) observed that in a cyclic study where 95% SND was observed with DO
levels in the range of 0.2-0.6 ppm, nitrate was not generated in a significant quantity although
the ammonia oxidation was completed. This could have been due to a short SND pathway where
the ammonia was oxidized to nitrite only and the nitrite was subsequently reduced to nitrogen
gas via dissimilative pathway. Hanaki et al. (19) also indicated that nitrite oxidizers (Nitrobacter)
were strongly inhibited by a low DO operation. Hence, it is possible that in the SND systems
like the SymBio® process majority of the ammonia gets converted to nitrite only and the nitrite
in turn gets reduced to nitrogen gas. This possibility provides significant advantages as a shorter
pathway reduces the aeration requirement for ammonia oxidation and also reduces the organic
carbon requirement during denitrification. Further research to confirm this observation is planned.

2. As discussed earlier, conventional BNR systems involve a pre-anoxic tank followed by a nitri-
fication tank. The recycled mixed liquor from the nitrification tank provides a source of nitrate
and the raw influent wastewater provides a source of the organic carbon for denitrification in the
pre-anoxic step. The pure aerobic environment in the nitrification stage results in repression of
denitrifying enzymes, which have to be activated in the pure anoxic environment for denitrifica-
tion. Lag periods of 40 min to 2 h have been reported for an aerobically grown culture, for example
of P. aeruginosa, to shift to maximum denitrification activity (19-21). In the SymBio® process,
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the biomass is continuously maintained at DO concentration below 1.0 ppm and is never exposed
to fully aerobic conditions. This reduces the extent of enzymatic repression for denitrification and
results in relatively a shorter lag period and consequently a quicker shift to denitrification.

3. Hanaki et al. (22) reported that a low DO operation resulted in a higher yield of ammonia oxidizers
(Nitrosomonas) in a pure nitrification system and this compensated for the reduced ammonia
oxidation rate observed at low DO. This means that when the organic loading is low, in the SND
systems like the SymBi0® process, the nitrification rate per unit biomass may be lower at low
DO but the autotrophic yield and hence the quantity of biomass performing the function can be
higher compared to a high DO nitrification process.

Another concern with the SymBio® process has been the possibilities of excessive low DO
filamentous growth. Further, as SND systems like the SymBio® process usually operate at
low food to microorganisms (F:M) ratio, there is a concern for low F:M filamentous bulking.
Some of the indicative filamentous microorganisms are Type 1701, S. natans, H. hydrossis, M.
parvicella, Nocardia sp. Types 021N, 0041, 0675, 0092, 0581, 0961, 0803 (23). However, a
study performed at Olympus Terrace wastewater treatment plant in Washington demonstrated
that the SymBio® operation did not result in any excessive bulking of the sludge (24). Further,
as described in the case study discussing the Rochelle, IL installation in the next section,
improvement in the sludge settling has been observed in some cases. One of the reasons could
be a selector effect due to the anoxic environment created in the sludge floc because of the low
DO operation. This may help in suppressing excessive filamentous growth. Further research
to confirm this observation is planned.

In practice, to avoid bulking issues during operation, a small polishing step is included
after the SymBio® reactor. The polishing step includes an aerobic tank operating at relatively
higher DO (1-2ppm). The hydraulic retention time is usually 1-2h. This step helps in
reducing any bulking pressure in the system. Further, it polishes off any remaining BOD
or ammonia and introduces positive DO into the treated water before the discharge into the
secondary clarifiers. Addition of a small pre-anoxic selector basin upstream to the SymBio®
basin is also planned to create the necessary F:M gradient and incorporate microbial selection
against filamentous organisms.

5. CASE STUDIES

The SymBio® process has been used in more than 30 installations worldwide. Measure-
ments involving NADH, organic loading, respiration, or DO concentration have been used to
estimate the oxygen demand of the biomass and to control the air supply to maintain SND
in these plants. Some operational data is presented here based on the experience with the
SymBio® process in the USA.

5.1. Big Bear, CA

Big Bear Area Regional Wastewater Agency (BBARWA) in California operates an oxi-
dation ditch plant with a design flow of 3.2 MGD. There are three oxidation ditches but
only two are normally used in a parallel operation. Each ditch has a volume of 1.6 million
gallons and uses brush aerators (total 180 hp installed aeration capacity in each ditch) for
aeration and mixing. The plant was designed as a conventional nitrification plant based on
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ammonia removal requirements in the past. As the effluent requirement changed to 10.0 ppm
total inorganic nitrogen (TIN = ammonia-N + nitrite-N + nitrate-N), the plant opted for the
SymBio® technology to introduce simultaneous denitrification within the ditches. NADH
Jump control strategy has been used in all ditches. Initially, during a 3-month trial period in the
summer of 2000, the brush aerators were controlled in On/Off mode based on NADH profile.
The modified operation generated effluent TIN values below 2.0 ppm while the ammonia
concentrations were maintained below 0.5 ppm. This clearly indicated that complete nitrifi-
cation was maintained while simultaneous denitrification was introduced using the SymBio®
technology. Comparison of the operating hours of brush aerators in SymBio® mode versus the
previous nitrification mode demonstrated energy savings in excess of 30% due to the effective
aeration control by the NADH monitoring system for a low DO operation.

Subsequently, in March 2001, VFDs were installed on the brush aerators for better aeration
control. NADH was monitored in the biomass and the speed of the aerators was regulated
to match the oxygen demand. Effluent nitrogen concentration results from this automatic
operation in 2001-2003 are provided in Fig. 6.10 and Fig. 6.11. Table 6.2 provides the average
plant effluent results during this period. The capital cost savings for the BNR upgrade using
the SymBio® process were in excess of $500,000 as separate anoxic tanks with mixed liquor
recycle were not required.

BBARWA, CA-SymBio Operation
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Fig. 6.10. Big Bear, CA-Effluent TIN results.
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Fig. 6.11. Big Bear, CA-Effluent TKN results.
Table 6.2

Big Bear, CA-Effluent results with the simultaneous nitrification and denitrification

system—(2001-2003)

BEFORE Location Flow BOD TSS Ammonia-N Nitrate-N  TIN

SymBio (MGD) (ppm) (ppm)

(ppm)

(ppm)

(ppm)

1999
Influent 2.12 193 219
Effluent 2.12 5 14

AFTER
SymBio  2001-2002
Influent  2.72 275 371

Effluent 2.72 6 6
2002-2003

Influent 2.09 286 287

Effluent 2.09 8 7

1.20

0.6

1.43

227

1.49

9.70

2.85
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BBARWA has won the following awards due to their success with the SymBio® operation:

e Innovation Award (2000) from the California Association of Sanitation Agencies (CASA)
e Research Achievement Award (2001) from the California Water Environment Associa-
tion (CWEA)

5.2. Perris, CA

Eastern Municipal Water District operates the 7.5 MGD, 5-stage Bardenpho plant at Perris,
CA. The five stages of the Bardenpho process at this facility are:

Pre-anaerobic stage

Pre-anoxic stage

Nitrification stage (oxidation ditch)
Post-anoxic stage

Post-aeration stage

The combination of the pre-anaerobic stage and the aerobic, nitrification stage results in a
luxury (excessive) phosphorous uptake by the biomass and this phosphorous, stored inside the
bacterial cells, is removed from the system when the excess sludge is wasted. The pre-anoxic
and the post-anoxic stages are designed to promote denitrification. So, the 5-stage Barden-
pho system is a complete BNR system for the removal of both nitrogen and phosphorous.
The wastewater treatment plant at Perris was achieving its effluent requirement effectively.
However, the city decided to introduce the SymBio® technology in the nitrification ditch to
convert it to a SND system. The objective was energy savings due to a low DO operation in the
nitrification ditch coupled with a higher nitrogen removal efficiency. In the summer of 2001,
a 3-month trial was initiated with the nitrification stage converted to SymBio® SND system
and the results of the trial are presented in Table 6.3.

Table 6.3
Perris, CA-Effluent results with the simultaneous nitrification and denitrification
system—Summer 2001

Parameter Value

Plant Flow 7.05 MGD
Secondary Bardenpho Effluent Ammonia-N 1.30 ppm
Secondary Bardenpho Effluent Nitrate-N 0.36 ppm
Secondary Bardenpho Effluent Orthophosphate-P 0.89 ppm

Tertiary Bardenpho Effluent CBOD 2.02 ppm

Tertiary Bardenpho Effluent TSS <3.0 ppm

Tertiary Bardenpho Effluent Ammonia-N 0.57 ppm

Energy consumption before SymBioTM operation 102.40 KW/MG water treated
Energy consumption during SymBioTM operation 76.19 KW/MG water treated

Energy savings due to SymBioTM operation 25.50%
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As the data indicated, running under the SymBio® mode the plant maintained high
degrees of nitrification and denitrification. The average secondary effluent nitrate concentra-
tion and the tertiary effluent ammonia concentration were below 1.0 ppm. Further, the low DO
operation due to NADH control resulted in energy savings in excess of 25% compared to the
previous operation. Subsequently, the surface aerators in the nitrification ditch were installed
with VFDs and the SymBio® system was permanently installed to control the speed of the
aerators.

5.3. Rochelle, IL

This 4.87 MGD plant, operated by Rochelle Municipal Utilities, utilizes a parallel operation
between four plug flow reactors, each using a two-pass system. Only two reactors are normally
used at a given time. Fine bubble diffusers coupled with centrifugal, multi-stage blowers are
used for aeration. The plant treats a combination of industrial (food processing) and domestic
wastewater. It is required to perform nitrification only and is not required to denitrify at this
point. However, the city decided to install the SymBio® system in 2001 at this facility to
maximize the energy savings and to use the NADH measurements for monitoring the organic
loading fluctuations from the industry. Further, a denitrification requirement is expected in the
future. Because of the industrial contribution, the influent TKN loading is relatively high in a
range of 50-60 ppm and correspondingly the effluent nitrates have been high. The installation
of the SymBio® system has resulted in simultaneous denitrification (more than 70%) in the
plug flow reactors and the overall plant effluent results for the 2001-2003 operation are shown
in Table 6.4.

One of the benefits with the SymBio® operation for this facility has been the improvement
in the sludge settling. As Table 6.4 indicates, the sludge volume index (SVI) based on 30-min
settling tests has been maintained at around 130. No filamentous bulking has been observed.
This is important, as one of the concerns with low DO operations has been excessive growth
of low DO filamentous organisms.

Table 6.4
Rochelle, IL-Effluent results with the simultaneous nitrification and denitrification
system—(2001-2003)

2001-2002 Flow BOD TSS Ammonia-N TKN Nitrate-N
(MGD) (ppm) (ppm) (ppm) (ppm) (ppm)

Influent 3.04 252.00 148.00 73.00

Effluent 3.04 1.58 1.01 0.26 17.92

2002-2003 Flow BOD TSS Ammonia-N TKN Nitrate-N
(MGD) (ppm) (ppm) (ppm) (ppm) (ppm)

Influent 2.08 285.00 166.00 42

Effluent 2.08 3.15 2.8 0.64 3 8.97

Average MLSS (ppm) SVI Sludge Age (day)

2001-2003 2184 131 15
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6. CONCLUSION

Simultaneous nitrification and denitrification is an attractive option for design engineers
and scientists as it may offer significant advantages compared to conventional processes with
separate nitrification and denitrification reactors. The SymBio® process for simultaneous
nitrification and denitrification offers a relatively easy retrofit option to existing nitrification
facilities for total nitrogen removal. It can be applied to various flow configurations such
as complete mix systems, plug flow systems, oxidation ditches, conventional BNR systems
with multi-stage operation, and sequential batch reactors (SBR). The measurement of NADH
fluorescence provides an effective tool for monitoring the biological activity, which in turn is
used for a precise control over the aeration in the SymBio® process. The NADH proportional
control strategy or the NADH jump control strategy can be used with the SymBio® process.
The SymBio® operation results in significant energy savings combined with higher nitrogen
removal efficiencies.

Since NADH is an intracellular coenzyme, a loss of NADH activity indicated by a loss
of the fluorescence signal is usually an indication of influent toxicity in the system. Further,
as the NADH is measured by its fluorescence (optical measurement), the NADH sensor has
less maintenance issues compared to the conventional measurement techniques involving wet
chemistry. As the aeration control steps are taken based on relative changes in the NADH
levels under the NADH jump control strategy, the absolute value of NADH in the biomass has
no effect over the overall control scheme. This eliminates any influence of external parameters,
like MLSS and temperature, on the process performance. It also eliminates the need for
calibration of the NADH sensor.

New technologies for nitrification denitrification processes in wastewater treatment involve
the use of membrane bioreactors (MBR). The feasibility studies and practical applications of
these new MBR technologies are reported elsewhere (25, 26). The SymBio® process control
concept has already been combined with MBR technology in the US wastewater treatment
industry.

The SymBio® process is a property of BioBalance A/S, Denmark and is protected in the
USA under patents 5,506,096, 5,557,415, 5,700,370 and 5,906,746. Enviroquip, Inc. of Austin,
Texas has the exclusive rights to offer the SymBio® process in the USA.

NOMENCLATURE

BNR = biological nutrient removal

CO, = carbon dioxide

NH4"-N = ammonium-nitrogen

0O, = oxygen

NO; ™ -N = nitrate-nitrogen

CaCO3; = calcium carbonate

BOD = biochemical oxygen demand
H,COj3; = carbonic acid

MLE = modified Ludzack-Ettinger process
UCT = University of Cape Town process
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A’0 = anaerobic/anoxic/oxic process

SND = simultaneous nitrification and denitrification
DO = dissolved oxygen

NADH = nicotinamide adenine dinucleotide
ATP = adenosine tri phosphate

MLSS = mixed liquor suspended solids
PLC = programmable logic controller

VFED = variable frequency drive

TKN = total Kjeldahl nitrogen

F:M = food to microorganism ratio

TIN = total inorganic nitrogen
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Abstract In a conventional activated-sludge process, bio-oxidation, nitrification, and deni-
trification reactions occur in three separate bioreactors connected in series. Each bioreactor
has its own type of micro-organisms (i.e., activated sludge), and each bioreactor has its own
clarifier for micro-organisms—water separation. In a single sludge biological system, the mixed
micro-organisms are used throughout the bioreactor, which is divided into aerobic and anoxic
zones for nutrient removal. This chapter introduces the classification, stoichiometric princi-
ples, kinetic considerations, and system design of various single sludge biological systems.
Specifically, the multistage single anoxic zone system, the multistage multiple anoxic zone
system, and the multiphase cyclical aeration system are discussed in detail. Other biological
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systems covered in this chapter are: endogenous nitrate respiration, aerobic sludge synthesis,
anoxic biosolids synthesis, and compartmentalized aeration tanks.

Key Words Anoxic biosolids synthesis « anoxic zone * bio-oxidation « compartmentalized
aeration ¢ denitrification « endogenous nitrate respiration « ENR ¢ multiphase cyclical aeration
nutrients removal * nitrogen removal « nitrification« single sludge biological system.

1. INTRODUCTION

Single-sludge nitrification—denitrification processes were first developed and applied in the
1960s. Since then, these processes have gained popularity, particularly in small- to medium-
sized plants. Driving factors include less-critical energy and onsite tankage considerations,
an increase in the general understanding of basic process principles, marketing efforts by
companies promoting proprietary single-sludge systems and a perception that such systems
offer potential cost advantages over multiple-sludge nitrogen removal processes and systems
with separate-stage denitrification (1).

Single-sludge systems for nitrogen removal basically combine carbonaceous removal,
ammonia oxidation, and nitrate reduction within the same process, using modified versions of
the activated sludge process with a single sedimentation step for separation of the biosolids.
As the enforcement of effluent nitrogen limits became more prevalent in various parts of the
country, increased efforts were made to develop new or modified versions of the single-sludge
process. As a result, there is now a wide variety of system configurations from which to
choose. Single-sludge systems have been developed with various combinations of single or
multiple anoxic zones (2—10), oxidation ditches (11-15), sequencing batch reactors (16-24),
and cyclical aeration systems (25-28).

Single-sludge systems are available with a variety of design layouts, reactor configurations,
inlet feed arrangements, compartmentalization or baffling, mixing processes, return biosolids
requirements, internal recycle patterns, aeration processes, integrated phosphorus removal
techniques, performance capabilities, process control requirements, and miscellaneous sup-
port approaches and controls. This chapter is intended to assist the reader in screening,
evaluating, and/or selecting, if appropriate, a single-sludge system. The chapter also provides
information on the types of systems, design considerations, and features of various configura-
tions, support systems, performance capabilities, operational requirements, and other factors
to consider in designing new plants, plant expansions, and retrofits of existing plants (29-31)
for both nitrogen and phosphorus removals. One year operational data of a model single sludge
activated sludge treatment plant in Coxsackie, New York, USA, are presented in this chapter
in detail for practical engineers to use as a reference. The Coxsackie plant was designed for
both nitrogen and phosphate removal, and has been in successful operation since 1974. More
detailed design examples can be found from Chapter 8, Selection and Design of Nitrogen
Removal Processes.

Single-sludge systems offer several advantages over multiple-sludge systems or separate-
stage systems (1):
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1. Without intermediate clarifiers or separate denitrification units, there is a potential cost advantage,
if the costs of larger reactor tankage and energy requirements do not exceed these benefits.
Space availability.

Reduction in alkalinity consumption.

Use of wastewater carbon as a carbon source for denitrification in lieu of methanol.

Lower oxygen requirements.

Single-sludge systems can more readily be used in retrofitting existing activated sludge plants for
nitrogen removal, particularly if the plant has excess capacity.

SN

Potential limitations or disadvantages (which are site specific and all or none may apply to
a particular situation) to consider compared to separate sludge/stage systems include (1):

Greater sensitivity to toxicity or inhibition without a separate upstream biological treatment step.
Lower nitrogen removal efficiency.

Higher energy usage (compared to separate stage).

Larger volumes of reactor tankage.

Greater site requirements.

DAL=

The major factor—in addition to the effluent nitrogen limit—in evaluating and comparing
a single-sludge system to other systems is cost comparison in terms of capital outlay and
operation and maintenance. It must also be noted that single-sludge systems can be followed
by a separate stage for denitrification where more stringent nitrogen limits are imposed. The
separate stage may need to be operated during winter only while operating the single-sludge
system exclusively for nitrification. During warmer months, the single-sludge system would
be used for nitrogen removal without the separate stage, thus eliminating methanol costs.

Phosphorus and phosphates in the wastewater can be removed significantly in a biological
treatment plant with or without chemical additions. Although the emphasis of this chapter is
on nitrogen removal by single sludge activated sludge processes, this chapter also discusses
how phosphorus and phosphates can be removed at the same time in a biological reactor.

2. CLASSIFICATION OF SINGLE-SLUDGE PROCESSES

Single-sludge systems are generally classified according to their flow regime, staging
of anoxic and aerobic sequences, or method of aeration. All the classifications and their
component processes require nitrification to occur in an aerobic zone or reactor, followed by
denitrification. For denitrification to occur, nitrates must be present together with an organic
carbon source. Organic carbon can be provided by the endogenous activity of the micro-
organisms (i.e., by depleting the cell’s mass) or by an exogenous source such as the BOD of
the influent waste-water or primary effluent.

To use endogenous activity as the carbon source, plant flow would be conveyed sequentially
through a combined BOD removal/nitrification step in an aerobic zone or reactor, and then to
the endogenous anoxic zone or reactor to denitrify the nitrates. Alternatively, the influent BOD
can be exploited for denitrification by either:

1. Recycling nitrates to an anoxic zone or reactor that precedes the aerobic zone.
2. Operating alternate anoxic/aerobic conditions within a single zone or reactor.
3. Conveying the flow sequentially through alternating anoxic/aerobic zones.
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Because denitrification cannot occur without nitrification occurring first, systems are
designed and sized to completely nitrify the oxidizable influent TKN (Total Kjeldahl Nitro-
gen). Thus, conventional parameters such as F/M (Food to micro-organism) ratio, retention
time, oxygen transfer rate, and solids retention time (SRT or 0.) are used in sizing the
aeration equipment and tank volume. Denitrification can then be achieved by conveying the
oxidized nitrogen in the form of nitrates to an anoxic zone. A summary of the categories and
characteristics of the general single-sludge classifications is provided below (1).

1. Multistage Single Anoxic Zone. Processes are most commonly configured as suspended growth
treatment. Variations in aeration conditions are achieved spatially in different reactors as flow is
conveyed through the process train. This process uses one anoxic stage for denitrification and
represents one of the simplest configurations for nitrogen removal in a single-sludge system. The
most common configuration to achieve denitrification involves recycling nitrified mixed liquor
to an antecedent anoxic zone, where exogenous carbon provided by the influent wastewater can
be used by the facultative denitrifiers. Nitrates that are not recycled will be discharged to the
final clarifier. Examples of single anoxic zone processes include anaerobic/anoxic/oxic (A%/0),
Modified Ludzack-Ettinger (MLE), Virginia Initiative Plant (VIP), and University of Capetown
(UCT) processes.

2. Multistage Anoxic Zones. This configuration uses more than one anoxic zone. Two anoxic zones
are most commonly used. The carbon source for denitrification may be either endogenous or
exogenous; however, endogenous denitrification should be preceded by an exogenous denitrifi-
cation reactor for maximum nitrogen removal. Endogenous denitrification is commonly used to
denitrify the nitrates that were not recycled to the antecedent exogenous denitrification reactor.

Exogenous denitrification can be achieved by the following design strategies: (a) recycling
nitrified mixed liquor to an antecedent anoxic zone, (b) step-feeding raw wastewater or
primary effluent to an anoxic zone containing nitrates, or (c) supplementing the depleted
carbon in the nitrified mixed liquor with methanol. For systems that denitrify by employing
two exogenous zones with internal recycle and no endogenous zone, the final effluent nitrate
concentration is controlled by the recycle rate since the aerobic zone is not followed by
another anoxic zone. This process configuration does not achieve effluent TN (total nitrogen)
concentrations as low as configurations that have an endogenous anoxic zone following BOD
removal/nitrification.

Step-feeding raw wastewater or primary effluent to provide substrate for exogenous deni-
trification requires a final aeration step to nitrify the ammonia that bypasses the initial BOD
removal/nitrification process.

The Bardenpho and Modified UCT processes are examples of dual anoxic zone processes.

1. Multiphase/Cyclical Aeration. Cyclical technologies are generally a modification of the activated
sludge process. Alternating anoxic/aerobic sequences are achieved in continuous flow reactors
or compartments by pulsing the aeration source. The aeration frequency or intensity should be
adjusted such that the DO (dissolved oxygen) in the reactor does not exceed 2 mg/L during the
aerobic phase. If several alternating reactors or zones are used in series, raw wastewater or primary
effluent may be step-fed to those reactors in which wastewater organic carbon has been depleted
or is present in rate-limiting concentrations.

2. Oxidation Ditches. Oxidation ditches are perhaps the simplest treatment scheme, but are less
common in the United States than conventional activated sludge configurations. Wastewater flows
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in a continuous circuitous path and aeration is provided at fixed points along the flow path. Anoxic
conditions are achieved between the aerators as oxygen is depleted. The hydraulic retention time
of an oxidation ditch is generally longer than in multistage systems (11-15).

3. Sequencing Batch Reactors (SBRs). SBR technologies are among the oldest technologies. By
pulsing the aeration mechanism on a timed cycle, alternating aerobic and anoxic conditions are
achieved on a temporal basis within a single reactor, as opposed to a spatial basis, and all reactions
and settling occur in the same reactor (16-24).

This chapter deals with the first three categories. The last two namely oxidation ditches and
sequencing batch reactors (SBRs) are discussed in detail in another book Biological Treatment
Processes (2), which is also in the same book series: Handbook of Environmental Engineering.

3. STOICHIOMETRIC AND KINETIC CONSIDERATIONS

In this section, aspects of single-sludge systems for nitrogen removal are discussed to
present the important basis and working theory for the processes discussed in this chapter.
The discussion is based on data found in the literature, particularly in a report (32) and manual
(33) published by the US Environmental Protection Agency (US EPA).

This section represents an attempt to postulate the principles of certain complex biological
processes. As in other attempts of this nature, a good measure of idealization and simplifica-
tion had to be used.

3.1. Routes of Nitrogen Removal in Single-Sludge Systems

Four routes of nitrogen removal seem to be available in single-sludge systems. These routes
are (32-36).

3.1.1. Biosolids Synthesis

This may occur either under aerobic or anoxic conditions. The stoichiometric equation
describing biosolids (sludge biomass) synthesis is the same for both conditions. In the course
of the synthesis reaction, ammoniacal or organically bound nitrogen is removed from the
substrate by the biomass and incorporated into new biomass. The energy deficiency of the
synthesis reaction is covered by the energy surplus of aerobic or nitrate (substrate) respiration.

3.1.2. Substrate Nitrate Respiration

This is the interaction of nitrates with organic wastewater carbon compounds and is
mediated by the biomass. This reaction always accompanies biosolids synthesis under anoxic
conditions. Nitrates are used as the hydrogen acceptor, organic wastewater carbon compounds
as the hydrogen donor. This is an energy reaction. Nitrogen is released to the atmosphere.
During this reaction, biodegradable carbon compounds are present in the liquid phase of the
process water.

3.1.3. Endogenous Nitrate Respiration (ENR)

This is the interaction of nitrates with the biosolids themselves under anoxic conditions.
Nitrates are used as the hydrogen acceptor; the biomass itself serves as the hydrogen donor.
This too is an energy reaction. Nitrogen is released to the atmosphere and ammonia is released
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to the process water. During ENR, biodegradable carbon compounds are absent from the
liquid phase of the process water. Adsorbed carbon nitrate respiration often accompanies
ENR. Because the chemistry of the biomass and of adsorbed carbon compounds is not well
known, it is often impossible to differentiate quantitatively between ENR and adsorbed carbon
nitrate respiration. The term ENR is, therefore, used to cover both denitrification based on
biomass destruction and denitrification based on the use of adsorbed carbon compounds as
the hydrogen donor.

3.1.4. Adsorbed Carbon Nitrate Respiration

This is the interaction, under anoxic conditions, of nitrates with organic carbon compounds
adsorbed by the biomass and occurring while the liquid phase of the process water is already
devoid of biodegradable carbon compounds. The adsorbed carbon compounds are used as the
hydrogen donor by the biomass; nitrates serve as the hydrogen acceptor. This too is an energy
reaction. Nitrogen is released to the atmosphere. The reaction occurs in conjunction with ENR
and is accompanied by a measure of biosolids synthesis. The stoichiometry of this reaction
is probably similar to that of substrate nitrate respiration, but not enough data are available
to allow the postulation of stoichiometric equations. For reactor design purposes, the kinetic
equations describing ENR can be easily adapted to reflect the occurrence of adsorbed carbon
nitrate respiration.

3.2. Stoichiometric and Metabolic Principles
This stoichiometric discussion rests on the following basic assumptions (32):

The composition of the biomass produced in the process is CsH70,N (37)

The composition of the carbon source in domestic wastewater is C;oHj9O3N (38, 39)

The energy/synthesis ratio ( fe:fs) for aerobic biological removal of the carbon source is 0.54:1
The energy/synthesis ratio ( f.: f;) for anoxic biological removal of the carbon source is 1.86:1
The BODs/COD ratio of the carbon source is 0.45:1

SNk WD =

The f.: f; ratio is the ratio of substrate utilized for energy to substrate utilized for synthesis
in a reaction of zero SRT, i.e., in a reaction in which no endogenous respiration occurs. The
nomenclature f, :f; is after McCarty (38).

The carbon source does not include free ammonia in the domestic wastewater. The
energy/synthesis ratio for the aerobic process is a rounded version of the ratio stipulated by
Porges et al. (37); the f.:f; ratio for the anoxic process was estimated on the basis of data
reported by Barnard (40).

From the assumptions listed, several conclusions may be readily drawn:

1. The yield factor Y based on BODs (mg MLVSS produced/mg BODs5 removed) in aerobic
substrate utilization is 1.02; Y is 0.46 in terms of COD.

2. During anoxic substrate utilization, Y is 0.55 in terms of BODs, 0.25 in terms of COD.

3. One mole of the carbon source in domestic wastewater (CjoHj9O3N) has a COD of 400¢g, a
BODs of 180 g, and a TOC of 120 g and weighs 201 g.

4. One mole of the biomass (MLVSS) produced has a COD of 160 g, weighs 113 g and contains
12.4% nitrogen.
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5. The stoichiometric equation for biosolids synthesis under aerobic as well as anoxic conditions is:
CioHi9O3N + 1.5NH3 + 2.5C0O, — 2.5CsH70,N + 3H,O (1)

It should be noted that NH41-N is assumed to be the source of the additional nitrogen needed,
even under anoxic conditions.
6. The stoichiometric equation for aerobic (oxygen) respiration in the presence of substrate is:

CioH19O3N + 12.50, — 10CO; + 8H,O + NH3 2)

Usually this reaction is simply referred to as “respiration.”
7. The stoichiometric equation for substrate nitrate respiration is:

CioH19O3N + 10NaNO3 — 10CO; + 3H,0 + NH3 4+ 10NaOH + 5N, 3)

8. The stoichiometric equation for aerobic removal (synthesis+respiration) of the carbon
source reads:

C1oH1903N +4.3750, + 0.625NH3 — 1.875CO; + 4.75H20 4 1.625CsH7;0.N  (4)

9. The stoichiometric equation for anoxic removal (synthesis+respiration) of the carbon source
reads:

CioH19O3N + 6.5NaNO3 — 0.125NH3 + 5.625CO; + 0.875CsH70,N + 6.5NaOH + 3.25N;
+ 3H,0 Q)
In Egs. (3) and (5), NaNOs stands for all the nitrates present.

Construction of Egs. (1) to (5) is based on the half-reaction equations originally proposed
by McCarty (38). The heuristic strategy of looking on all biological substrate removal pro-
cesses as composed of a respiration (energy) reaction and a synthesis (biosolids production)
reaction was introduced into environmental engineering by Porges et al. (37). Additional
details on the subject of this subsection may be found in reference 41.

3.3. Endogenous Nitrate Respiration (ENR)

ENR was introduced to wastewater treatment in 1964 by Wuhrmann of Zurich (42) who
inserted an anoxic reactor between the aeration tank and final settler of a conventional
activated sludge system. The anoxic treatment tank was equipped with mixing devices to keep
the biomass in suspension.

Equations (6) and (7) describe endogenous oxygen respiration (EOR) and ENR, respec-
tively. Equation (6) has been stipulated by Porges et al. (37) and Eq. (7) by Christensen et al.
(44). From Eqs. (6) and (7), Eqgs. (8) and (9) were derived by considering the reactions between
CO,, NHj;, and NaOH that may be predicted to occur in the process water (for further details,
see Ref. 41).

CsH,0O,N + 50, — 5CO, + NH; + 2H,0O (6)
CsH;0,N + 4NaNO3 — 5CO, 4+ NHj3 + 2N, + 4NaOH (7)
CsH,0O,N + 50, — 4CO, + NH4HCO5;+H,0 (8)

CsH;0,N 4 4NaNO; 4+ H,O — 4NaHCO; + NH,HCO3 + 2N, C))
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The same amount of ammonia nitrogen is released in both the EOR and ENR reactions. In
the aerobic reaction, the ammonia nitrogen is immediately nitrified. This is not the case in the
anoxic reaction. Extra aerobic reactor space must be provided if it is desired to oxidize the
ammonia nitrogen formed during ENR.

The release of ammonia nitrogen by the biomass gives rise to a slight momentary increase
in alkalinity. In the anoxic reaction, additional alkalinity is released due to the reduction of
nitrates (3.57 mg alkalinity as CaCO3;/mg NO; -N gasified). This is one-half of the amounts
used up in the nitrification of 1 mg of ammonia nitrogen. Once the nitrates are exhausted, the
plant operator will be confronted with unneeded reactor space if the anoxic zone is too large.
From Eq. (9), the values of Table 7.1 have been abstracted.

Of particular importance with ENR are two stoichiometric relationships:

(a) For 4mg of NO3 ™ -N gasified, 1 mg of NH4-N is released back to the process water
(b) Two milligram of biomass are destroyed for each mg of NO3™ -N reduced; 2.69 mg of biomass
are destroyed for each mg of N removed

Table 7.1 concerns a single-stage reaction. All nitrogen removed in this reaction from the
mixed liquor is removed by gasification of NO3; -N. But the amount of NO3; ™ -N gasified is
larger than the net amount of N removed from the liquid phase of the process water. The
difference is the ammoniacal N released by the biomass that was destroyed during ENR.

If it is desired to remove the residual ammonia nitrogen generated during ENR, a cascade
approach would have to be followed if the basic scheme suggested by Wuhrmann is used. The

Table 7.1

Endogenous nitrate respiration stoichiometric relationships

I mg of NO3 N gasified .............. 2 mg of biomass destroyed

1 mg of NO3 -N gasified ............. 0.25 mg of NHI—N released to the liquid phase of the
process water due to biomass destruction

I'mg of NO; -N gasified .............. 1.07 mg of biomass carbon destroyed

I'mg of NO; -N gasified .............. 4.46 mg of total alkalinity produced: 3.57 mg due to
reduction of NO; -N, 0.89 mg due to biomass destruction

I'mg of NO; -N gasified .............. 0.75 mg of N removed from the liquid phase of the process

water: 1 mg of NO; -N is gasified, but 0.25 mg of
NH; -N is added

Imgof Nremoved® .................. 2.69 mg of biomass destroyed
Imgof Nremoved” .................. 1.43 mg of biomass carbon destroyed
Imgof Nremoved® .................. 1.33 mg of NO; -N gasified

Source: US EPA.

4 From the liquid phase of the process water.

Of particular importance with ENR are two stoichiometric relationships:

(a) For 4 mg of NO5 N gasified, 1 mg of NHI—N is released back to the process water.

(b) Two mg of biomass are destroyed for each mg of NO; -N reduced; 2.69 mg of biomass are destroyed for
each mg of N removed.
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NH;"-N released in the first ENR zone would be nitrified in a following aerobic zone. The
nitrate nitrogen generated there would be reduced in a second ENR zone. This would result
in a second NH;"-N residual, amounting to approximately one quarter of the first residual.
Repeated application of the cascade approach would result in an overall process in which
each 1 mg of nitrogen removed from the liquid phase of the process water would equal to
1 mg of NO; ™ -N gasified.

3.4. Nitrogen Removal by ENR and Aerobic Sludge Synthesis

The effect of increasing rates of biomass destruction via ENR is shown in Table 7.2. It is
assumed that 100 mg of BODs are removed and that the initial biosolids volatility is 80%. The
first column represents a theoretical process with no biomass destruction. Nitrogen removal
is 12 mg, due only to biosolids synthesis. The 80% volatility stays unchanged. In the second
column, 42% biomass destruction occurs, resulting in a final biosolids volatility of 70%. A
part of this biomass destruction is assumed to be owing to EOR, with no benefit for nitrogen
removal. Ten percent of the initial biomass of 100 mg, or 10 mg, is assumed to have been lost
in this way. The nitrogen removal in this process is 19 mg. If EOR had been used for biomass
destruction, the removal would have been 7 mg. The third column represents a process with
63% biomass destruction. Ten percent of the original biomass of 100 mg is lost again in
EOR. The final biosolids volatility is 60%; nitrogen removal is 24 mg. If EOR had been used
throughout, nitrogen removal would have been 4 mg. In Table 7.2, it was assumed that 2.69 mg
of biomass were destroyed for each milligram of N removed.

The assumed 80% value for initial volatility is probably conservative. The actual value
may be somewhat higher; 82% volatility, for instance, was reported for the Newtown Creek
return biosolids at SRT of 3 days with pure oxygen operation (44). On the other hand, initial
volatility might be much lower than 80% due to metal salt addition for phosphorus removal.
The final volatility of 60% is not unattainable. A manufacturer of aeration equipment for
oxidation ditches (45) lists 55% volatility as attainable and as characteristic of “completely
mineralized” biosolids that do not require further stabilization. Efficient nitrogen removal by

Table 7.2
Stoichiometric projection of nitrogen removal via
biosolids synthesis and endogenous Nitrate Respiration®

Final biosolids volatility (%) 80 70 60
Biomass destruction (%) - 42 63
Initial biomass (mg) 100 100 100
Biomass used in ENR (mg) - 32 53
Biomass lost in EOR (mg) - 10 10
Biomass final (mg) 100 58 37
N removed in biosolids (mg) 12 7 4
N removed via ENR (mg) - 12 20
N removed total (mg) 12 19 24

Source: US EPA.
¢ Based on 100 mg of BOD5 removed and 80% initial sludge volatility.
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ENR goes hand in hand with substantial destruction of the volatile biomass generated during
BOD removal. This should favorably affect the cost of biosolids disposal.

The relationship between biomass destruction and change in biosolids volatility may be
expressed by Egs. (10) and (11):

_w(—b)
e 1o
i Vo —V

b= vo(1 — v) (D

where
v = final fractional biosolids volatility, decimal fraction or %
vo = initial fractional biosolids volatility, decimal fraction or %
b = fractional rate of biomass destruction, decimal fraction or %

The validity of these equations may be recognized by considering for instance that the inert
mass of biosolids containing 60% VSS was originally associated with 160 mg of VSS if v,
was 0.8, as illustrated in the following example:

In the course of an endogenous respiration procedure, 200 mg of dried biosolids of 80%
initial volatility (vo = 0.80) are reduced by 100 mg. Assuming that the entire weight reduction
was with respect to volatile solids, the composition of the solids at the end of the procedure
will be 40 mg fixed and 60 mg volatile (v = 0.60). The destruction of the volatile biomass
amounts to 100 mg. This is (100/160) 100 = 62.5% biomass destruction. Using Eq. (11)
furnishes the same result:

_0.80—0.60
~0.80(1 — 0.60)

In the operation of systems using ENR and aerobic biosolids synthesis for N removal, two
conditions must obviously be avoided or minimized: anoxic residence time in the absence
of nitrates and loss of wastewater carbon in EOR. To minimize the occurrence of these
conditions, it appears advisable to use a compartmentalized reactor, equipped with aeration
and mixing equipment in such a way that the bulk of the compartments may easily be switched
over from the aerobic to the anoxic condition and vice versa.

Two basic aeration patterns are conceivable, the block approach and the alternating zones
approach, as shown in Fig. 7.1. A compartmentalized reactor equipped with dual equipment
(aeration and mixing) in most compartments would allow the use of either approach. In both
approaches, the last cell should be an aerobic cell to nitrify ammonia nitrogen released in
preceding cells and to strip gaseous nitrogen clinging to the floc.

If a reasonable number of cells are provided under the block approach, the daily aeration
pattern could be modified in response to changes in load and reaction rates. When using the
alternating zones approach, such adjustments might not be necessary.

= 0.625 or 62.5%
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Fig. 7.1. Aeration patterns in compartmentalized reactors. (Source: US EPA).

Table 7.3
Substrate nitrate respiration and anoxic synthesis

Reduction of 1 mg of NO3 -N is related to

Species Action mg
TOC Removed 1.32
BODs Removed 1.98
COD Removed 4.40
Biomass Produced 1.09
TKN Metabolized 0.13
NHI—N Released 0.02
Alkalinity (CaCO3) Released 3.57

Source: US EPA.

3.5. Nitrogen Removal by Substrate Nitrate Respiration and Anoxic
Biosolids Synthesis

The stoichiometric equation for anoxic synthesis and substrate nitrate respiration combined
in the ratio of 0.54:1 was listed as Eq. (5). From that equation, Table 7.3 was prepared.

Approximately 2mg of BODs are needed for the gasification of 1 mg of NO; -N. This
process of gasification also produces 1.09 mg of biomass, metabolizing thereby 0.13 mg of
TKN. Whether or not NH;"-N is released in the reaction depends on the nitrogen content
of the organic carbon source. Assuming that the organic carbon source has the composition
C1oH9O3N, the net release of N to the process water (in the form of NH;*-N) is 0.02 mg per
mg of NO; ™ -N gasified. The biomass generated during substrate nitrate respiration and anoxic
synthesis, obviously, could be used for nitrogen removal via an ENR anoxic reactor further
downstream.

Substrate nitrate respiration is somewhat more difficult to implement in a single-sludge
system than endogenous nitrate respiration. It becomes necessary to arrange for contact



220

L. K. Wang and N. K. Shammas

Row Sewage or Primary Effluent
Anoxic
Cells
I
\FE %
g § //ff/ //3/// " i _ Retum Biosolids
| A 27
7 7 P
A s o 7
/7"// 534 //,; 7 /ID// ;” 4’ 12 Mixed Liquor
VL2 V2 i LA Vs To Final Settler

Fig. 7.2. Two-step feeding of compartmentalized reactor. (Source: US EPA).

between nitrate nitrogen and untreated process water. But nitrates only become available after
the process water has received a considerable measure of treatment. However, the carbon
source in the substrate is removed from the process water after a very short length of treatment,
this phenomenon being the basis of the contact stabilization process. There seems to exist,
basically, three wa